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'HYDRAULIC i,~{CDEL ;STUDIES ' ' 
~FOR - 

.THE DESIGN ~.0'F ~OUT~T.~.WORKS ~/d~D~SPIIIL%'&EY 
!FOR ~THE :.CABALLO :.DA.~ 

Hydraulic model tests Were ~conduc~ed"to/determine the 
~smswers to !the foll,~g ~:question~, rbla~i~ e tto '~thetdesign ~of 
the :outlet works ~at OabaIlo ~Dam: ~ 

~(~) i!Is the eutflow~energy ~succe ,~e 
stilling ;,basin ,for ~:aIl outle~ outflow 

(~) i.Fo r < o u t l e t  .~is  charges  "le s s : then ~.~,, 000  ~ u b i c ~  iTeet ~;.per 
-second ~ie ~the ~flow approaohiu~ ~ e  :Parshali ~ f l ~ e  ~suff~icient~y, 
smooth,  e n d < q u i e t  -.to ~ i ~ e  . . . . .  ' an .accurate ~hea~ :readzn~, 

~(~) :'!Is t1~e '.tunnel ,flow ~downstream '~rom the ~gates ~of/a ~sa,t~ ~ 
:!is fao~tory characterR 

(.) :Is ~the ripra p i~protection,at ~.the ~downstream end ~of %he 
Parsh~ll Ilmne adequate? 

• "O 

~ s s :sho~ed-that .,the !pre~zmznarydes gn~.:was 
:unsatis factory "on four .counts: • The ;flow :~in ~the ,.~downstree~ : see- 
~ticn ~of .the : gate : stzucture~was ~rough, ~the :!sh~pe ~ef :the tunnel ~vras 
: not snitabl e for ~.var.ious ::~uantities ~of i~flow, the .S~i:I~LUg ~pool " 
was no t adequate for ~various o,~mbinat ions of gate :op~ings -:arid 
• discharges, and the ~.Parsh~l I ~fl~me .was :too : near .the s~tiiling .po el 
to be reliable. 

- : ~ h e - s ~ l l i n ~  ~-poOl~-e~d i ~ F a r ~ l l  ~flume remained :~rou~ ~and :!of ~,peor 
  eloci ,  ' The i • 
Parehall flume were ~hen ~:altere~, prOduc'ing ;~sa~'is fact6zy ~perform-. 
. a . ~ O  e ~ o  

:At this , sta~e of ~the investi~atio! 
• move the iParsh~ll-flume iand :~re~lace ~it ~ith 
~circular ~t~el ~pstream ~from ,~he ~ate ~structure, /A !h~sty~series • 
..of trials.determiued ~the mos.t, efC~ioiemt :~s~l.lin~ ;pool :desi~, . i.. 
causing ~the iile~st ~erosion ~in ~he, channel :t o~the ~river ~ and caus Lug 
the least splash ~ and disturbance in ~he ~pool. 

~il ~ 
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... , • ..... , ,  ~'~':i:i~'~i • ..,;,,;.!. 

three am.,~as -: a., -,, . 
subseq y :retie- 
-signed ~igh,~dam. ~,Pressure a mstr, iCummc~s anc-,mmsenar~e ,coeffm- 
oients "over ~%he ,crests and @ressures ~lon~ ~.the ~:pool Ii'0or were 
measured. ~The .most ~Signilficant-,tests .were!ooneerne'd~with j.the :iim- 
<provem~nt": o f ithe ,.stmlliug' ,::,pc61 ,:~esi~. ,These :indicat4d i,tha~ ~sa~. " 

found 'to be neeos samj :_fo r .the :riprap ;in '~tho ~trapozoidal ,stream?b0d. 

~ I I  ..... ':INTEODUCTION • 

The:Caballo ~.Dsan was ,:construete'd ~.as ~.a !,part-of .the ;Rio 
Grande Rectifioatiuon i P.r0ject :~ under ,the ,,authority, o f !-the qnterma- 
"ti~a~l • Bo~nd~ ry'.C ommis sion :but i,under,~,~he ~ieng ineering .:supervision 
"of ;the Bureau. 0f~Reelamation. ~.lt ~is ?lOcated ~on ~the ?Rio ~Grande 
' ~er ~ abou~l~..~!e s~ south .:of~ Lo s ! P~Iom~s, ,. Ne~". ~exioo,~ and~ 2~ 
rive r-miles : dov~stream from .the -,existimg ~:Elephsalt-~ Butte ':Dam 
(figure I). 

