


This r e p r t  contains the resul ts  of t e s t s  on three hydraulic 
mod,els of features of Falcon Dam, constructed by the  Hydraulic Labora- 
to1.y of the  office of %he Chief Engineer, United States  Department of 
the Inter ior ,  Bureau of Reclamation, Denver, Colorado, during the  period 
from August 1949 to  P.pri.1 1950. These studies were a part of the design 
procedure of the Bureau of Reclamation, which was entrusted with the de- 

I sign of Falcon Dam and Pmar Plant by agreement of the two Canmissioners 
of t h e  International Bo:mdm and Water Commission and as approved by 
the appropriate agencies of both Governments. The model studies were 
made t o  observe the operation of preliminary designs, evaluate proposed 
changes in the struci;ures, and obtain performance data. 

The first part of the  =port contains a surmnarg of the  tes t ing  
program, the  moW-cations suggested fo r  the preliminary design to PO- 

vide improved prforma~ce,  and the resu l t s  obtained; while the remainder 
of t h e  report can tabs  detailed infonuation regarding t h e  t e s t s .  b 

1 The tes t ing  program was authorized.by L. N. McClellan, Chief 
Engineer of the Bureau of Reclamation. H. G. Arthur, as design sponsor 
fo r  the  project, coordinated the tes t ing  program with t h e  various sec- 
tions of the  Branch of Design and Construction snd with the Interna- 
t iona l  Boundary Conmission. The model studies were conducted by the 
Hybqul3.c Laboratory s taff ,  ~ 5 t h  the cooperation of the s t a f f  of Spil l -  
way and Outlet Works Section 1. 

The Hydraulic Laboratory was headed by J. E, Warnock u n t i l  
January 1950, and a t  present i s  under the  direction of H. M. Martin. 
J, N, Bradley, A. J. Peterka, and E, J. Rusho supervised the tests, 
which were conducted by Arthur S. Reinhart. Messrs. D. C. McConaughy, 
C. J. Hoffman, and G. H. Aus t i n  of Spillways and Outlets Section I., 
advised and assisted the Laboratory during the t e s t s .  I n  addition, 
other personnel of tho Bureau, not named individually, participated in 
the t e s t b g  program, and assis ted in preparation of the report. 

There is a v a a b l e ,  as  a supplement t o  t h i s  report,  a short  
motion picture showing the arrangement atid operation of the  various 
models. Thfs motion pLctwe, produced by t h e  photographic staff of 
the Hydraulic Laboratory, is available f o r  loan by wri t ing t o  Mr. L. M. 
Lawson, Cormnissioner, United S ta tes  Section, International Boundw and 
Water Commission, First National Bank Building, E l  Paso, Texas. 
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Subject: H~&a,ulic model s tuct~es of Falcon Dam 

Hydraulic c h a r a c t e ~ ~ b t i c s  of theivarious features of the  Falcon 
Dam Project were investigated by means of three models canstructed b 
the Hydraulic Laboratory a t  Denver, Colorado. A rmiLtiple-purpose model, 
constructed t o  a scale of 1:130, was made primarily t o  study gaerdi .  
Flow conditions resulting fimn the in ter re la t ion  of various hydraulic 
features, as well as t o  study the performarice of the s p i l l w a y  in detai l .  
This project model included the spillway, pcrwerohouses, intake struc- 
tures, approarlmate3.y 2 miles of r iver  channel and suff icient  adjoining 
t o p o p a m  i;o determine the ef fec t  of flood discharges. !Cwo la rger  
scale  models were used t o  k r e s t i g a t e  the performarice of the out le t  
works. Each of thess mdels  included 2 hollow-jet valves f o r  regulat- 
ing the discharge, a s t W g  basin, and suff icient  dasnstream channel 
to give a t rue  representation of operathing conditions. 

Tests were run on each model f o r  a range of discharges up t o  
and including t h s  maximum predicted flows. Obsematione, notes, photo- 
graphs an2 graphical records were made t o  evaluate both the  prelfminary 
designs and desirable mdifieatiozs suggested as the tests progressed. 

Observatiom of the ln.130 scale model in operaticn provided a 
bet ter  mderstantiFng of the comp5cated flaw patterns which & s h d  
dawnstream fmm the dam fo r  various combinations of f l o w .  Tests showed 
t h a t  the pblems resul t ing fr=um the intersect ing flows were l e s s  severe 
than might be ant5 of  pated. A portion of the area downstream from tho .  
s p ~ ~ w a y  was modeled because it was passible that the riverbanks oppo- 
s i t e  the confluence of t he  excavated channels and r ive r  might erode 
suff ic ient ly  t o  make potecstive measures necessary h the prototype. 
Tests showed, haw eve^, tha% no apprecSable erosion of the bsnks occurred 
for any flow condition. It was found t h a t  with high discharges, when 
ta i l  water completely inundated'the area below the spillway, flow from 
the ep i l lway  channel crossed the intsrvenbg area adjacent t o  the  United 
States powerhouse and flawed in to  the  powerhouse tai lra.ce channel and 
the river proper. This cross flow eroded the bank of the spillway chan- 
nel  on the h e r  side and appeared t o  be suff ic ient  t o  a t e r e f e r e  with 



b d l t  along the l e f t  side of %he sp3l1_way channel, E'igure 9. 
' 

Some imppovement in flow was also obtained by elimbating the 
iarga w a t e r  area esds Ehg r;o the right of" the spillway channel. A de- 
st.rue%ive ed* induced by. spillway f 2 . c ~ ~  formed in M s  mea and another 
dike, skmUar t o  tlla;, on the  left ,  was built on the  r igh t  of the chan- 
ne l  (~igure 9). 'Ihese &ices eonfked the f l o w  t o  the  excavated channel, 
resul t ing in greatly improved operation, 

4 

In contrast. wi th  the mild erasion',itendencies i n  the channels 
and a t  the c o n f l w e e  of the excavated channels and the river, the  weas 
immediately do\l~nstraam fm the corners of the spillway apon eroded 
severely. To reduce this erosion, 45O,  spur-type wing wills were added 
a t  both sides of the basin ( ~ i g u r e  Up Design S-4). 

A t  the dividing piep beheen the spillway and United States 
power plant intake structure an undeskable depression in the water 
surface occurred on the  spillway side, due t o  excessive contractj.on of 
'the flow entering the end b_sy of the spillway. Studies of eight  dif- 
ferent  p ier  designs were made to determine the most effect ive and sat- 
isfactor7 pier noso, s h a p e  The  pie^ reconmended  for^ f i e l d  construction 
is shown in Figme 25. 

Tests on the P:3O 'scale model of the p r e M a r y  design of the  
Mexican outlei; works shawed a relat ively rough water surface, both in 
and downstmarri k m  the basin, and excessive erosion in the  channel down- 
stream frm the hop9umhal apron, An end .s i l l  added t o  the a- re- 
duced the depth and extent of the erosion. Lengthening thet%bW~ga~- 
vided a smoother water surf aee in the downstream channel. Adding tapered 
f i l l e t s  t o  the sloping bottom of the basin and moving the converging 
w a l l s  upstmam resul ted h better energy dissipation %I the st i l l ing ba- 
sin, The cel lu lar  dmddSag waU be%ween the  powerhouse draft  tubes and 
the ~t-g basin, the wbg w a l l  at  the r igh t  and of tihe basin, and the 
di.tridhg w a l l  in basin ware modiffed to improve flow c o n d i t 2 ~ ~ s  in 
and b e b w  the  st - i lkhg basin, Eaeh modLficatian was tested and evaluated 
by means of emsfcui ana sweepozt tests ,  described in the report, and by 
w a t e r  surface profiles sham in Figures  57 and 58. The stiit'l.lng basin 
structure r~oamnernded fop f i e l d  constmetion 1s shown in Figures 54 and 
59, while it8 ope~at ion  is shown in Figures 60, 61, and 62. Results of 
ernsfan tests at  maximum discharge are shown in Figure 63.  

Testa on the 1:24 scale model of the U t e d  States ou t l e t  works 
were similar to those made for the Haxican out le t  worb  . Since the United 
States outlets dfaeharged less water through smdlLer hollow-jet valvea, 
it was possible to reduce the  dimensions of certain camponenta of the 
stilUng'baslln. Tesk's t o  d e t e d e  these dimensions were made. k addi- 
tion, tapered fillets, an end sSU, a longer ho,-feontal. apron, and a 
shtmtened center w a J 3  dl provided improved performance, as  had been found 
for  the  Mexican ou t l e t  works, The basin floor was lasered to  increase the 
margin of safeky a g b s t  the jump sweeping off the apron for l o w  t a i l  



nexLcan outlet; works, ErosXon t e s t s  and water surface profiles were 
used t.3 evaluate %hi varioun modifications tested. Tne s t i l l i n g  basin 
recommended f o r  f i e l d  cmstrustion i s  shown in Figure '72. Figures 73, 
74.) and 75 sh;v the s t ruc twe  in operation; and Figures 76 and 77 show 
the erosion t o  b5 expected fo r  the h u m  flow and the water surface 
profiles in t i c  basiP1, respectively, 

All measurements used in this report a re  pototype values 
unless otherwise noted. Horiamtcl djmensims are i n  protokype feet  
or stations and elevatisns are given in prototype fee t  above sea level. 

me various arrangemenzs tested are denoted by numbers, while 
the model i t s e l f  i s  denoted by a l e t t e r  preceding the number. For ex- 
ample a U  arrangements of the project model are preceded by the l e t t e r  
"S"; those of the Mexican outlet  model are preceded bg the l e t t e r  "M"; 
and those of the United States out let  model by the l e t t e r  "I." Thus, 
Test M-5 i s  the fif'th mangement or modification of the Mexican out le t  
works tha t  was tested. 

As a general m l e ,  hydraulic dimensions are also given in 
prototype terms. The v a i o u s  model-pz-ototype  elations are  determined 
ascording t o  the Froude law,  and are given below. In this tabulation, 
the subscripts p eod m denote prototype and model values respectively, 
and N denotes the scale .mtlo prototype-to-aodel (L&). 

where Q = discharge in cubic: f e e t  per second 

V =: wlociky in feet* per sec,ond 

H = hea6 fn feet  of water 

T = t h e  in hours, minutes, o r  seconds 

L = any Lineaz dimension 



Under the Wa.ter &eaty of 1944, the United St,ates end Mexieo 
agreed t;o construct a ser ies  of dams on the Rio kande beheen Fort 
Wtman, T a m ,  and the Gulf of Mexico, These dams, of which Falcori 
Dm i s  the furthest  d.ownstream, Figure 1, a=.e t o  be c m s t m t e d  jointly 
by the two Governments, acting thpough t h e i r  respective sections of the 
Tntsnat ional  Boundary md Water C d s s i o n ,  i3y agreement af the Com- 
laissfon, and with the concurrence of the respective Government,?, the; 

I .  '3weau of Reclamation has been entrusted with the design of Falcon Dam, 
f n . c l u ~ g  the spillway, aut le t  works, and powerhouses. 