. - .The _reservoir ~will !provide ~.b0th :flood ~'control ;and,~irri" 
ga%~on ;storage,, and ~in~ a~ddition.~:,.w.ill :nmke posmible;~_the ,con~iuuous~ 
in stead, o f : the • p reviou s -: s eas onal :..p ~due% i~<o:f ~powe r ~at iElephant • 
Butte ~Dam .by o o n s e z ~ i n g  ithe '~;~tte r,._~se4d!.tH'~ou~h i~he i~Eleph~t,~ : : 
Butte ~urbines,auring ~the fall~, s.udwinter~nth~. ':.For<~ie ipresen~ 
the ~.e~hant :,Butte : plant- will ~. be .able t~o,~:isupp!y ..all-~,the~power ~for - 
• which'..~here :~is ,:a ~local ~market. ..No ~.power development ~.was therefore 
.prOjected : for ' the i Cabal Io !Dam. .... ' 

voir capacity;ofL~100,O00, aere-~l 
4 1 5 2 .  , ; f o r ,  . 

capacity. ~.Plan ! No. ',~2. provided . . 
paoi.ty to ::.350~000 ~aore~;fe~"by r~isin~ i%he 
v~%ion .4190 ::a 
at some!, future ~ .. "i ".ii' 
The 'irrigable :.~ : .~i); 
new. cone fete - 
-30 •:feet high~ 
eented ~ an. en~ i ii~ " 
-pQsite.,end. iThe >height :of ~.the ~:d~., ~.the :pond :elevation, ithe ~reser, 
:~eir .ea l~, eit.y , :.e~Ud..~he ~irri~a%i~Uc:OU~lat .~remained i>approxi~tely~as --,i-!,: 
~for~p!~u'.~No. ~2. ' . : - " 

i ~i!/: ;/i"i?:~; 
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f~) The tests ~ on'm0dels of the irrigation outlet ~works were I 
undertaken at the< request<of the' design :section as part of the 
design investigations necessary for~determining the correct ap- 
proach conditiozls ~ amd~the proporSions ' for ~the~Parshall iiflume. I 
The sp il lway expe r iment s We re ~ made t c dete rmine whethe r the :.s til i- i 
ing po01s as designed would :be satisfactory trader the !impose d~head ,i 
and tailwate r conditions. : and, to determine ' hydro static pres sure ' 
distributions over :the cres%:and over :the'pool :floor. As is ;fre- 
quently the case with investigations of this kind, the initial 
tests indicated that 'considerable ~mprovement ~was possible!both 
in flow conditions and in economy of construction. The experi- 
ments on the, outlet ~orks a~d spillway were~ there fore.continued 
to determine the most satisfactory design. 

At the time this investigation was~made the hydraulic 
laboratory of theLBureau of Reclamation ~ occupied the greater part 
of the basement of-~the' 01d~ Custom House at i!16th and Arapahoe 
Streets. The'laboratory water-supply system, which recirculated 
the s~me water. ?included ~aweir tank With a180.degree. ~V-notch 
weir and a pump • sump, set ;belovz the floor level, a 6-inch cen- 
,trifUgal!pump with a discharge of up to~3½ cubic feet per ~ second. 
and a head ~ tank forwater~ supply to the models. The ~idischarge re- 
turned from the models :to the weir tank iin-a sheet-metal i~flume. 

III - _THE QUTLETWO~S .... 

The model. The model Of the outlet:~works~,was construe- 
,ted to the'scale cfl'to30. ~The circular-tumnel upstream from 
:gate ,section, the gate ~sectiau, ~horseshoe tunnel, stillin_g;pool, 
sJad Parshall flume,~ere~ developed and, constructed of Sheet ~ metal. 
The pier in the gate section was Of redwood :and -the ;gates~were of 
brass. The gates were actuated by screw-stems andLbrass knurled 
nurse The ~;top of the.horseshoe tunnel was construeted~idf :~sheet 
pyraliu,, permitting observation:oil the flow<downstr eam/from~the 
gates, iThe stilling~poo ! and Parshall flume.were placed in,i:a 
sand boxlin ,order to observe the erosion downstream~from ~the . . . .  
flum~ and to facilitate alterations . i The tailwater was ~•regulated 

and controlled by a~tail gate at :the ~end: of the sandLbox~and-the 
• bailwater, elevation;was re.ad ,on a~gage .on the..side clothe :~:sand b.oxo 
• To compensate for the dissimilarityLbetween'the~effeots'of ~frlctlcn 
losses in model-and prototype, the slope ~ of ~the :model itunnel~was 
:increased'in accordanee:,with calculations relating to the actual 
model and prototype !losses indieated~by application of~Kutter's 

"n." 

~Plate I shows the model of the original design ~and 
figurel la shows the original:prototype features. 