Faeon Dam, 3.oeeted 72 miles southeast of Laredo, Texas, is 
an earth f i l l .  s t n i c t w a  approximately 24,300 f e e t  long, r i s ing  150 f e e t  
above the present bed of the Rio Grande, Figure 2. Two power $ltmts of 
similar design are located on ei ther  side of the r ive r  channel h e d i -  
ately d~mst ream from the dam, and each house has an outlet  works ut i -  
lizing two hollow-jet valves, Figures 3 and 4. The valves i n  the Mexican 
outlet  w o r k  are 90 inches in diameter; those in the United States out- 
l e t  works are '72 inches in diameter. A chute-type spillway, FiguPe 3, 
located en the United States s ide of the r ive r  is equipped with six 50- 
by 50-'oat rectangular leaf  gates an the crest.  A t  the d~wnstream end of 
t he  s p i l l w a y  i s  a hor izonta l  s t i l l lng  basin 600 feet  ~ L d e  and 180 fee t  
long with chute blocks a t  the upstream end and a dentated s i l l  at the 
dcrrn stream and, 

To study the operating characteristics of the structure,  three 
hydraulic: models were built in  the Bureau of Reclamation Hydraulic Labo- 
ratory i n  D e n v e r ,  Colorado, One model, constructed t o  a scale of 1:130, 
included the spillway, y e r h o u s e ,  intake s tructures, 'me-third square 
mile of reservoir, and appraxhately 2 miles of dcawnstmam river channel. 
This model was constructed t o  study the  performance of the s p W =  arid 
pawerhous(s t a i l r ace  c h m e 3 ,  and the effects  of these three structures 
discharging into %he R ~ O  Grande, s h m l t a n e o u s ~  OP in any embination. 

study was also made t o  f'upnish informatian re la t ive  to sfi l lway ca- 
pacity, ,%ow patterns, and erosion both below the  spillway and a t  the  
.ktersections of the various channels. 

A second model, constructed t o  a scale of 1:30, included the 
butlet  works and t h e  power plant on the M d c a n  side or  the river,  and 
was constructed t o  study hydraulic p e r f o m c e  of the out let  works still-' 
ing basin, One side of the madel s t i l l i n g  b a s h  vas constructed of glass 
as an aid in observing the underwater performance in  the s t i l l i n g  pool. 

A similar m d e l  was  b u i l t  t o  study the operation of the out let  
works on the United States side. To utiLlze the same s ize  modelvalves, 
t h e  model scale w m  increased t o  1 2 2 4 .  FOP thfs model, oo pcder plant 
discharge was provided, as t e s t s  of the 1:30 mods1 indicated tha t  Us- 
charges through the power plant had no appreciablo effect  an the action 
of the stiIl l ing b a s h  below the valves. Detailed descriptions of each 
mde lwi13  be f o n d  i n  succeeding section8 of t h i s  report. 



Descr i~ t ion  of the !.;ode2 

To s~udy %he b t e r r e l a t i o n  of spillway flow, power plant 
discharge, and flow irl t'he r ive r  darnst~:eam fnjm the dam, as well as 
deta i l s  of spii lway performance, a l a rge  over-all model was bui l t  jn 
the Hydraulic Laboratozcg. Because of the 1oca;tion of the 1.abarator-y 
sump and other p h p i c a l  features, a ttmi.rror imageH model wilv con- 
structed; t h e  model being reversed from l e f t  'to right,  Figures 2 and 5 .  
In the discussion of the various structures kn this report the minor 
image m a n g a e n t  i s  used. @eft and right hand are reversed.) Sirice 
in all other reapec'ts the  model was similar to the  prototype, t h i s  re- 
versal  did not  affect the hydraulf c p ? r f o m ~ c e .  

The F d c m  Dam spillway has a crest  350 f e e t  long, with 
six 50- by 50-foot gates t o  control the flow. An inclinctd chute 1,168 
f e e t  long with diverging t raining wdls leads t o  the hoeizontal still- 
ing bash,  which is 180 feet long and 600 f e e t  wide, Figure 3 .  Chute 
blocks 8 feet  high are a t  the upstream end of the .apron, and a 12-foot 
high dentated s U  is  at the downstream end. The,horizcntal apron, at 
elevation 3-75, is 89,7 feet lower than the spi.llwa#*erest. Msimm 
head on the spillway crest w i l l  be i~bout 58 f e e t  for  the maximum pre- 
dicted di3charg.l of' 456,000 efs .  ~r 

The model, Figures 5 and 6 ,  cowred appmxbu.tely 3,400 
Y quaxe f eeG of f loor  space, and was const,mcted in two :inain sections : 
a head box 12 feet 2 inches by 43 f'mt constructed of uhod Uned ~ 5 t h  
sheet metal, and a *ail brsx 65 feet, 10 inches by 1+3 f"er3t ccnstructed of 
cinder blmk and mo~Sar, The cinder block w a l l s  were ;sealed t o  the con- 
crete X ~ o r a t o r y  floor, e-Emhatbg the need f o r  any other bottom. 

Topopam in $he head box was made of concrete formed over 
metal. lath,  which in .turn was supported by woodm f o m ,  Most of  the 
t o p o g r a w  up the  t a i l  box was cancrete formed over a gravel base, as 
shorn 51 Figures 7A and B, but where erosion was t o  be studied, uni- 
formly fine  and (average gain size 20 m a )  was molded t o  the p o p e r  
contour, The topagraphy w a s  placed in such a manner *that any concrete 
area could be replaced by a sand area with l i t t l e  diff icul ty.  While 
prellmfiargr plans cal led ftsze the placing of riprap downstream from the 
s p i l l w a y  and powedPhouses, t h i s  was omitted i n ' t h e  model since the exact 
effect  of riprap would be d i f f i c u l t  t o  duplicate. A s  a result ,  erosion 
in the model was somewhat more severe t h m  icr axiticlpated in  the  proto- 

The t?p3U~1ay, Figurn $A, was formed of smooth cacmte C ~ Z ~ - -  

W y  formed t o  metal  guides placed parallel t o  the i3.m. Transverse 
metal strips were p:accct bebwem the templates to &re possible altera- 
t ions of apiUwa;y leng%h with minhmm time and effort ,  The trafning 



spillway gatea were made of-sheet-metd. These gates operated in metal- 
lfned s lo t s  i n  the piers. The gates were fit tecl with racks which engwed 
pinions s e t  on a single rod, so tha t  the gates could be ope~atod as a 
uni t .  I f  individual gate operation was 'desired, the pinions could be 
disengaged and any gate operated man-. To measure pressures on the 
spillway, piezometers were ins ta l led  both in the cres t  and in the  steep 
chute just  upstream from the s t i l l i n g  basin. 

1 . Each powar plant s t rue twe  was supplied with water fromtwo 
pipes connected t o  the head box. One pipe supplied water t o  the outlet, 
works, while the other pipe suppUed flow t o  the simulated turbines. No 
attempt was made t o  duplfeate exactly the  f l a w  through the pawe~houses 
a s  the small scale made this infeasible. Detailed studies i*f the out let  
works and pwe~house discharges were made on other modelsu 

Water was s u p w e d  t o  the model from the -2aboratorg sump 
through a 6-inch pipe, in which was ins ta l led  an orifice meter to meas- 
ure the flarw, To more closely dw&eate .the smooth flow c h a c t e r h t i c s  
of an actual reservoir, the water supply l fne  was branched and water was 
Introdueed in to  the head box through two pipes placed a t  th i rd  points 
bah.hd a 6-in41 rock baffle consePucted near the upstream end of the 
head box, Figure 88. After flowing through the  model., the water was re- 
turned diPeet;b t o  the laboratory swrp. 

Staff gages were instal led in both the head box and t a i l  box 
t o  indicate water levels.  In  addition, profiles of the water surface on 
the spillway were obtained by means of pint gages. 

%ration of t h e  Model. 

1% was necessary t o  increase +,he t a i l  water elevation before 
discharging large amounts of water over the spillway t o  prevent premature 
emsion of the model bed. Accordingly, water was suppUed t o  the down- 
stream end of the nodel f o r  this purpose. When the t a i l  water had r isen 
t o  a sufficient depth on the apron, the main supply pump was turned dn 
and the rese~vof  xq -.Pea filled, A mercwy manometer indicated the  dPs- 
charge as lneasured by the o ~ i f i c e   mete^, and tihe desirod discharge was 
then s e t  by means of a valve i n  the &e. The m , a c h m  spillway discharge 
was considered t o  be 456,000 efs  withou* regard t o  the reservoir water 
surface. The elevation of the tail water, read from a s t a f f  gage, was 
c m t ~ o l l e d  by a hinged gate a t  the domskream end of the  model ovar which 
%he vater  passed. Raising or lowering this gate raised or  lowered the 
l eve l  of the t a i l  water 

During initial t e s t s  of the model, flow pwformance was obs-ed 
for  the ensire mdel, with particular attention t o  the following: Tend- 
encies f o r  erosion of the river banks a t  the Intersection of the rspXLlway 
channel w i t h  the river; eroaim tendencies a t  the, interseet ima of the 
powerhouse tai lzace channels and the nab r iver  channel; tendency for 
flows to  e~ode or leave established ~hannels; erosion downstream from the 



entrance a t  the powerhouse incakes; and hydraulic action of the spillway 
i t s e l f .  1P16 large projact model made possible the s t ~ d y  of all these 
problems and tneir relatfcfi t o  one other<;.- 

General. Flow hobwu 
1 

lhe problem of ~iverbank erosion opposite the entrance of the 
spillway channal into the Rfo Grand.@ was of particular in teres t  because 
preliminarg plans caXLed f o r  the location of' a town s i t e  on the Msxican 
side of the r ive r  opposits the spillway channel, though the s i t e  b c a -  
t ian  was later changed, Severe erosion of the riverbank would have a- 
danger63 t h i s  town, However, m d e i  operatic 14 Sldisated no signif icant  
erosion in Znis area fo;4 m y  flow. A t  high  pillw way flows, including 
the maxinun of 456,090 ~ f s ,  the large area inundated reduced the  velocity 
suff icient ly t o  mmei!t SCO~IW, whfle a t  h e r  spillway flows water in 
the five?? chatll~el deflected the spillway flow and acted a6 a buffer t o  
protect the riverbank. Even af te r  several. days of test ing the75ii81 a t  
various discharges, there war no appreciable erosion of t h  d used to 
represent %he channel material. 

The channels below t h e  puwerhcuses showed but l i t t k e  disturb- 
ance of the erodible bed. !here was pract ical ly no movement of the sand 
under any conditions. Flow in the terilraces was very smooth and uniform 
f3r  a l l  flows, it was apparent from observations of model operation 
tha t  no problems were present in these areas. Model operation d id  shm, 
however, that  a t  discharges above 370,OCjO cfs  there was considerable 
cross flow from the spillway t o  the United States power p h t  t a i l r a c e  
across the normally dry area separating the  two channels. Ihe cross 
f l o w  caused some erosion of the channel banks and interferred with the  
flow from the p e r  plant. In addition there was an undq9r&le eddy 
induced in the  area t o  the right; of the spillway channel. These condi- 
tions indicated t h a t  it would be advisable t o  confine sbil lway discharges 
t o  the spillway channel. Accordingly, ear th  dikes were placed along the 
channel f o r  a distance of 1,800 fee t  downstream from the end of the basin, 
Figure 9. W i t h  modification, the spillway flow remained in the  
spillway channel far a suff icient  distance t o  prevent any interference 
with p e r  piant oper-atiorr. 'Ihess dikes were retained for all futrlre test- 
ing. 

Observations 2f the flow in  various locations in the model in- 
dieatsd that; the  genilral arran.gment of the  structures and w-cavated 
channels waa satisfactory, With the dikes placed along the s p i l l w a y  
chamel these was no fitermingling of spillway and powerhouse dtschasges 
before %he flows joined iD, the in .ended channel. Flow +Aroughou.t the 
model w a s  smooth and uniform and followed the flow Unes expected. 