S 
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0rl~inal d gsi~n, /As ordimarily~designed,~::that :portion " 

of ~he =.outlet ~works, d'ownstream fro~ ,the ' gate ~section ~performecl 
unsatisfactorlly. When : operated ~ at 3,D00 cubic fleet !per second,~ 
a hzgh f~:arese down the center of the transition'and tunnel. 
With either gate fully open at ~ normal ~ he~¢, :ith e !Tlow •in :the tun- 
nel was very ,rough. and-,spiral in shape./" With the gates equally 
open at normal head~ the flow throu~.h "the gates JOined at the :end ~ : 
of the pier to fo rm ' a .series : of standing ~waves ?in ~the tunnel ~and 
a :high central fin on the stilllus-pool i hump. ~(~ 

At the :lower rates of -discharge, .up to ~:900 cubic feet 
per second, the tailwater backed ;over :the !hump, and :caused a :whirl 
onlthe upstream side. The jump was not complete and high surface 

L 

velocities continued through %he :pool and Parshall flume, causing 
a sou~e of ~ error in discharge~measurements. 

At higher :rates Of discharge, the pool:was very ~ splashy 
although little erosion ~ resulted, downstream from the Parshall 
i~i ume m 

Plates II and III show the ~uodel of :the original design 
in operation. 

Revision of ~ate section and . t u n n e l , =  To correct ~dle :~i 

peer performance !in the gate section • and tunnel, :the transition ~"~!~i 

and pier downstream fror~ ~the ; gates were~ altered~ as shown on Re- :~: 
vision:A, figure la. As a result, ithe !fin, off %he ,end :of ithe 
pier was .reduced.considerably and ~the :flow down the ~tunnel and 
over the hump appeared to be slightly ~improved. To ;further re- " :~ 

duce %he ~ spiral flow :in the tunnel ~with one ! gate ~ op~a under ~nor . . . .  
real head, a horseshoe tunnel was tried. The water surface ;~ :the 
tunnel was smoothed out considerably~ar~i ~the velocity distrihu- ':?~ 
tion in ,the, stilling pool ,was improved, the effluence :of the ~it~n- 
nel 'being :nearly ilevel for all combinations .:of ~gate openings. ;:! 
This alteration ~'is shown on i.~vis ion I!B,. ~gure :ila, ~ and:also ,-:on 

~late IIV. 

Depth of~pool as controlled by !~rshall £1ume, :;A:~series . .  

of quantitative tests were made ~:t0 ~ determine ,the ~rei'ation ~between 
the discharge ~through the outlet works,, d.epth~ of water Jin,~the 
stilling ipool, :and the tailwaterelevation ~in ~ the river downstream 
from the Parshall flume. The tailwater was ~ controlled :~in ~accord- ~': 
ance with the rating curve o f the ~Rio:G~ade River at ;the~Caballo "~ 
:idam site, figure 2, =:' 

The control effect of the flume is shown i n  graphic form 
on figure 3o 

4 
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B. HORSESHOE TUNNEL R'YAR STILLING POOL 

C. STILLING ~POOL D. PARSHALL FLU~E 
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Revisin--~ on . s t i l l i n ~ : p o o l  and :flume approach. With 
one : te 'f :ocourre  :the 
~ump-at:the:Jslde:'walls, as ori~im~lly designed~ Althou~h the 
ohara6~e'risties of the flow in~-the: gate ~section and"~tmtuel were 
greatly :improved by Revision B, 'a high central fin. and ~side~vall 
fins remained on the .upstream Side: 0f'. the ::hump with both Eates 
open. It,was found .that vertical .side .walls' eurved.:~o ~'fit i+the 
sp read o f -the +tunnel ~ :d.ls charge eliminated the si de,wall fins~ • 

(Revision. H, :#~gu~e 4/,) 

:To.spre~.d the ' effluence of :the tunnel:over the full 
~idth of: the pooh, humps:5 •feet and .2½•feet ~ higher,than:that Of 
the original .,des ign were ~ found .to be of little iimprovement. The 

- u the h and s rang,clear o f  the h~h. central :fin broke p-on • . ~mp.. p - 
-hump on :.the downstrea~.~, side .caus i~g a very::rou~h :and'. splashy 
pool. Atthe :~ lower discharges the : jump , : o c c u r r e d '  within ::the . . :~o~ 
~el .and : the.. portal' ~as'flooded. Th~s is ::illustrated-on:D, ,plate V. 

It. ~s found- that a ttmnel with: a. flat :inve~t. improved 
the performance :of the pool and that a ridge up the~ center:ofithe 
:hump spread.the flow quite .effectively -over the "entire ~idth ~ef 
the pool for all combinations of gate openings. 

• . ~ 

'Summarizing, the -best solution to :the still~ug~pool 
oroblem and the,P~rshall :flume approach was found in_the follow- .... 
~g features :shown on Revisions H and:l, ~ure:.4, and,on ~ate 

VII: 

~' (a) Curved side walls at the:transit~on.~from.the tunnel",to 
the stilling.pool, to eliminate side fins for:the i entire .range 
• 0'-* :discharge, 

(b) A 13~foot horseshoe ~tnmanel. with" flat invertto :,,reduoe 
the banking, of flow to a:minimum, particularly :for .~reatly ~- 
balanced ~ate openin~s~" 

(0) :A' "wha!eback"~ hump + be~i~ui~ in the !tunnel :to ~. distribute 

the. fl~v over ,the :~ full width, ofthe poo~ 

~d) Tapered sills, .V, shaped !in, plan, to:break up str~ong~,un- 
dercurrents slung the -sides of the pool~ 

(e) ~Vertical side .walls in.the~approach~touthe~Parshall 
flume 'from station I8+~0~o-:st~tion 13+80~ ~(it,was .~foumd+tha t 
either, o f~.the s ide~wal l~boatio~s .-shown in :~i~/re .4:..w~s ~am ~im- 
rovem~t: over -.the original ' design, :Revis ion" H,,,was ; ~ :  prefer- 

, mi~! 
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PLATE Ir 

-. A. SHOWING RAISED 

UH_LL~G POOL 
D~(~GE 4777 SE(X)~])-FEET 

C." STILLING ~ POOL 
'l DISO'Kt~ 878 SECOND-It~K~ 

~- D. J~ IN HOI~SES~DE TUNNEL 
PORTAL FLO0~ 

i DIS~Aa~ 878 SECOND.Iv~'t !I 
~3~tZgZ~ C 



m ~  

REVISION H 

.DISCHAR(~ ~120 SECOND-TEET 
o 

DISC~ ISI0 S ~ O ~ ~  

: i! 



PLATE VII 

• ~~E~D ~IGN 



able because it caused the least disturbance in the immediate ap- 
proach to the Parshall flume~ 

(f) An addition of 5 feet of height to the side ~alls 
throughout the pool to provide for splash height~ ('Not shown on 
figure 4~) 

Since the Parshall flume was only 50 feet downstream 
from the stillin~ pool, an entirely satisfactory solution was not 
possible for all rates of discharge. It was decided to replace 
the Parshall flume with a Venturi meter installed in the pressure 
tunnel upstream from the gate section. 

Water-surface profiles --~entativ~ Photographs 
of the tentative design model are sh0wn in ~#late VI. The plan 
and a longitudinal section are shown on ~igure 4. Floor profiles 
and sections for various rates of discharge through the model are 
shown in Tigures 5, 6, and 7j 

/ 

Revision of the stillin~ pool. Parshall flume removed. 
With the removal of the Parshall flume, the situation presented 
the problem of developing the ~stilling pool that would cause the 
least erosion in the channel leadh~g to the river ~Jad the least 
splash and disturbance in the pool itself. A series of short 
hasty investigations were Conducted,o~J The requirements for this 
stilling pool were Some~mhat different ~ those of the pool de- 
veloped for the Parshall fl~me in that for the latter it was es- 
sential that there be a uniform velocity throughout the entire 
width of the flume. In the new situation, uniform velocity ~s 
not essential, Only a minimum of erosion or scour in the channel 
v~s neoessary, 

Figures 8 to 14, inclusive, outline the essential fea- 
tures of these tests. The layout sho~.~ on figure 14 and an plate 
VII is essentially the same as tb~t recomm~ded on figure 15, and 
that of the final design, figures 16 toi20, inclusive. 

The horseshoe tunnel was found to be feasible as the 
pool developed dissipated energy to such a degree that the dif- 
ference between the performance of the flat bottom and round bot- 
tom tunnel ~as not appreciable in the scour. 

Water-surface and scour profi_les and_ cross .sect ic~s for 
the recommended desiga. ~igures 21and 22 are p~otted profiles 
and cross ,sections of the water surfaces and scour for various 
rates of discharge for the recommended design. Plates VIII and 
IX sh~ the model in operation. 
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PL&TE VI I I 

RECOMMENDED DESIGN 
DISCHARGE 1765 SECOND-FEET 



PLATE IX 

RECC~S~NDED DESIGN 
DISCHARGE 4710 SECOND-FEET 
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IV - THE SPILLWAY 

As previously described, ~ree distinct plans ~ for the 
construction of the dam and spillw~y were presented Tor investi- 
gation. Figures 26 and ~3 are model drawings off.us Nos. i 
and 2, respectively. :Figure 23 illustrates the gen~.ral arrange- 
me~t of the structure for ~an No, ~3. Details of the ~spillv~ay 
are give~In~gures 24 and 25. 

Low dam- Plan No. 1. A ~scale"of I to 60 was ,chosen 
for the spillway models. A" framework of wood was covered with 
wood sheathing and linedwith galvanized sheeti steel (figure 26). 
The topography above the spillway crest was also built of wood 
and lined with metal. The c~sst, to v~ich all elevations were 
referenced, was constructed of heavy gage, :galvanized metal :tem- 
plates, held :rigid by steel angles and covered with heavy gage 
galvanized iron. Piezometers ,were placed at uniform intervals 
over the crest to indicate the pressure heads;at various dis- 
charges. The ,stilling-pool f!oor and,wallswere considered of 
wood, set on an adjustablebase by, means ~ of ,which the ~floor could 
be raised or lowered, This adjustable basewas enclosed by a 
watertight sand box in which the do~stream topography was dup- 
licated with sand. The reco~uende: stilling-pool design was ob- 
tained by visual inspection m~l b~ comparison of i~he scoured sand 
beds. Views of the modelare shown on plateX. 