I -  General Cnarazterist2cs sf the S p i l l ~ r q  

In opsr3t.i on, the  spillway performed generally as intended, 
Figwe i O A .  !' 3 ,  the cum discharge of 456,000 cfs, the jl.nnp was quite 
 mif form and e-.:i.:ad well on the apron, Figure IOE, indicating a sat isfactory 



pattern, caused by the p i e ~ , - w a s  evident in the spiilway chute,-flow 
dis t r ibu t f  on was s etisfactoqy throughout the ent ire  length, being quite 
uniform *ere it entered the  s t i l l i n g  basin, as evidenced by the uni- 
formity of the jump. A t  lowar flows the operation was a l s o  verg sat5.8- 
fac toq ,  with the fl~w csnthzlling t o  be spread evenly across t h a  s p i l l w a y  
chute. Even whan the gates were opened unsymmetrically the flow was 
spread sa t i s fac tor i ly .  With onbe s ide  gate open, a standfng wave formed 
against the opposite w a l l  of the chute. With any other gate open, a 
triangular wave pattern was formed in the chute. In either case, how- 
ever, suff ic ient  spreadhg of %he fbv occurred t o  produce a satisfac- 
tory jump fi the sP;Tllbg b a s h ,  

With the two  outside gates open ( ~ a t e s  1 and 6-gates are num- 
bered from left t o  right),  a triangular wave ,pattern formed on the spill- 
way a t  a l l  f low,  with the base of the t r iangle  at the dannstfeam end of 
the chute. The t r iangle  was not qufte centered in the chute, as the 
d i f f e r a c e s  in shape of the approaches caused a s l ight ly  greater cmcen- 
tration of flw in *he left side of the chute. With Gates 2 and 5 o p i ,  
a multiple diamond-shaped wave pattern formed in the chute at  a l l  flaws. 
Again the  dis tr ibut ion was s l igh t ly  unsylz~nstrical, due t o  approach con- 
ditions. With the two center gates open, the wave pattern was a single 
dismond not  quite closed at the downstream end. With all combinations 
of two gate openings, the flow s p a 6  and resulting jump in the basin 
was s a t i s f  actoryo 

Discussion of Tests 

&though, as indicated above, the general operation of the 
spillway was satisfactozy, there were four problem that w a r ~ a n t e d  in- 
vestigation and Smprovement. These were: 

1, Erosion downstream from the stilling bash 

2. Poor approach canditions, particularly along the l e f t  
spillway entrance pier 

3. h e k  of free board on the spillway chute w a l l s  

4, Spillway capacity 

To study these problemsp various m d i f i c a t i m s  were made and 
tested in the model, The modificatima are numbered and the numbers 
are preceded by the letter '*Stt--thus Desigu S-2 is the second sp i l lwsy  
change tested,  When, later, it became n e m a a r y  t o  change only the 
deta i l s  of the lef't approach pier, each change was given a letter- 
Pier 13, Pier  C, eteo The change was then designated as a combinatian 
of the number representing the basic arrangement, and a letter 
representing tihe pie;oll. Thus, S-7 with Pier B in place becam S-IB. 

EPOB~OE Problemeo Operation of the p r e l b h a r g  desiga showed that 
there wss cmsidsrabls mwim jmrmedLate1.y downstream from the sW.l lng 
basin, par%icul&rly at the right side. To measure and record the sever i ty  
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chariges, .the fo&wbg technique was used. The sand areas were fonned 
by hand .i;o rapesent  the i;op~gra& expected in the prototype. '?he 
madmum anticipated discharge of 456,000 cfs was then passed a-er Wle 
spillway for  a 2-hsw" !? ' . (TWO hours h the model r e p s e a t e d  22.8 
hours in the protot.ype Durfng this time, photographs of the s p U ~ s y  
in opera ti or^ were made. A t  the end of the  2 hours t he  w a t e r  was shut 
o f f ,  the mods1 allowed. t o  drain, surd the resulting erosion pattern con- 
toured and photographed. From obsemrationa and data, and assisted bg 
photographs, a sdtab9 e modification selected. The various m&r"i- 
cations tested t o  reduce erosion and the resul ts  of each t e s t  &re em.- 
mariz3d below, Wing waU amar-gements are shown in Figure 11. 

The pirelimhary design of the  spillway, S-1, provided for 'hdo 
wing w a U  placed a% 980 tc the line of flow. These wing w a l l s  &ended 
from the s t iUJng  basin training walls t o  the sides of the trapezoidal 
channel b e h  ti-?s basin, Operation of t h i s  desi f o r  2 huura scoured a 
hole 50 feet deep (measured from the basin f loor  !? at the r igh t  end of the 
a p n ,  and a s i m i l a r ,  lesser  hole at the  l e f t  end, Figure i2A.  !his ero- 
sion was due t o  eddies ocz-g immediately downstream from the and s i l l  
a t  each side of the basin ( ~ i g u r e  12~).  The eddies occurring were caused 
by the abrup* increase in; cross section immediately downstream from the 
wing wall. It was 'eslfgved tha t  the more extensive erosion an the r ight  
occurred because the f l a w  Leaving the end s i l l  was intercepted almost h- 
mediately by the right bank causing a relat ively more severe eddy a t  the 
right apron comer. A t  the lef t  corner where the flow was, in sf fect,  
directed away frm the channel bank the induced eddy and resul t ing om- 
sian were l e s s  severe. Observation of the flow in the  two areas indics%ed 
thsib the more voiltlnt edgy occurred on the r ight  s ide fo r  a31 ranges of 
f low.  The severe resu.lting erosion necessitated revisiug the prel;minculg 
des QR., 

In DesigD S4, the wing w a U s  were modified by extending them 
dowzstream 66.5 fee5 &am the end of tihe apron a t  a 45O angle frm which 
point they were con+winueci n ~ ~ m a l  to the l ine  of flow u n t i l  they h t e ~  
sected the  sides cf %he trapezoidal channel, Figure 11. Ihe w a l l 8  thus 
eliminated the abnmpt change i r ~  area and allowed the flow leaving the 
apron t o  expand m 9 r e  gradually, seducing the violence sf the eddiea caw- 
k g  the  emsfon. T ~ s % s  of the modified Design S-2 were made f o r  a &a- 
charge of 456,000 cfs, sa prevviwly described, with improved res-dts  
over the firat design, After 2 hours of operation it was found tha t  a 
h o l e  10 feet deep had eroded a t  the  base of the r ight  d n g  w a l l ,  F i g u ! ~  
13A. In ada t ion ,  the encrrsian exposed a portion of the cut-off w a l l  be- 
low the end of the horizontal apron a t  the r ight  s ide of t he  basin. 
While the result showed def in i te  improvement, it was believed further  im- 
provement could be affected. 

FQ~°  D~s*. S-3,  ' ! sp~- type '~  Whg w a l l s ,  Were added to the PLZ*~~ 
design as s h m  F i g ? -  U. These w a l l s  were the same height as the 
s t i l l i n g  basin walls and extended dawnstream from the basin a t  k 5 O  on; the 
pool side, back side of +he wall being parallel tx> the sp53lway ten- 
ter l ina.  The result irg 17-yhaped w a l l  extended 46 f ee t  downstream fmm 
t h e  apron. I~I op~rstim the w a l l  projected into the eddy path, bkercepting 



sat isfactory erosion pa.ttern (Figme 1 3 ~ ) ~  Thr, scorn along the wing w a l l s  
was substantFaEly reduced, and none of the cute-off wall was apossdo The 
only noticeable erosf on was a hole approxbately 200 feet d m u t r e m  fxwn 
the end sill, in the center of the spillway channel. Since this hole had 
occurred fo r  ell t e s t s  of all modifications, and since it was not a part 
of the wing wall. problem, no consideration was given it a t  t h i s  time. 

For Design S-4, the spur wall.  length was reduced t o  29.5 f e e t  
as th is  was the width of the footings of the t rniniag w a l l s ,  Tests on 
this shorter w a l l  resulted in l e s s  saes fac to rg  erosion patterns than were 
f aund f o r  the longer w a l l .  of Design S-3. The shorter w a l l  evidently pro- 
vided l e s s  braking aet ian an the induced ecldi.es a t  the  apron corners and 
resulted in s l ight ly  mcire erosion along the w a l l s  and and of -the apron. 
After a 2-hour t e s t  at  maximum discharge, the eut-off w a l l  below the a d  
sill was expsed approximately 2 feet, Figure .UtA. However, t h i s  increase 
in erosion was considered relat ively mi no^, a d  it was believed that,  in 
the  prototype, this w a l l  would provide suff ic ient  protectiun from under- 
mining. Since riprap w f l l  be placed in the prototype areas subject t o  
e r os ian  (the same areas where f h e  sand was used in the  model) the depth 
of erosion should be less severe in the  prototype. 

Design S-5 used the same length and type of spur w a U  as Design 
S-4, but the wall was only me-half as high, the  top being placed at ele- 
vation 210. A t  maximum discharge and tail water elevation the  top was 25 
f e e t  below the water surface. A 2-haur scorn test with the maximMl dits- 
charge of 456,000 c f ~  produced a deep hole imnsdiatev downstream f m  the  
r igh t  end of the basin, d o n g  the r ight  spur w a l l .  This hole was 35 feet 
deep, as sham in Figwe I@. The erosion was veqy similar t o  tha t  which 
occurred with 900 wing w a l l s .  To determine the  reaams f o r  this erosion, 
dye s t r eam were used t o  tratse the f l o w  lines.  It was found t h a t  becatise 
the w a l l  was b e h  the water surface an eddy curren.S; circulated aver the 
top of the w d l l ,  Figure 15. A ver t ica l  current also traveled donn the  
h i d e  face of the w a l l  at high velocity causing the erosion noted above. 
Since the w a l l  was  found t o  be of no value in prd&ng protection from 
excessive emafon, it was gim no farther  canaideration. 

To vsTffgr the  results of the e ros lan tes t s ,  independent comob- 
orat ive tests were pun using Designs S-4 and S-5. Results of t.hese check 
t e s t s  eonpared closely with those obtained f o r  the  original tests, A 
photograph of the eonffPming test fo r  Design S-5 is Lrlcluded in this re- 
port, as Figwse 16. I h e  similar i ty of these e m s i c s  patterns, obtahed 
fo r  two independant testa  using ident ica l  proeeduree, operating cmditiona, 
and walls may be seen by comparing Figure l@ w i t h  the check test., Figure 
16. 

On the  basis of these wing wall tests it ia d d m t  t h a t  wing 
walls of the spur type, with top elevation 245.0, aid in  providing vet- 
tec t ian  from erosfcm at ehe apz1 comers. Lung w a l b  prodded more pro- 
tec t ian  than short and cmsecpently the longest w a l l  consistent 
wkth best s t m e t u r d  arrangmeni; and justifiable m a t  should be added at 
the  end of the ~t3734ng basin, 
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conditions weye si*isfactoqy. h s o ,  when the  ga&s were partially o- 
and the  reseryoiP w* s~&ficientl.v hieh ta nrodtlen nri f-l pa rli  sr-hay 
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curred a t  each end of the s p f i w a y ,  r&nrlting kr depressed wat.a* surfaces 1 
adjacent -bo the abutments of t h e  spill .~ray crest, Figwn 176 
sion at Cne left approach p ie r  was pmt icular ly  notic 
undesirable water surface, creating an unbalanced the ~ s ,  
and reducing sthe dischargs thraugh the  and gates. I 

Photographs of t;hs depression in the  water surface showed i;hat 
the flow accelerated as it traveled around the #er, Figure l*- The 
f l o w  lines tended Lerave t h s  &er face along the sp+ -if was 

ing in an unbalanced pressure on the pier, together n 

I 
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the  water against the  f i r s t  intermediate sp5llway pier.  I 
To reduce the severity of the flow contractions three general 

procedures wsre possible: I 
I 1. To increase the radius of the  pier nose. TLzita solution was 

not feasible i n  this case because nf the 1 . l m i t t n ~  f h d  I 

2. To increase the langt.h of the  pier, thereby m o a g  the de- 
pressed water surface suff icient ly far upstream so t h a t  
recovery of head and a level  w a t e r  surface could be ef- 
fected before the cres t  was mached. 

3 .  Tc decrease the length of the  gder, thereby moving i5k-e 
depressed water surface downstream from t h e  creo*. 

Since the firs& method was not practical, i n  this case, t h s  
pier length was increased f r o m  63.8 feet to 100 f e e t  as shown 5n Eesig 
5-6, Figures 18A and B, retaining t h s  original  pier nose shape. For a 
flaw of 456,000 cfa, fcill. rerovary of the depressed waher surface oc- 
curred approximately 30 foe* upstream from the crest as sham i n  F,%gure 
1 8 A .  However, the h y d n d i c  advantages offered by this scheme did not 
warrant the added sost  hvolved i n  extending the pier. 

I .  To study the effect of reducing the pier langth, seven differ- 
ent  piers were ins.\LUed and tested. With each d e r  in dace .  the  wahr 
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discharge of l+55,m cfs. ~ e h k . v e  discharge cseGicicrmts were al: 
obtained fop each deeigr,, using the equati.an 



C coef"fic,i,mt o? discharge 
L = length of spillway crest  in feet 
H head or, e res t  in f e e t  af waker 

To m i n M z r 3  error and make the  coefficients d f rec tw ccronpaa- 
ble, the piers were tested without changing the discharge valve se t t ing  
and without i n t e m p t ~ f n g  the water supply. A discharge of 456,000 efs 
was passed through the model wfth all gates fully opened, and the @em 
were inserted and removed without atherwise alte&g the flavJ eonditi.an,q. 
A specially designed, float-type, water level  gage having a mechanic- 
magnified dial was wed to measure the change in water surfacs in the  
head box as the piers were changed. The headwater elevation and t h e  
metered discharge vsem Q~en used t o  conpuke the  discharge eeeffieienta 
f o r  each piero D3tai.k sf each pier and its performance are dismssed 
in t h e  ~'ollowSrfbg - p r a p a p b  Df ffarent  pier  shapes are designaked by' 
 letter^ of the  alphabet, and &I. are  cmsidered, f o r  purposes of dis- 
cussicm, t o  be vaLPiaMo~is of Design S-7, A l l  values gim in t,he p ie r  
d i s c ~ s s i a n s  are fop a discharge of 4$,000 cfs  with a l l  gates OF. 

Pier  A, Design S-?A, i s  the pier ahom in the  prellimrinaw de- 
sign, This pier° extended 63.8 f e e t  upstream from the  crest,  with an 
allfgt5.c- shaped nose, The mzdmin drw-down with this pie r  waq 
22.7 feet which occurred appmximte1.y 32.5 f e e t  upstream from the  crest.  
There was a resatrev, o r  surface rfse,  of 7.7 f e e t  before t h e  c res t  was 
reached, makbg draw-dam at  the cres t  of 16.0 f e e t  belaw r e e e m i r  wa- 
t e r  lmi. The discharge coefficient; was found t o  be 3.36. The pier 
shape, water surface profile,  and photograph of the draw-dm a re  shown 
in Figure 19, 

Piep B, Design S-7B, { ~ i g u s e  20) was a short @er, extending 
38,5 f e e t  upstream from the crest, wAth a nose radius of 25 f e e t o  WLth 
t h i s  pier  in place, the  p o b t  of maximum draw-dawn o c c m e d  approximately 
at the  spfllway crest ,  The elevation of the water surface a t  this p o h t  
was approJdmate1.y 28.2 fee t  belaw the reservoir  water surf aue. Thirty 
f e e t  upstream from the c m s t  the water surface was reduced U, feet, 
a s  contrasted with 22 fa& in the same location f o r  the ppeltm4nary de- 

A discharge aoefficient of'3,34 was obtained f o r  a discharge of 
45 sic 000 afs. Considering the  draw-down and the  dfscharge coefffcienk the, 
performance of the pier  was oonside~ad accep%able but an undesirable f in 
formed egainst the chute s ide 'wall  and the  flow was concentra+&d aloag 
the spiUway piero S h c e  this arrwgement was not entirely satis- 
factory, the tests were continued. 

Pler  C, Design S-V~C, shorn in Figum 21, was 57 f e e t  l a g .  Qn 
the  spillway side, a 50-foot rttdiua was used t o  form the cusv#, and a 
10-foot r a d i w  was used 63 form the  nose of t h e  pier. This p ie r  pe* 
formed much l i k e  the oAghal @.er; there was an &rupt draw-dowg. at  %ha 
nose, some recouaxy before the  c res t  was reached. The rnaxhm. drew- 
d m  was 22.5 feet for maxinum discharge, and t h e  position of %he 
point was apporiAnately 30 feet upstream f ran  the  crest. A d ischa~g9 
coeffieisrat. of 3.34 was shtxined f o r  a dischwge of 456,000 cfa, 



shorter  than the orf 6 e  curved face 'n& t o  the-spillway had 
a radius of '180 fee t  and the nose radius was 3 f e e t  . This pier  performed 
be t t e r  t<ha?. ei ther  t h e  original. o r  H e r  C. A draw-dawn of 15.0 f e e t  a t  
rn-um discharg*, oeaupped apprzdmately 4.l fee t  upstream from the cres t*  
Also, tinere was a recovery of 5 f e e t  i n  surface elevation before th9 
c res t  was reached, A discharge coefficient of 3.33 was obtained for a 
discharge of 1+56200 efs, However, with p a r t i a l  gate openings, there was 
a tendency f o r  subsurface water tz eddy about the nose of the  pier, creat- 
ing an undesirable condLtion in ths  pwer  plant intake area, 

I Pier E, Des5.g S-F, was shaped as shown in Figure 23, In an 
attempt t o  reduce the eddies a t  the nose of the  pier and t o  move the psi- 
t ion  of maximum draw-down f w t h e s  downstream. Although this was partly 
accomplished, the offset in the  pier  caused an undesirable eddy and vortex 
i n  the area t o  the r ight  of the  pier  nose. A discharge eoeffieient of 
3@33 was obtained for" a discharge of 456,000 cfs. Because of the  eddy and 
vortex the tes t ing  was continued, 

Pier F, Design S-v, (Figure 24) was a very short pier with a 
radius of 15 f e e t  on the face next to  i;he s p i l l ~ .  This pier  extended 
only 22,lT fee t  upstream from the crest,  and had a sharp angle here the 
radius intersected the upstream face. A severe disturbance occurred at 
the upstream end of the pier face next t o  the spi l lway which was caused by 
the  shasp angle, Occasionally the  f l o w  broke completely f ree  of the pier. 
U o ,  there was a "piling up" of the water a g a h s t  the f i rs t  s p i l l w a y  pier, 
due to  the tangential acceleration of the water as  it passed around the 
approach pier and over the spillway crest.  Maximum draw-dawn f o r  t h l s  
pier  was 42.3 fee t  and occurred approximately 10 fee t  upstream from the 
crest.  A discharge coefficient of 3,31 was obtained f o r  1&56,000 cfs. Be- 
cause of the  dist;urbanoe induced by the  pier, ins tab i l i ty  of flow, and 
low discharge coefficient,  this pier was  considered unsatisfactoqy. 

Pier G, Design S-7G, (Figure 25) was a refinement of Pier F. 
It tias the same length, but the sharp angle was rounded with a 1Gfoo t  
raciius in an attempt t o  prevent the water from breaking free of the pier 
face as had occurred with Pier  F, An improvement in the appearance of 
the flow vras  obtairled as the flow followed the curve. A depressed water 
surface was evident along the left ,  training w a l l ,  but this occurred wen 
downstream from the crest, Tho ma,rimm draw-down was 28.4 feet;  and tihe 
discharge coefficient; f o r  4:'by00 cfs was 3.31 which was the  same value 
as previously obtained, for Pier F, Because of the relat ively low caef- 
f i c i e n t  tes t ing  was eont h u e d o  

Pier  H, Design S-qH, (Figure 26) was 1;3 feet long, with i~ 180- 
foot  radius an t h e  face n a b  ta the apiUwaye The face next t o  the in- 
take and the  pier nose were f omed t o  a continuous e l l i p t i c a l  curve. The 
e U p s e  was intmauced f ~ z  the purpose of reducing the subsurface edilies 
t h a t  occ~wred with partid gate openings. The draw-down wi%h this pier, 
25 feet  upstream fkou the crest ,  was 12.2 feet,  which was considerable 
improvanent w e r  Pier A which was 20.8 fee% longer. A coefficient of 3.33 
was obtained for 456,000 efs. 



performance, and relat ive costs of all piers-tested, Pier H, WaB the 
most satisfactoqy in al leviat ing the adverse flow conditions at  the 
l e f t  pier.  No modifications ware made a t  the  right abutment, sfnce 
the draw-down there was not as severe as a t  the  l e f t  abutment. 

Pressures on .the_SEjUway Face. Tests were run to determine the 
pressures on the  spilltray c res t  and on the ver t ica l  curve upstream from 
the atXU.ng baain fox various discharges and gate openings, A "ctal  of 
lf+ pieemeters had been Snstalled t o  measure these pressures. h s s s u r e s  
were determined for discharges over the spillway ranging from 70,000 to 
456,000 cfs. For each discharge except the maJcimarm the flow was  passed 
w i t h  all gates opened equdlly and the reservoir a t  m&um elevation. 
The lowest pressure which occurred just  downstream from the cres t  f o r  a 
discharge of 70,000 efer, with gates opened 6 feet ,  was atmospheric. In 
all other eases the pressures were above atmospheric. Piesometer Loca- 
t ions and pressures f o r  discharges of 456,000 c f s  and 70,000 cfs  are 
shown in Figure 27. For 70,000 cfs  the sheet of water on the v e r t i c a l  
curve of the model was s o  thin tha t  re l iable  measurements could not be 
madeo It is c e ~ t a i n ,  hareve~,  tha t  these pressures, not s h m  in Figure 
27, were above atmospheric. 

Trajnin~ W a l l  Studies, With a discharge of 456,000 cfs, the  free- 
board on the l e f t  training w a l l  st Station 251119 was onJy 2 feet ,  which 
was not bexeved suff icient  t o  take care of spray, splash, and the  bulk- 
i n g  ef fec t  caused greaker h u f f l a t i o n  of air in the prototype. By 
changing the slope of t'he top of the t raining w a l l s ,  as sham 5x1 Figure 
28, the  m.i_ll.irmrm freeboard mag be increased t o  7 fee t  which w a d  provide 
an adequate -&I of safem& against ovedbpping the chute w a l l s .  

Wate~ Surface Profiles.  Water surface-profiles were measured almg 
the spillway chute w a l l s  for  dkaharges of 456,000, 300,000, 200,000, 
100,000 and 60,000 cfs. Profiles f o r  a discharge of 456,000 cfs were 
recorded with a l l  gates open, W e  profl les  f o r  the h e r  discharges 
were obtained f o r  flow through pa r t i a l  gate openings with the reservoir  
water surf ace at. elevation 334.2. T.ongitudinal profi les  are shown in' 
Figures 28 and 29, These profiles along the wall were higher than the  
average profi le  through t:9e spillway chute because the standing wave pst- 
tern, which originated a t  the spillway piers,ww-reflected from the  chute 
w a l l s .  Tranaverse water surface profiles were measured near tile crest  
and a t  Station 2 8 b 3  (immediately upstream from the upper l i m i t  of the 
hydraulic jump) as shown h Figure 30, These profi les  indicate tha t  the  
f l o w  was w e l l  distributed. across the chute jus t  prior t o  enteriog the  
hydratil3.c jump, thus the divergence of the chute w a l l a  and the general 
arrangement of the upstream portion of the spillway were considered sat- 
i s f  actorg. 