The results of quantitative studies of. orest~discharges 
are indicated in ~figure ~7, LWater-sur~kee.~elevations were meas- 
ured with both point~ gage and piezometer. 

The head discharge curves shown ,in figure 27 were plot- 
ted from the model data cm the assumption that, 

Q prototype =In 5/2 QI model 

n being the scale ~ratio and ~Q the discharge. The asstm~ticn 
is an approximate one, but sufficient experime~tai data td:pro- 
vide a more accurate estimate of the true relations between 
models and prototype-are lacking. Also sl:.own in figure 27 ~re 

the variations :of the coefficient~ C..in Q = OlhS/2, with the 
head on the crest~ and the variatima of the dimensionless2coeffi- 
cient. C, ;in Q = C l h ~  with Frcude's number F = v, in 

g~ 
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which v has been treatedas a nominal,velocity equal to " ~  

and R is a nominal hydraulic radius equal %0 ~ , ~ o r ~  

with the pier in place. The:dimensionless :Froude's:.number :~cur.ves • '~ 
are added primarily : for their value in-'comparison vzith:%ests ~of 
other structures. 

When the approach condit ions were "modified ~:by :~intr0due- 
ing a'sloping floor'as shown in figure 28,E, :the . head ~ on ~ the 
crest required to produce-the spedified discharge:of:~!S4~0OO.sec- 
ond-feet was found :to,be 8 percent greater' than!tHe .designed: head. 
At the designed l head the. discharge was reduced 7 :percent. A: grad- 
ual flat Slope :~ substituted for:the curved drop ~of~'the~crest ' (figure 
28-B) ~also decreased the discharge ~ for. maximum ~designed !:pond el~e- 
vat ion. 

Pressure heads observed at uniform~intervals:al0ng %he 
cre.~t are plotted in ~figure 28. All pressures for the'~lowL:dam 
crest are positive. A comparison of pressure i" heads -~and surface 
profiles may be made from the data shown~c~ ~figure 28. 

~low. in the chute was. rough (plateauX) . Attempts :to :re- 
duce this roughness we~.e unsuccessful. However, the :!:introduction 
of a dentated step and a sill into the pc01 elimimated all detri- 
mental effects from this :source. 

Siuce one pool was to be used for ~both plans Nos. I ~and 
2, and the crest Of planNo. 2was SO feet higher than that Of 
plan No. i, the higher crest:and higher velocities~of plan No.:2 
determined the design of the pool. Hence the pool ~hownlfortest 
II, CA-2 (figurei:SO and plate XIA and B)iapplies~to the low-dam 
pla~. The low crest was used for test 13-CA-8 (plate XIC andrOiD). 
Because of the:reduction in the amount of :~ergy to!~be dissipated, 
the less efficient, drowned roller was ~formed, ~ud ~le scour ~elo~ 
the pool increased. For normal tailwater, however. ! (elevation 
4118) the scour was not excessive. ~: 

.J 

Sill "~' (~igure 30) was designed Tromsill!"P" in an 
attempt to decrease the cost. The two goverming dimensions, the 
total height ,and thee-slope.of the notch inclines, ~weremade ap- 
proximately equale Comparisan of ~he performance .of sills "P" 
and"" R" shows that sill~"R ', v~s as good or :better~than sill~,'P ''. 
Hence sill",R" was .recommended for~the design (~gure.30, ~and 

, .. plates.XI~.., and XII) 

In order to detemime to what extent, ~f~any, the~ef- 
fectiveness of sills would be ~impaired when the corners and:edges 
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mental effects from this source. 
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the pool increased. For normal:tailwater, however, (elevation 
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total height and the slope of the r~tch~inclines, were made aP- 
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Hence sill "R" was recommended for t h e .  desi~n ./. (figure !30, ~ d  
~, .and plates XI~ ~ s~d XII) • 
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became worn. tests were run on modifications of each ~type with 
all edges chamfered about:3-3/4 h~ches. No perceptible influ~ce 
was noted. 

Pressures were measured on the faces of both the den- 
tared step and the dentated sill. Piezometer openings °were lo- 
cated about three feet above ~the floor and on the cease÷ iYine of 
the vertical face each tooth Of the ~step<andaiBh~ the~centor 
line of the slopin~do~mstream face of each toothof the s~l. 
In none of the tests made for ~lan No. I were negative pressures 
observed. In,subsequent tests fortho other t~o plans, however, 
nez~tivo pressureswere observed on thordownatream faces of the 
dentatcd step ~(~uro 42). Dontatod stops ,arc discussed more 
fully on p a~o i0 ~ ~conjunction ~ith ~lan ,]~o. ~. No :improv~ont 
ovor t~o ',T" (~iguro 32) was observed. 