~ U w a v  came it^, The s pilbray was cdtllbrated with Pier H in @ace 
and the discharge f o r  reservoir water surface 3 U 0 2  was found t o  be 
436,000 y.  Ihe corresponding discharge coefficient C in the equatim: 
Q = C U ~  2, was computed t o  be 3.33. Thus, the capacity of the  spiUway, 



from design calculations. &p&riencs  with s& models has shownJ how&er, 
that  because of differences in the thickness of the boundary layer, modal 
to  prototype, and because of surface tension effecb,  the prototype-will 
discharge slightly u~ose prater than the model. Discharge curves o'btdned 
from the model are shown in Figures 31 and 32, and the relation between 
discharge coefficient and head is also shown in Figure 31. 

I *  !he Reccwnnmded D e s i m  

Ihe design recommendad for construction in the f ie ld  is basisally 
the same as that  proposed in the preliminary design. Cer tab m ~ d i  ficatians 
were made to impme the hydraulic performance o f t h e  structme as fo ibws:  

1. Rro dikes9 m e  alang each side of the spillway channel aad 
extendbg 1,800 feet  downstream f r o m  the end of the still- 
k g  basin, Pigme 9, were added t o  confine sp i l lww as- 
charges to  the spillway channel. 

2. Two spur-.type wing v r a l l s  29.7 feet long dawnstream f2Klm the 
basin, Figure ll, were added to the existjng wing wells t;o 
reduce the erosior, a t  the corners, 

3, Pier H ( ~ i g u r e  26) replaced the l e f t  abutment pier t o  Im- 
prove the f law condition In the power plant Sn'take and Ln 
the spil lway entrance. 

4. Higher trainlrag w a l b  ( ~ i g u r e  28) were recommended for use 
in confining the f low in the spillway chute. 

Operation of the recommended structure was satisfactory in a l l  
respects, Flow from the s p i l l w a y  channel did not interfere wiA& f low froan 
the power plant tailrace. Nor was there a. tendency h a r d  erosion b e h  
the power plants or at any of the channels intersecting the Rio G r a d e .  
Erosion at  the cornam of the spillway aprm after maxlnamz discharge for  
2 hours was only 10 feet  below tns normal elevation of the channel (~igure 
l4) as contrasted w i t h  35 feet for the pre?rim.Sanry arrangement. Ths de- 
pression b the water atrface due to  cantraction about the left approach 
pier was reduced, tfie ascharge coefficient of the spil lway was kcreas& 
slightly and the opar&tiag appearance of the structure was improved. Pier 
H was recommended as it gare satisfactory results and was e c o n d o d i o  

Flow in the s p i l l w a y  chute *was satisfactory at all dissharges, 
as ahom i n  Figures 33, 34, 35, and 36. A t  high discharges, the fl- 
spread evenly in the chute and showed no tendency t o  overtog the krabbg 
w&Ur~. A t  lower discharges the glow was also spread evenly over &he spkll- 
way, i f  the gates were opened equally, Figures 33A and B. If %he gates 
were nat opened eqtzally, standing waves f o m d  in the chut.0, but they were 
not sufficiently high ttJ be of concern and they had only aminor effect m 
the performances of the s t U g  bin ,  Figures 35 arid 36. Ihe s t f U n g  
b a s h  also perfomed well at  'dlE discharges; even with u n s v % f i c d  gate 
openings, the jtanp sanahed well, up on the slope of ?he chute. Figure 37 
shours the a t i r e  model ~ p e ~ a t i n g  w i t h  a s p i l l t d e y  discharge of $56,000 cfs. 



Tncs Mexican Outlet Works Model 

D e s c P i p t i o n r a A q  of t h e  Model 

The kqdrau39c performance of the Nexican outlet  works was 
studied on a 1:30 scale model which included the out le t  controi valves, 
the s t i l l i n g  basin, a simulated powerhouse, and approximately 450 f e e t  
of dawnstream channel. Figures 38 and 39 show the recommended design. 
Tne 1:30 scale was selected t o  u t i l i z e  3-inch hollon-jet, valves, w-dsh 
were available in the laboratory, t o  represent the 90-inch hollow-jet 
valves of the prototype. 

In t h e  preliminary design, Figure 40, the Mexican outlet works 
contained two W-.ine?rc hollow-je t valves which discharged over a 302 in- 
clined floor onto a h o r i z m t a l  apron 80 fee t  long aud 25,2 f e e t  below 
the tail water elevation, for a 9,400 cfs  flow in the d b s t r e a m  r2ver 
channel. A center dividing wall extended the en t i r e  length of the  ba- 
sin, which resulted, b. effect, in a separate stiLUng basin f o r  each 
valve, Cmzrerging w a l l s  immediately below the vdlves were included to 
campmss the jef of w ~ i t 6 r  from the sides before it Punged beneath the 
tail water mB into the s t i l l h g  .basin. Forty-five degree wfng walls 
a t  the ends of both st--g basin tiraining walls permitked the  flaw to 
diverga in50 the oombked wt le t  and power plant tailrace chamel, X 2 . 5  
fee-t, w5.deo From the end of the basin, the  c h m e l  bottom sloped upward 
at 4:l t o  *%-;b&%29vatf on. Figure 60, although it illustrates the 
recommended design devehpd fram the tests ,  shows the genera3 mange-  
ment o f  the stmct1mee 

M e  tat& discharge tkb'0ugh the Ixo valves was 4,590 cfe 
f o r  a t o t a l  head of 81,9 Pes t  a+, the valves, while the maximua discharge 
fo r  one valve was 2,400 cfs at a total head of 90.3 feet ,  These c b -  
cha~gas and heads were used Lo dete&e the necessary ~ , s i o n s  of t he  
structznrg sfnce they resulted it? the most severe operating conditians. 
It wap found t.hat. a struc%u3e which pe~fornned sa t i s fac tor i ly  f o r  these 
maximum conditions w3ul.C a lso be satisfactory f o r  any other head and 
dis cha~ge . 

The head box and tail box in which the  model was contaired 
were conuirusted of wood Uaed wfth sheet m e t a l ,  The l e f t  side of the 
s t W g  basin contained a large glass panel through which subsurface 
hydraulic action fn the gtflZllng bash could be studied. Flow in the 
power plant t a j l r aee  was simulated by discharging the proper q a n t f t y  of 
water through the modal powerhouse which contahed rock baffles in. place 
of the turbines in the prototype structure. Thus the model powerhouse 
bst~oduced the proper quantity of flow in to  the tailrace, at the correct 
velocity and in the proper direct-ion. Separate but interconnected head 
boxes were used t o  supply t h e  autlet valves and powerhouse. Water fian 
the laboratory sump was pmped through an 8-hch pipe in which wars placed 
an orif ice meter t o  measure +he flm. The 8-inch pipe disci-wged direct3y 



head box was connected t o  the-outlet  valve head box with another 8-inch 
pipe containing a cont;ml valve. . 

Since only a short portion of the out let  conduit was repre- 
sented in +,he model, memoir elevations cauld not be s e t  i n  the  head 
box wing a sjmple sce2.e re1ai;ianship. Instead, the Losses in the pro- . t o t p  tsonduit were ccrlcdated down 50 t h e  out let  valves and the  result- 
i n g  pressure head determined a t  thls point. Piezometers were hstaXLed 
me pipe diameter upetrwn from the vaLve, and the model value 02b the 
calculated piezometp'ic pressure was s e t  by opening or  closing the valve. 
Zhe proper model discharge, a s  measured by a Venturi meter, was supplied 

I t o  the head box and the model valves opened o r  closed unt.il the desired 
head of the valve was abtained as indicated by the piezometer. 

The topography in the downstream tail box was molded in sand 
having the following analysis : 

Size sieve Percent w s s s  

4 100 
8 91 

xt5. 63 
30 27 
50 
100 

3 
0 

Prior t o  each test, th is  sand was formed t o  represent the channel below 
the outlets,  and a f t e r  each t e a t  the resulting erosion was contoured and 
pinotographed. 

Discussion of Tests 

Develop@ t e s t s  were made t o  improve the perfo.rmance of the 
preliminary design %y fistallring and t e s t i n g  modifications in various 
par t s  of the stmct'2lPe. The s f fee t ivends  of each modification was eval- 
uated by operating t h e  model f o r  1 hour w i t h  maximum discharge fo r  two 
valves. Photographs were  taken during the run t o  show action in and 
dawns+,~eam from the bash. A t  the end of the run, the erosion was con- 
toured and the resul ts  photog~aphed. The same test procedure was thtm 
repeated, with only one valve dischar&g+2,l+OO cfs. Results of each 
t e s t  were then compared wi th  hsults of previous tes ts ,  using the photo- 
graphs and other data as an aid, A s  a rule, each modification t h a t  re- 
sulted in improved operation was l e f t  ip p l A i & ~ & P " ~ .  s3b'sequent t e s t h g .  

Ihe various modificationdl tested are numbered in order, each 
number being preceded by the l e t t e r  M which indicates t e s t s  on the Mexi- . 
can out le t  works. Tnus Design N-3 rvas tested inmediately following Design 
M-2, Each change in the rJirig walls was noted by a change h ' l e t t e r  fol- 
lowing the number. Thus, ISesign M-6Qwas Design ~ - 6  with Wing Wall A in 
place4 Desie M-6B was Desie 14-6 with%% W a l l  B in p l s c a d  A tabulati02 
of the model designs teated w'X be found at the end of t h i s  section, 



W i S  reasonably sati~fac&my, but it appeared. t h a t  stmi m o ~ c a t ~ o n s - w o u l d  
be desbable  to imprave the performance, 

Tho f i r s  i tests diso20sed"th%; ~foXLowing ..6b jc?&ti'on&&i? fsatures : (1) 
excessive epoaf on of t h e  channel: beci bt iediately downstkearn from the 
s t i l l i n g  basin, and (2) turbulent water surface downstream from t h e  still- 
ing basin. A reduction 5n the length of the center , w a l l  d 8 o  appeared to 
be possible. 

With both valves operating a t  maximum dischargeg tine je%s fsm 
the valves plunged beneath the surfice of the water and dissipated mst 
of t h e i r  energy before the flow l e f t  the bash.  The water surwfa@e W a s  

rough, boih in the basin and downstream, Figures UA and B, Also objec- 
tionable waves fanned in the taflrace opposite the power plant as a re- 
sult of the unutable action. With me  v d v e  operating the water 1eav'ln.g 
the basin expanded rapidly sawing flow around the end of the dividing 
w a l l .  The dii'f~,reriee in elevation of the  water surface between the two 
sides of the basin was app~oxixtately 2 fast. 

Erosion dowmtmam fran  the hofizontal apron i s  shown in Fig- 
ure l+2, The channel was  eroded to elevation 152 or 4 feet below %he ievel 
of t1.10 apron after flow f o r  S hour. Since the o r i g h a l  bed had 
s l o ~ e d  upward a t  4:l from the  end of the apron, and since the.emdsd e e a  
oecurrsd approx5mtely 8 f e e t  downstream from the end of the basin, the 
actual depth of tihe erosion was 6 feet.  With one valve caperating mro 
scour occurred, although no measurements were made, than with both d v e a  
operating. In subsequent erosion t e s t s  the single-valve operat im p r e d  
t,he most c r i t ica l  an.d th% was considered me cri ter ion iri judghg I'es~fis* 

Tests wi%h and with0u.t the power plant operating showed very 
UttFlrr; diffssence in pe~fo,-man@e, F i g m s  +and 43. With ths paw8r 
d i s ~ h a r g ~ g  t h s  wave ac3ion below the s%ilUsg basin was s l ight ly  r d ~ c e d ,  
Figure 43, w h i l e  t.hs erosion was s l ight ly  greater at  the  left s9.de of the 
s t i l l i n g  b a s h  and ~x&~C,,ly Less a t  the  right, side. Since theye was 1x0 
appreebb2.e differace with cr w i t h ~ u t  the power plant disreharge, and 
since the  tests could be made more rapidly without it, most of ths sub- 
sequent, test ing was dms w-fkhmt the power plant d i ~ c h ~ g l n g .  

Bm5.n D e s % . ~ & .  To reduce the depth of eposion dawnstream from 
the awori, ~rmious sill designs were tested ~ 5 t h  the center w a l l  ahohaed .  
46 feei;. The ravisaci wall norr &ended t o  t h s  footings of the pmfsrh~cse, 
Figure 40, Structural  racpiramanta cf the powerfiouse required that the  
remaining ~ n r t i o n  of the center waKL be retained. The only effec t  noted 
from ekhninathg the emter:dCl.was the  re%- of 'sand t o  the s ide  of khe 
basfn belms the  nonoperatbg valve, when m e  valve was operatbg.  

Design rY-2.A was D s ~ 5 . s  H+,, with End S i l l  A aeided. Thfs sf U. was 
dentated, 4 feet 5 hches !A&, aPid was h s t a l l e d  a t  the end of the still- 
ing  basin, Figure &. %s:s with  m e  %-inch valve discharging a nminsn 
of 2,400 cfs shmed that the great.est erosion was t o  elevat'ion 157, OF 1 
foot. higher than the basin fl007~ Figure h5B. This erosfor~ ocsu~"xd 



fec t ive ly  reduced the  erosion downstream from the  s t i l l i n g  basin, t h e  
roughness of th6 water surface was bc reased ,  k high b o i l  occurred di- 
r e c t l y  over the si l l ,  which resulted i~+. an increase in wave height dawn- 
stream, Figure &5A, 

To reduce the b o i l  over the  end si l l ,  the  lower, so l id  block 
s i l l  B, 1 foot  6 inches high, Design M-2B, Figure 44, was tes ted ,  This 
sill height was believed t o  be suf f ic ien t  t o  def lec t  the water upward 
and prevent appreciable erosion zt  the  t oe  of the basin without causing 
an excessive b o i l  t o  form on the surface above the  si l l .  

A t e s t  with one valve operating showed a considerably reduced 
boil a t  the end of the basin, but a hole t o  el.evation 156 was eroded ap- 
proximately 5 f e e t  downstream from the end s f  the  basin. l h i s  erosion 
was t o  the same elevation as the f loor  of the  apron and was i f o o t  deeper 
than with the dentated s i l l .  

The t e s t s  on the sills of Designs If-2A and M?2B indicated t h a t  
a s i l i  of some type aided in reducing t h e  erosion downstream f r o m  the  @ 

basin. It appeared, however, t h a t  b e t t e r  s t i l l i n g  action i n  t ha  basin 
could be obteined by modLficat,ions elsewhere; and since the erosion would 
be affected by such changes, it was considered desirable  t o  proceed with 
t h a t  t es t ing  f i r s t .  Development of the  final sill was therefore deferred 
u n t i l  o ther  basin d e t a i l s  had been decided. 

lh developing the  s t i l l i n g  basin f o r  the  Boysen Dam Outle t  
Works ( ~ ~ d r a u l i c  Laboratory Report 283) converging walls were sh;own t o  
be valuable fn &ding energy diss ipat ion i n  t he  basin. It was d s o  found 
t h a t  a similar convergence on the  bottom of the  j e t  was helpful, Conse- 
quently, ~ L I  Design 11-3, tapered f i l l e t s  were introduced along t h e  jn- 
clined f loo r  beneath the valves, Figure 46. These f i l l e t s  tapered f r o m  
o n e - h a  the wid5h between the conve~ging w a l l s  a t  the  bottom of %he in- 
c l ine  t o  zero width at the top of the incl ine,  and the  top  surface of 
the f i l l e t s  formed angles of li5O with the  f l o o r  and c.onverging walls. In 
operation, t he  wave action both ir and downstream from the  basin, res'ult- 
i n g  from t h i s  modff ica t io~ ,  was considerably lessened (Figure 47A) with 
no increase in the erosion over previous t e s t s .  The maximum depth of ero- 
sion was t o  e levat ion 156, o r  the elevation of the basin floor,  Figure 47B. 
A s  with Design 14-2, some sand was returned t o  the  basin d m g  s ing le  
valve operation. Since the f i l l e t s  were found t o  improve the basin psr- 
fo=nce, they were 'mt&~)d  and used i n  the  basin fo r  all l a t e r  t e s t s .  

Design N-4 was in s t a l l ed  and t e s t e d  i n  an e f fo r t  t o  f k t h e r  se- 
duce the wave action do~natream fron the  s t i l l i n g  basin, For t h i s  design 
the ankle of the  inclined f loo r  beneath t he  valves was reduced from 300 
t o  Zi+" wiLh the  horieontai, Figure 46. The sloping surface was noi: ex- 
tended t o  the floor,  but stopped 4 f ee t  4.2 inches above the  apron then 
dropped v e r t i c a l l y  t o  the :floor, providing a cushion of water. Perfom- 
ance t e s t s  m a t  maximum discherge,showed %he surface violence in and 
domstream f r o m  the basin was reduce>, but the  water surfacs s lope jrr the  



This e f fec t  was thofight t o  be the resul t  of less-energy d b s f p ~ t i o 6  &I the 
upper end of the basin with resulting higher velocities. In other respects, 
the basin performed as well as previous designs. Because t h i s  change of- 
fered no advantages over previous designs, it was not given further consid- 
eration. 

For Design M-5 an attempt was made t o  obtain a level water sw- 
faee in the basinj ',he slope of the inclined approach f loor  was returned 
t o  30°, and the converging w a l l s  were moved 8 fee t  upstream as shown in 

I 

Figwe 46. This change in position of the converging w a l l s  resulted in a - - 
level water surface, Figure 48B, and improved the operation suff icient lg 
t o  warpant its retention for  a l l  subsequent t e s t s ,  In other respects, the 
performance was similar t o  tha t  obtained with prevf om modif icatione , 

I n  a further attempt t o  irnprsvo flow conditions downstream from 
the s t i l l i n g  basin, modifications of the wing walls a t  the  end of the 
s t i l l i n g  basin were tested. Alterations in wing w a l l  shapes ere discussed 
as variations of Design M-6, Design M&A, Figure 49, included outlet  wing 
walls which were s i m i l a r  t o  the spur walls used on the spillway, F~gurue 11. 
Although the spur walls reduced erosion an the s~illwav. where an induced - a -- "I - -  - -  - 

eddy w& *rese;t, they did not appreciably reduce the erosion a t  the aid-. 
of the out le t  works basin where no serious eddies were present, Figure 50A. 
The xnaximuu erosion with one valve discharging 2,400 cfs was 1- foo t  below 
t h e  elevation of the basin f loor  or t o  elevatian 155, F i m e  50B. This 
occurred immediately downstrean from the end s i l ~ , -  &posing the eut-off 
wall under the horizontal aprm. Since the spur w a i l s  offered no appre- 
ciable improvement, other w a l l s  were tested. 

The basin training w a l l s  were than extended Uc f e e t  downstream 
without lengthening the basin f b o r g  Figure 49. Tho wing w a l l s  wcme cut-. 
baclc a t  45', intersecting the previous wing walls Uc f e e t  from t t is  ii;,side 
faee of the basin training walls, This modification showed kproved pe2- 
fomance aver Design ~ - 6 ~ - b y  reducing the severity of wave action down- 
stpeam from the s t i l l i n g  basin, Figures 51.A and B. 

Although the quantity of sand carried back into the b a s h  during 
one valve operation was not of major concern, modifics;tions were tested t o  
determine whether the qxsntity could be reduced. Previous designs, tha t  
made use of a short dividing w a l l  (~esigns M-2, M-3, M - k ,  M-5, and M4), 
shared apprmimately the sane amount of sand returned, while the  preu-in- 

I ary design, in which the dividing w a l l  extended the complete lennth of the 
basin, resulted in  very Uttle s&d being deposited on i h s  apron'-below the 
closed valve. For design M-7 Figure 49, a dividing w a l l  5 f e e t  high ex- 

I .  tending from the end of tka powerhouse s t x ~ ~ c t u r e  t o  the end of the -basin 
was used. With me valve discharging 2,400 cfs  more sand was returned t o  I 
the b a s h  than was returned with the short  dividing w a l l ,  Figwe 52. Most 
of the sand was deposited against e ~ e  dividing mu, witn the remainder 
scattered over the basin floor. In addition, the erosion was sUght1.y 
greater than fo r  previous t e s t s  using the short wall, Maximum depth of 
erosion a f t e r  a 1-hour discharge of 2,400 cfs through orla valve was t o  



erosion occurred ixmdLatiely dcrwnstr6unn from the end of the basin and 
exposed 2 f e e t  of the cu.i;-off w U .  The excessive amount of s&d re- 
turned and thb grsatar  erosion made thSa design unsatisfact.org. 

To reduaa tile sand dspossi$ on the apron and to M < h e r  r e d v ~ e  
the surface waves in t.hu vicinit,y of the powerhouss, the bas* flmr was 
extended 1L feat. to makh %he side walZs which had predously beem length- 
ened the  same amount, NinefJy degree wing w a l L s  were ins ta l led  together 
with a d a t a t e d  sill at the end of the aprm, Figure 43. !!he shark di.Jid- 
ing wall was a lso  used, Tests f o r  both valves discharging (Figure %A) 
indicated that the longer basin seduced the wave heights in ths lower 
channel and resulted in leas sesere erosion of the r iver  bed. -\sm 
depth of erosfrna was t o  eIevati.m 156 or  the elevatios of the apron. f l o o ~ ,  
Figure 53B, Co11side~b.g the  erosion, wave heightye, arid general perfor- 
mance, ch2s mang~ment  provided the best operation of all designs tested. 

Design M-8C, Figure 54, used s 3-foot high block s i l l  .b place 
of the &-fort 6-.jrreh duatsted sfU of Modification M-8, Because t E e  
BEU was  lower than the denlsterd sill, the b o i l  st the end of the still- 
ing bask. was rsdun,e&, wi%h cor,sequent lessened wave act;ion downstream. 
A l s ~  the mcsian paktepri w a s  fmproved slightly-the m&mm depth of 
erosion was ta alet.ation 2.57 ;~r. 2. foot above the  aprono This wae 1 Foot 
less emsion t h m  was ~ ~ b n ~ e d  Wfirh the dentated a m e  Figma 5 5 
snows s c5mparison of the ekoaiar, obtained with differant md s i l l  de- 
signs, Shes End S K U  C was superior in perfox~lance to the other sills 
tested it; ma recommended f 3 ~  use f3. t9he proto%ypb s t r uc tu~e*  

S w e  Tastz wera run t c  obtain the'&imsn pe-*sibIe - 
t d  water elevrztisr, f o r  a given discharge and head. Por these Eesb *a 
values wore operai,ed at m a x i m u m  capacity and tine t a i l  watw was gp'&&Uy 
lawered, 'by mans of a con~~"3P  gate a t  t h e  d o m s t ~ s o m  end of the modelg ' 
until the 3 m p  "awepi a x i t ' '  of the baain, F e r n s  $. The meul.ts indicated 
t h p t  wPth t h e  to%al  maxkm discharge of b9 570 cfs  through'b~th valves, 
t h e  t a i l  wster'eotS.d be lawared 6 fee t  'belm elevation 181.2 tef~rer the  
jmp swspt out. Tail w a t e ~  elevation 331.2 b tna normal t a i l  water for 
a cEsc'r,mge of 4,,570 cia r;twmgh the  valves plur 5,400 efs tnrcs~gk~ the 
tupb*~es. ?he at;eep&uk f-,tis?e wr3 repeated ,401. Lower basin & 8 ~ l h ~ g e ~ ,  
and. a greater mar&d 31 8 d4t;y wits fomd f o r  +;hem conditions, Thus, ' t-he 
l o w e s t  hy~~aImlLc; sat'ety fac.wr. oc,c;urs for the rnaxhum bas.b d3 scharge. 