High dam~Plan No. 2. •As was previously~ stated, the 
high damwas desi ~ed to increase the storage capacity from 
~100,000 to ZSOo000 acre-feet. The crest was L30 feet!higher ~than 
that of the lowdam, but no change in the chute or stilling pool 
was to be invol~ed. 

The ~reconstructed moael crest, :shaped nd covered with 
Is shov,~ an fT~ure 33. sheet metal and stiffened with an~les, '" '~ 

For the upstream fill, required to raise the bed elevation from 
4120 to 4180, campa~ted sand was used. 

The ,results o f discharge ~ and coefficient studies are 
illustrated in ~igure ZT. The same+basis was used for the ~cal- 
culations of coefficients. It willbe noted that<the coefficients 
forV~lan No, 2 are about lO percent ~higher thaz %hose of~lans 
Nos. i and 3 atihi~h heads. 

Thepressures obtained over this crest are shown ~in 
~igure 29. At a discharge sli~oht!y~above maximum , a definitely 
negative pressure was obtained. Bothpressures andwater sur- 
faces are plotted in figure 28~ .... 

Because the finsjwhich formed in the chute were not pro - 
hibi~ive insizeand thei~ effects were adequately dissipated iu 
the pool, no if~rther attempt was made to reduce them ~ate XIII%~ 
and 

Regarding the stilling pool, preliminary runs demonstra- 
ted that the floor was lower and longer than necessary. The ~floor 
was~ therefore~raised 4 feet and shortened from 1.1:12.5 feet 'to 
78~75 feeto Additional ~runs demonstrated that the floor should 

~L!~ r ~ •= 
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PIATE~XIII 

A. Final Desi6n - Discharge 34,100 c.f.s. 

C. 0riginalDesign fro~ Upstream. 
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B. Original Design from Downstream. D. Final Design - Discharge 34,100 c.f.s. 

MODEL DESIGN - PIAN No. 2 
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A. Final Design - Discharge 34,100 Cof.S. 

C. Original Design from Upstream. 

B. Original Design from Downstream. 
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D. Final Design - Discharge 34,100 c.f.s. 

MOE~L DESIGN - PLAN No. 2 



be lengthened. The remainder of the tests were made with a floor 
length of 88.13 feet and a side-wall length of 78.75 feet. 

Tests on dentated steps showed that "T" (~gure 32) was 
most effective. The steps "x" and "w " were not high enough to 
effectively break up the high velocity jet. 0therdentated steps 
were placed with the dov~streo~ edge at thO intersection of the 
2 to 1 slope and the horizontal pool floor, and ~ried little ' , in  

effect from "R.. The tops of the teeth wore horizontal inall 
designs. 

One series of tests was runwith double dentated steps. 
The second row of teethwas located upstream and staggered with 
respect to the teeth in the first rmv. Additional energy was 
dissipated but not enough to justi~j :~he additional cost of con- 
struction. 

Sills "A" to "P", inclusive, (~gure 31) were tested 
for lplan No. 2. Triangular sills were not effective. JSquare 
sills and square teeth werenet satisfactory. Double rectangular 
sills (~Bst 5-CA,1) were ve~ effective at normal tailwater (ele- 
vation 4118), but with a comparatively small drop in tailwater, 
the scour became excessive. Several Rehbocksills wore tried. 
Sill "P", ~gure 31, was the most effective. 

B~eause of the fillets installed at the sides of the 
pool, for structural reasons, andbecause of the distribution of 
one water in the pool, it was found that the two end teeth must 
be wider thsal the other teeth. Tests ~th the two end spaces 
filled or partially filled showed slightly less scour than with 
the soaces open. This improvement did not v~rrant a cl~ge in 
design. 

After the high crest was taken out, the size of the 
sill was computed from theoretical considerations and ~found to 
be excessive. Sill "R" was designed from gill ,P" and compara- 
tive tests (k~igure 30) were run for the footrest (~Tan No. i). 
Since ,~ill "R" exhibited less scouz, it was recommended for the 
final design. 

. f ,  The recommended position of the sill (~ure 34 and 
plate XIII) is 5~e6? feet from the upstre~ml edge of ~he pool. 
The recommended length of bhe pool was ?8.?5 feet; the recom- 
mended floor length was 88.13 feet. Greater scour occurred 
for either a shorter er a longer pool. 

Side whirls which occurred at the ends of the pool 
walls washed the material away from the retaining wall, and 
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scoured holes~ at the dov~astream'.corners of the floor. Wide end 
teeth decr'eased this action. ~ another attempt :toeliminate the 
scour and wash, small wlng walls 10'feet to,12.8 feet:hio~h and 
~.4 feet long were added as ~tensio~s to the Side walls. With 
the coarse sand used: in the model, the ~scour was reduced. The 
wing walls were~.:~thorefor~i recommended (plato XIV). 

High :doz~ -~Plan No. 3. The:same scale (1 :to 60) and 
general:type of :cons-tr~etic~ we-re used for ~lan No. 3as for'the 
preceding models (~uros 85 and 36 ~d~ato:XV). 

j~ The crest, however, was made of concrete, polished 
i 

..,/smooth with a carborundum stone. The :stilling ~ pool.was made a i 
continuation, of the chute andwas connected to the sand bax with 
a watertigh~ joint at the end of tl~e pool floor. The topography i 
upstream from the crest was m~de of wood and lined withmetal, ! 
and the topography-in the: sand~box w~s formed of sand and~riprap 
replaced before each run. ,', 

f 

Crest coefficients ~ ~Igure.2?)'and pressures ~'gure 
29) were found to be generally~similar to *,hose observed for 

7 plan.~.o~ l. This was to have.been expected from the Similarity 
of the crests~ Little change.in the lcharaotoristics ~ of th9 flow 
in the ch:.~te was observed. ~ Surface profiles obtained for~lan 
No. 3 aresho~'.~ ~.u~ ~igure r43. 

N~uuerous modificatians of theLpool designed were tried. 
The d~ntated steo, I"D3 ~ (figure 3?) was not as effective as~',Di" 
(figure S?), but" the difference in cost: offset the difference:~n 
effectiveness. In general, for a Given:tooth heiGht, the more 
effective energydissipation is obtained with the ~narrower tooth 

The design of a Rehbcck or modified Rehbock sill con- 
sists in determining the hei~J~t, the spacing of the rteeth, and 
the slope of~the~base, luthese~tests two heights were tried. 
Sill ~ "~" {~icure 3?) althou,~h.only five feet high served better 
than either of the six- foot sills i (~igure 38-rand ~1ato XVI). 
The spacing anti.width of the teeth should be from 0.8 to~l.O 
times theirheight~ ; ~i 

In practically all tests for~lan No. 3, greater 
scour occurred beyond the corners ofJthe peel than beyond the 
center. In an attempt to correct this scour caused by fillets 
in the pool and fry side whirls at :the end of the pool, ~various 
widths of end teeth were used. With a space instead of a tooth 
adjacent to the side ~all, scour at the corners was ve~ ~deep. 
With the end teeth equal in width to ~the other teeth, the scour 
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was deep. But with the end teeth tnvo to throe times the width 
of the other teeth, the scour v~s gre~tly reduced (figure 3D and 
plate X-~II). This is in accord v~ith Rehboc}~'s findincs. }{ow- 
ever, with larger end teeth, /~re~ter scour occurred at the con- 
ter. An end tooth width ~';ice the width of the other teeth was 
recozuuended. An attempt to clJ;uinate t is scour by raising the 
end teeth was unsuccess~l. 

The slope of ~,ho ba~e be~oon 5hq ~ teeth influenc,~s the 
direction of the high vclocitF flow. A st,~op slope dirc~ts the 
high vo].oci~y wa-tor toward the surf,,.c,~ while a ~,~ild slope per- 
mits a hichcr velocity nearer tT:(~ bottom. The slopes vnriod 
from 15 d.oizrccs (I{~.) 'to 25 degrees 4Z minutes (P~_). The ~ll 
R~ drev¢ mnuerial up near the sill be-bier than ~ill R.. (f~zure 
3~ and 91ate XVIII), but was not satisfactory because scour at 
the left corner was increased. 

A combination sill developed 5nq e~eriments for the 
Moon Lake project ~;as ne.~-t tried. The co~,~bh~ation sill is a 
dentated sill superimposed on a plain rectangular sill (~/igure 
38, sill RSc ). The co~,ubinati~n sill appeared to accomplish a 
more complete dissipation of ener~:. 

/ Both sills R 3 and R 6 were tried in combination with a 
.rectangular sill 2.34- feet wide and 1.50 £eet high. ~oth com- 
binations worked well, but the former caused a very pronoLmced 
secondary roller do~u~stream. The latter co~.~:bination called R3c 
produced less scour and side v~sh than any other and was there- 
fore chosQn for the fLnal recor~:~endatien (~i~ure 38 ~nd ~late 
XVIn). 

The results of tests on different l~ugths of pool are 
sho~a~ in ~figure ~lj and ~!ate X~o As is readily apparent, an 
optimum length of pool exists from which changes in the direc- 
tion either of lengtheniug or shortenh~g result in an increase 
Ln the scour. A pool length of 55 feet, (~igure 40:, appeared to 
produce results as sa~isfactory as those obtalnec wzth the 60- 
foot pool, but because of its adaptabilik¢ to a slightly greater 
range of t~ilwatcr olevutions, the 80-foot ~ooI was recommended. 