S r e a ~ w e a  on t i i q S b , ~ 2 s l n  Floor, Nine Nesonieters were 
s t d l e d  in the s t F l 2 k g  b e h i  $9 measure the .impact crf the jet of water 
upon t i e  floor.  Tztssa piezometere were installed m the horizantaL floor 
beneath t he  valve; hme&aJteiy domatream from the  end of the ZT- 
c . W e d  floar, F f p e  57. Tney were spaced across the r ight  hd.2 22 the 
bas5.n ac t ha t  a trariavema presswe dLstrib.olifon cwld be obtx~hed, and 
were dL95ributs' 11r;g3.53d~l-..ally fo measura the decrease in pessurr as 
the jet; 'spsfiaci ddowri%k*.stmQ Tnesa pressures wera used by. %he 3 s s i . q ~ ~  as 
a? a i d  Sn de%4zd~;r'hg r,?~.e f h l c h e e ~  3f the basin ilooro In six deP6cbLm 
of fiow, bh; presmx+e x~creasec! to a pak val1.16 sf 34 fea t  a : + f  wake?, 



- -. 
decreased td 24 fee t  of water 12.5 f e e t  further downstream. 

1 FOP purposes of comparisonJ pressures were also measured with 

I 
t h e  2l+O h c l f i e d  approach and s t e p  of Design M-4. Because of the s t ep  

I between the incline and the basin floor, which formed a water cushion, 
the pressures were lower than with the .recol111llended desfgn, especially . near the toe of the incline. Ths pressures grad- increased in the  

I direction of flow with amaxhum pressure of 29 f e e t  of wa te~ ,  o c c h g  

I 
approximately 20 f e e t  downstreem f r m  t h e  toe  of the incline, Pressures 
fop both designs, together with the lacation of the fleemeters are 
shown in F i g u ~ e  57, 

Water-surf ace P ~ o f i l e s  . Water-surf ace profiles wme taken through 
the meominended basin for discharges of 4,570 cfs  with both valves oper~~., . .  
a t ing and 2,400 cfs with one valve operating. These profflss, Figures 
58 and 59, were takcc t~ansveme1.y at the end of the center walL, a t  the  
end of the stflULng basin and ZongitudinaUy slong t h e  lef't basin w a l l  
and along the centerline, The profiles show the re la t ive ly  l eve l  water 
surface i n  the basin, even for one valve operation, and the  lack of 
water surface disturbance over and downstream from the  raid sill.; The 
transvepse water-surface profiles, witah one valve diecharging 2,400 cfs, 
showed a 2.-foot difference in-water surface across the basin, Figure. $9. 

The Reeonmended DesPg~! 

The r ecomnended desipn, Design Mac, Figures 5L rand 60, was 
the most sat isfactory of dl the designs tested. S u f f i c i a t  develop 
mental t e s t ing  had been done t o  be certain t h a t  the componaxlt parts of 
the s tructure were of a minimum s ize  and t h a t ' t h q  were properly ar- 
ranged t o  provide the best operation possible. The ap$earence of the 
si;ructure in operation provided emphasis'for this f a c t .  P r h t i c a U y  
ths  ent i re  volume of th6 basin was ut i l i aed  in dissipating energy, ye t  
the water surface in and downstream from the  bask was level  with a 
minimum of surfacer dfstmbance, Figures 61A and B. Downstream from the  
basin the f l o w  entered the taDace 'ahanne1 sat isfactori ly,  producing 
negli  ble  waves, Figures 62A and B. With one valve operating, Fig- 
ures e 3 A  and B, there was sane unsymmetrical flow within the st-g 
basin, but at the  end of the basin, the flow was w eU. distributed acmes 
the entfre a+&. Greater surface disturbances were evident i n  the down- 
stream channel, but considering that  one valve operation is an emergency 
condition, the perfoxmanee was considered satisfactory. Improved per- 
formance wae obtained with smoother water surfaces for  &sehargss less  
than the maximum. 

There was no severe erosion, downstream.from the basin, Fig- 
ures 6kA and B, for  any condition tested, After two valves had a s -  
charged a total of k ,  570 cfs for 1 hour, the meudmum erosionvwas still 
1 foot above the flcsr of t h e  bhsfn. After a discharge of -2,400 cfs  
through one valve for l. how, the erosion depth was found t o  be the  same 
as f o r  two valves operai;%lg. Although a ssnell amount of sand was cmried 







?he United Stated Outlet Works M o b  - 
Descrirrtion and %,r$tion of the Model. 

d 

The preUmlnq design of the  United States oari;lst works, 
Figure 3, was similar t o  that, used on the Mexican side, but, with some 

. ----- 0 - 
E outlets. 

- 

apron 3f the  sti-g basin w a s  a t  e iebat im 160, or 4 feet-high& than 
the  Mexictin basin, The naxbum t o t a l  head at t h e  vnlvns was R1.K fset 

A; - - - - - -  ----  , - ---- - . -  
of the prototype. A "&mr haget ;  model was buil t ,  one tha t  was re- 
vsrsed from 1efL t o  ~Lght ,  to utilize e q u i p a t  existing in t h e  iabora- 

dimensi.ons reduced t o  compensate for the 5CI percent l e s s  d f r g ~ - h a ~ ~ e .  
Two '72-inch hollow-jet valves were wed in the United  state^ 
These valves dischmged up a t o t a l  of 2,920 cfs in to  the stilling 
b a s h ,  over an inclined f loor  and onto a horizontal apron 60 fhi, 
long, Downstream &om She basin wwe two 40° wing w a l l s ,  m e  sepa- 

I ratdng t h e  out le t  d iacna~ge  from the -ace, and the cthsr int-er- 
s e c t h g  the side of the downstream t r a ~ e z o i d a l  channel. The horizontvl 1 

I 
- - - -  -- ---- ----- ..-- ---, - 

with both valves f.Wly open. 

I To t e s t  and d.evelop the out let  works design, a 1:2& mod& . ~ Y S  
buiX in the Denver  laborato~g;  Ihe model scale was selected t o  u t i -  
lize available 3-inch hollow-jet valves t o  remasent t h e  72-2nch valves 

I Included i;l the m o b 1  ( ~ i g u r e  6 5 )  were two hollow-jet valvsa 
with  approach conduits, a head box, a skillfigbm*, appfoxi.ma%el.y 
250 feet of downstream channel and a t a i l  box eauitmed with an adius- 

cor,ditforis were no worse with the  pwerhouse d i s c h a r b g .  

The head box and t a i l  box were constructed of wood Uned with 
sheet metal and me side of t h 4  s t X U n g  basin contained a glass panel 
t o  study the underwater action. Water was pumped from the laboratory 
sum3 t o  tlrs head box used to represent the  prototype reeervoSfP, Dia- 
charges were measured by a Va~3;wi mefer placed in the supply Earre 
The t a i l  box contabed sadsd ssnd, aimflap t o  tha t  used and descr! 
f o r  the Pfexic= oxtlet work, Figure 66. Ex-osim of t h f a  aand dud 
opsrat.forr sf the madel prwicied one cricerim for judging t h e  eff6: 
nss s of various proposed designs , I 

I - Discussion of Tests 

I!hc purpose of these b s t s  w a s  t o  make the United States ou+,le% 
wo,-ks as nearly m e  -the Redxican outlet works as possibleg both az h 
hydraull t performance and as to the gmera.1 arrangement of t h a  out,let 
works s t . r u c t ~ ~ ~  Sxiae t h e  m d u m  discharge through the  Unit& States 

AS as outlets was anly h - t h i r d s  that of %he Mexican outlets (2,920 cD 
compared t;3 4,5E. cfs) and sim6 fhe width of both stilling baslas was 



ident;ical design-the nlajo~ modifications jn basin dimasions mra mid* 
in the depth and 1engt.h of the st7mctuz"e. 'I'he United States out.ist. 
works was, therefore, tested t o  determine t h e  amount each dimex~slon 
c;auld be redrrc:9rl t.o prsuide hyct-auEc performance sMlar to t.ha,R sb- 
tained for  the Mexicar: bask," 

in apron elevation fes ta .  Tesk of .:;ha prul'&;;;r~g 
th.e Mwcicar~ out le t  works indicated t h ~ ~  ths wa*i.sro 

surface in t h 5  basin was r;ugh, t h e ~ e  wss considerable wave act f  on d m -  
straam from the bash, Figwe M A ,  and erosion occur~ad at the e . ~ d  o f  +As, 
s t i l l i n g  b e 3 h  aprorl, Figure 68B, The s t i t l i n g  action was l-iae efiec3rti.v~ 
ir, the United Sta%es bash tnan in the Mexfean bash, F i g m e  6 f A o  To 21- 
vestigate t h i s  condition, sweepsut tests were made and the resul ta  e-0x1- 

ptr~ed with similar t e s t  results obtained and described fa r  ti@ Mpid.csn 
basin. Whm the swwp-0~1t margin for  t he  United States outlets was com- 
pared with t h a t  of the M s * r f ~ =  outlets,  It was found t h a t  fihe~14 was  ap- 
proximately 1,5 feet l e s s  makgh for. the United States  bash.  'This was 
responsible for the more viola% action, in the United States 'bash. B e  
elevation of the basin =oar, consequently, was lowered l a 5  feet and Ps- 
ther  sweepout test8 wsra made. The basin action, Figure 69B, was  t h a  
fomd t o  be comparable t o  the aetior, ia the Medean b a s h  and Cne eweep- 
out masgin was found t o  be 5 Peeit. M s  lower apron elevation was ma5 
f o r  a l l  subsequent testa.  

S ~ i l l i p a  basin -$cesfa, In dete-g the modifications la b2 
tes ted  in  the model, iafomati.or- obtained from the  previously tested 
BX&can cutlet works was medo Design A-2 included tapered bottom fa-- 
l e t s ,  dentatad end sill., and convs~ging w a l 2 s .  Becauae of the arr.a?rge- 
men% of the structure, however, a 40' wing w a U  wdl l ~ c a t ~ e d  t o  th.e l e f t  
of the bash, Figure 70, The perfosmana,s of this design was satisfaa!r3ry 
i n  most raspectr; th6 water sur.%ac@, both in axd below tile b m b ,  was 
rai.atively smootba, Figure ;?LQ, and the erosion pattern In general w m  
satisfactolvg. With m e  valve diescharghg 1,600 cfs, the m&m?rn scow 
was t o  elevat.ion 159, o r  Oo 5 f o o t  above a s  basin floor, Figwe 71B0 
Howe-crer, considerable sand was depsfced cm the f-Lor cf the b a s h  w h s  
one valve war o p e ~ a t h g .  Ir, was bdi.eved that t h i s  deposftioi W&9 due, 
t o  an eddy below tho ncmperating ua2.ve which was fn tms i f i ed  by she 40" 
wing w a l l  to the LeCt of the basin, 

feet 8 
Figure  

Sn D e s k .  A-3 t h e  4 F  wing w a l l  was changed % a qOQ wji=g wdLl, 
ir;.chee long a t  the a d  of the  left s ide  of the basin, &% shm1 
70. Tests ?,his w a l l  arrangemmt showed that the csde pre- 

Pious3.y noted waa not directed back into the bash ,  Figwe 72A, blr3 
tended *Yo stay downstrean. AS a msu3.t. the amcunt of etind rekurned to 
t h e  @asin w a s  reduced considerably, as shown Figure ?.Be 

The Becornended Des-i.. 

'Ihe recommended design was  simile to h a i s  A-3, bzt w. end 
sill 3 f e e t  Ngh ww iusta-Led on the end of the apron, %is 3% U 



improved besign A-3. The reecamnenked design fs shown in Figure.  73. Tests 
on th i s  design show& satl.yfaet;ory operation both with one valve, Fig-. 
ures 74A an& B and 75A, and ~ 5 t h  two valves, Figures 793 and '16A 3, 
With both valves operating the  water supface downstream from the  b a s k  WE& 
relatively quiet, Ma severe erosion occurred downstream in the ~ A s F , ~ .  
After l h o u r  tne maximum scour was t o  elevation 158, o r  O , 5  !foot brlow ths 
basin f loor  which oeswrad 5 fee% domstream fromtha end of the apY0n9 
Figure WA, 

With m e  valve diachwging 1,600 cfs, operation also sppemsd 
satisfactory. Some cross flow oseurred in the s t i l l i n g  basin andl Cns 
waves below the basin, Figure ?&As were somewhat more pronomced Cnan 
with both valves opzrathg, but; these wepe not considered obj ectf on.ablc 
Erosiori after a discharge of 1,400 cfs for  1 hour ( ~ i ~ u r e  7 7 ~ )  rentilted 
in ; hole locazed 5 feel, downstream from the end of the a p m ,  on th5 
operating sick, so the same dep%h e s  t h e  basin floor, 158,5. The amcrn4i 
of sand returned t o  the basin h s  not e x ~ e s s i ~ e ;  in faet it was eiu!il% 
in amount to tha t  fou.d in. the  Mexican outlet works f o r  similar o p e r a t i ~ g  
condiDiom, 

Wave &:et90r, 5n the downstream channel was n o t  eonsidw~.d of 
sufficierit magnit~~d~z ta cause concerno Tha directicrm of wave propaga.t*im 
was prima~ily dmstream for  a l l  discharges, with only ~ 3 l g h t  act.fcm pa-. 
flee,ted h t c b  the tdlxace area downstream from the paww plant. The ms4 
pmnciurrc6.l .@are action o c e ~ e d  w5.t-h one valve discharging 1,6013 cfe, 5Lnz 
disturbar,c.ea did not cross kta the t a i l r ace  to any great degree, Fig- 
UTS 75A0 

-.I 

Water surf ace prof 1168 ware t aksu, both trmsverselj. m5.hngi.- 
.;cidinaLly f o i  maximum ascha rga  with ae! and both valves uperz+Yhg, Fig.- 
w e s  78 and 79, Thes t. prof U e e  show the rela2;i~ely level  wait+: sur f&ca 
in t h e  b a s h  for  the moat critical operatfig coaditions, 















A. Placing topography in  concrete. The cords are at f h e d  elevatioas and 
are wed as references in fosmiag the t o p o g ~ ~ h y .  

B. Placing topography in concrete. The area in the foreground 
w i l l  bg f i l l e d  with fine sand. 

mx PROJECT MODEL. COIJST#UCTIOr?. 



B. The reserrolr area. Water i s  aupplied 
by the pwq in  the fm@ound. Note 
rock baffle at the L u f t  , atad the $as06 
in tho foreep*ound. 

aBE PIROtm 10DEL. 

A. The spillway as originally constructed, 
prior to operation. Note the dmarca- 
tlon between the sand (lighter area) 
and the concrete. 





A. The spillway and spillway channsl. 





A. Eroslon below the s l t i l l lng  basfn after e discharge 
of 436,000 cie f o r  2 hours, All -tea open. lbte the deep hole 
at the end of the s t l l l l ~  b a s h .  

J 
i 3. Eddy in area W d i a t e l y  domtream fram rl@t 
U i w  basin. iZ = 456,000 c is .  It l a  believed 
eddy was the cause of the severe erosion ahown 

'l!HE S P 1 L Z , W W - - - ~ ~ A R Y  DBICN 





Figure 14 
HSa. 276 

A. Design S-4. Poaion atter a discharge of 456,000 
cia for 2 hours. A L l  gate8 fiUy opened. &osion at apron 
corners i s  negligible. 

B.  De;&n S-5. Posion aitsr a discharge of 456,000 
cfs for 2 hours. All gstes fully opened. Note the simihrity 
of erosion wlth this design to that obtained with the pralinin- 
ary des4gn. 







A. hwdown at  both piers. 

Currents about the left approach plar. -1- dseilg~~ Ro 
flow -6 t o  Loare the face of the pier next to the spllluqy. 

TBE SPILLWAY. COXCE?ACTIOIII AT PHE API3QACH. 
4 % , 0 ~  3- D J S W E D .  

Figure 17 
*a. ~ 7 6  

te how the 
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100,000 cis being discharged with all gates open 8 feet and the reser- 
voir water surface at elevation 314.2. 

200,000 cis beiog dischargad with all gates open 19 feet and the reser- 
voir water surface at elevation 314.2. 

mJEC!l' MODEL. DISiXKGE OVHL TgE SPILUAY WITB PARTIAL GATE OPICKRGS. 



B. Operation of the st f l l ing baain. 

TBE SPILLWAY- --RECOWRD.ED DESIGN. 456,000 
DISCEARGrn W m  A U  CATES FULLY o m .  

A. General operation of the spilLway. 











Am Model 8ZTaD@rnS~t. Note tPlo conduit bed- 
from the head box t o  the valve, thrs 8 t I l . l ~  basia, & the 
downdimeam topography. A t  the right are the Lhrw simulated 
poarcn. plant o p e ~ s .  

B.  The etlUln@ baain. llote the d m e ,  the 
incliaed floor, the convlerg* d e ,  the iFUete, fh 
B o r l z o n ~  floor, aad the en& sill. !C&is is the rec-&d 
befilm. 





A. Operation of the atilliog baaln. Both vaJ.ms discharg- 
ing--Q = 4,570 cfs. 

3. Action In the stilling basin. Photograph taken through 
glass panel in l e R  side of -1. Both v a l w s  dischargiag-- 
Q = 4,570 cfs. 

IHE MIB[ICAIv OlJ!msT VORI(S---muMmARy DESIOA 
OEBXA!PU)XV W3XlEOW POWEl Pl2W.P DISCEARGE. 





both d m e .  

8. Actdoh in fhe bash. 4,570 cfs di~oharg* w m  

'IgE: PIIEFIICAN 0- WORKS- PRELlXUWX DBIGN. 0-ION W I T a  
D I S ~ I R C  5,400 CUBIC FEET PER SEcOm. 





A. Orre m l v e  diuchmgipS--Q 2,400 cfe. 

B. &melon after a discharge of 2,400 cis far 1 hour 
through left valve. 





B. &o~ion after a discharge of 2,400 cis for  1 hour 
through left a m .  &te MZM~ deporrited irr Barsin. 

'laE Mea:ICM OmLET mRKB---== J4-3 



A. %sign 4, S l o p  of lnclinAd approach to basin 2k0. 
Note slop of water surface fKua left to rwt. Q 4,570 cis, 
botA vdves Uechssefng. Flow *can right to left. 

B. I)esw 5. Slope of inclined approach to  Win 30°. 
Surface of water has approached the harizontal. Q = 4,570 cfs, 
both d v 8 s  dischaz-ging. 





A. valve diolChgpgin&? 2,400 cfe 

B. $roeion after a discharge of 2 , 4 ~  cis far 1 hour 
through l o f t  wilm. Rote that the eroeion i s  be- the elevation 
of the basin flow. 

TBE MEKICM OVPLET M ~ B ~ s - - - D B ~  n -a .  



A. Action of the s t i l l i n g  baein. Both valves dischargiug-- 
Q = 4,570 cfs. 

B. Water surface downstream f h m  the basin. Both Palves 
discharging--Q = 4,570 cf s. 

'llHE MEXICAN OVFLEL' WORKS---DESIGN M-6iB. 





A. Water surface downstre* ircm the st- basin. Both 
~ w s  bischar6ing a tots of 4,570 cis. 

B. h s l o n  af'ter a diachar- of 4,570 for 1 hour 
through both ra lma.  







4,570 cfs hlschacglw through tw valves, tailwat6r elevation 175.0- 
This condition, which VFU not occur In the motot3pe, wsa used in 
detemlnirq the hydraulic margin of  safety of the ~ t i u i n g  baain. 

Zt[E MEXICAlf OU'EUE WORKS. Alp-CE OF !FEE BASIN A!C SYEW)U!7!. 













A. Actlon fn the basin.. 

B. Prow in the charmel. 





A. Po.im afterx a dladmr@p of 2,400 of. f a  1 holm 
thwgh bft mlm. 

B. Po-:= after a dldaerga of 4,570 cis far 1 horp 
throw both rcrfms. 





Ibb the tw ralres, the harimntd. fbar, t;he 
y i l p s w a l l a ~ . ~ t , m t h e ~ i a ~ ~ l .  





A. Operation of s t i l l i n g  basin. Both valves 
discharging a t o t a l  of 2,920 cis.  kte violent water 
surf'ace . 

B. Erosion after a discharge of 2,920 cis 
throw two valves for 1 horn. 

IgE UIVI'I!ED STATE O U l L E C  WORKS. PRIiZMlllARY DESIGN. 



B. Basin floor lovered t o  elevation l'j8.3. Note 
reduction in violence of surface waves. 

TBE UNITED STAKES OlJTLEI! WORKS. BASXM PlRlVR6MCE. 
2,920 m ~ I E H  BOIII VALVES. 

A. Basin floor eleration 160. note the rough 
water surface Itn the bash .  





A. Operation of s t U n g  bash. RI&t valm 
dieohargi- 1,600 cis. 

B. Jkorrlon .after dtachrgg of 1,600 of8 throw 
rlght valve iac 1 hour. lkte tmxl aBp08iW in lmeia. 

81'- O m  M3me DJBm A92 



A. Operation of s t i l l ing basin. Right valve 
d i  schaxging 1,600 cf e . 

B. Eroaion af'ter a dlscharae of' 1,600 cfs for 
1 hour through right valve. hte reduction in aaPl de- 
posited 3.n bash. 

II[E Plh711'Ea ;1TATES OlJTLEI WORKS. DESIDn A-3 . 





A. R I & ~  v d m  ifischa~gw 1,600 crs. mote tht 
turbulence l e  &bed to ope sfile of btulra. 

B. lU#t ridb view of haIPI-rQgh% valve U s -  - 1,600 0f8. Bate roll of -* be- 
eotnarSipS wau* 



A. Water aurface below basin. R-t valw 
di8char61~ 1,600 c f ~ .  U w ~ t e r  ebvatico l80.5. 

Be h t e r  surface be low bash .  Both -ma 
d i a c k g i n g  a total of 2,920 cls. Tailwa1I;er eleration 
U0.8. 



A. Both veJ,vea ilischerglw a total of 2,920 cfs. 
Tailwater elevation 180.8, 

B. mth r c n l ~ r ~  US*- oi 2,920 cia. 
&te hou the f l o w  travels doxg the ffoar. 