Considerable attention was given to the elimir~tien of 
~ffects destructive to the do~istream embankments. As previous- 
l~ stated, wide end teeth ~d the comb hlat ion sill, (R~,~ partial- 
ly reduced the sill whirl which washed m~terial away ~om the 
side walls and the scour at the corner (pl~,=e ,XSIII). Lon~er side 
walls and supp!~entary walls failed to effect any improvement. 
The m~asures finally fou~d necossa~ to prevent the ~rosi~ of 
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. 

the ba~d~s included a reduction of the streaw~bed side siope to 
to i and an increase in the depth ,of the :riprap to :8 feet. It 

is possible that with prototype materiuls a steeper ~±ope would 
be permissible (~igure ~S and ~ates XI and ~X!). 

The small wln~ vmlls reco~aended for ~an No. ~ proved 
objectionable for plan No. ~. With ~ripr~p in place, the wing 
walls appeared to increase the~side ~vash slightly without mate- 
rially changing the scour. 

The pressure measurel~ents made :in the stillin~, pool 
(!figure 42) yielded the :follov~n~ conclusions, 

S~ 
(~) The piezometer in the do~mstream face of the deutated 

step tooth, at maximum discharge s~1~ normal tailwater, showed a 
slight negative pressure and an increasing negative pressure at 
maximum discharge as the tailv,'aterwas lowered. As the dis- 
charge was reduced, the piozomotor showed ~n inoreasin~ positive 
pressure, 

(~) Th~,piezometer h~ front of the sill indicated ~ in- 
crease h~ the pressure with a •drop in tailwater, the discharge 
beinG;hold at maximum. When the discharge v, ms lowered, ~he 
pressure also fell off. 

(c!~ The piezometers between the step and the sill show the 
eft'cots of the change in direction clothe flow~and the superpo- 
sition of the ~roller. These varied directlywith the discharge 
and with the tailwater elevation. 

Recapitulating, the following results of the studies 
for plan No. 3 maybe emphasized. 

The s~de slopes of l~-to l~as used in the model were 
too steep. The sand was washed out from ~.der the riprap, per- 
n~it~i~g the riprap to subside ~ud collect .in the ~bed. As a re- 
sult scour in the bed was completely obscured for conside~blY 
more t~han the normal duration Of the ru~. Side slopes of 8 to 
1 maintained their integrity vo~z w, ll. Sand from downstream 
was in sc~e inst,:cos carried up,and deposited on the ~riprap9 
A very small:amount of scourappeared in the ripra p floor, orin- 
cipally at the lof~ corner near the pool floor. 

The small wingwalls of ~ans Nos. 1 and 2 were not 
necessary with the riprap in place. Although in sand the wing 
~alls were advantageous , their effect was detr~m~Ita2 ~ith the 
riprmp~ Floor scour was diminished, but the sloughing of the 
side slopes was increased by ~the wing walls. 
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HEFORE RUN 

;~ i 

SCO'/RED Bi~D - 33,000 C.F.S. 

2 HRS. @ 4114 T.W., "3 HR. @ 4118 T.W. 

FINAL MOIEL - FLAN 3 

PIATE XX 
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POOL ACTION - 85,000 C,F.S.- T.W. 41&4 

SCOURED BED - 33,000 C.F.S.- T.W. 4].14 & 4118 

POOL ACTION - L~,000 C.F,S.- T.W. 4118 

FINA]~ DESIC2~ - PIAN ,~ 

PIATE XXI 
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Wide ~ end teeth were a d~%t~geous because of the fillets 
installed for structural reasons and because of ~leir effect in 
minimizing the side whirls at the end o~ the pool floor. 

The combination sill prove d~',mos~''effeotive in decreas- 
ing scour and :sidewhirls, Pmhbook:sills~with mild slopes pro- 
duced less sand movement :in the ta~lwater channel but did not 
seem to prevent destructive side~irls. Rehboek:sfllswith 
steep Slopes drew m~terial~upon the apron ~floor through.the 
agency cf alarger ground roller. Double roetaugular sills 
were good for the designed tailwater, ~ut did not maintaln~a 
surfaoe ~ller with a decrease Of tailwatsr depth. 

The dentated •step shouldibe as high or slightly less 
high than the thickness of the descending sheet of water. The 
narrower the teeth the more effective :is ~the dissipation of 

ene rgy. 

In ,~igure 43 are sho'~m v~ter-surface p~files ~and :sec- 
+ ~ o  ~. ~ ~ ~ Fi res 44 and 4~ and ~lates ~xiX e~nd:XXI 
iiiustr~te :the final model design in detail. 
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