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Subject: Hydraulic model studies of the Cedar Bluff Dam Outlet Works 
regulating gat.e and stilling basin--Cedar Bluff Uni t--Missouri 
River Basin Projec.t., 

PURPOSE. 

To determine the flow characteristics of the Cedar Bluff Da.m 
Outlet Works regulating gate and the effe-otiveness of the stilling basin 
in dissipating the destructive energy of the released water. 

CONCLUSIONS 

10 The standard high-pressure slide gate (Figure 5) is not suitable 
for. u.se in Ce,dar Bluff Outlet Works or in any· simila!" structure where 
the flow passes directly into a stilling basin which utilizes a hydrau­
lic jump for energy dissipation. At small gate openings and at heads . 
greater than 30 feet the flow from the gate forms a solid, high--veloci ty 
jet in the center of the chute downstream from the gate (Figure 4A) e At 
heads of 50 feet or more the jet springs free from the floor of the 
chute and at heads of 90 feet or more the jet sweeps the water out of 
the stilling basin� 

2. The convex upstream face and rounded upstream lower edge of the 
gate leaf, together with the wide gate slots of the standard design, 
produce a nonuniform-flow contraction through the gate which results in 
the flow concentration described in Conclusion No., 1. 

3. Modifying the gate by replacing the standard convex leaf with 
a flat one# 3 inches thick, and narrciwing the gate slots to ac.comoda.te 
the thinner leaf greatly improve the flow chara9teristics of the gateo 

4 e A better flow distribution than that with the flat leaf is 
obtained by using the concave leaf tested in the laboratory (Figure 7) G 

5., The wedge-shaped deflectors placed immediately upstream from 
the gate slots in the design recommended for the Cedar Bluff Outlet 
Works deflect the water past the slots and prevent regions of_severe 
�ubatmospheric pressure and possible cavitation (Figure 8)0 



6� When the gatz is operated wide open., a flow contraction and a 
subsequent expansion occur as the wa:l;;er passes the gate slot def'lectors, 
The �xpanding flow impinges on the t :raining walls and. f'o:t<ms large., objec-. 
tionable :fins" These fins are eliminated by closing the gate about; 5 
percent a 

7 ., The Cedar Bluff Ou.tlet 1/forks stilling basin11 a.s orLg:l.lia11y 
designed effectively dissipates the destructive energy of the discharging 
water when this water enter-s the basin with uniform distribution ., 

8 ,. The reduction in ·Uie :rate of divergence o.f the stilling basin 
training walls at Statj_on 11+31., 50 (Figure 13) results il'. c,bject.ion1:,b1-e 
fins along the walls� By e:x:tendinf$ ti.½.e training walls in straigh'l; lines 
i'rom the gate to Station 11+77,, 50 (Figure 3), the fins are elimina:!:;ed.., 

9. Discharge c:e.pa:}ity curves f'o: ·the s·l:;a:ndard design and for the 
modified design with narrow gate slots� slot de.-flectors,. and either the 
flat or. the concave leaf are presented in Figure 10� 

10,. Discharge capacity curves for the outlet works with the modified 
gate are presented in Figure 11, 

RE COM!vIT�NDATI ONS 

l ., Use the flat gate lea£' together with narrow gate slots and gate 
slot deflectors in the Cedar Bluff Outlet Works structure� 

2.. Limit the gate opening to Rbout 95 percent; of full-open exe�ept 
in cases of emergeney· when the full capacity is required 0 

3 11 Construct the stilling be.sin training walls in straight lines 
f"rom. the gat;e to Sta:tion 11+77 �50� 

INTRODUCTION 

Cedar Bluff' Dam is lo0atad on the Smoky Hill River.ti 22 m.:i.les vrest of 
He.y;;; and 19 miles south of" V!ak::'!(;n,;;y in West-Central Kanss.s (Figu:r·e 1). 
It is a compacted ea:d;h 12t:r"!J.o-bure ridng 136 :feet aboYe. the riverbed and 
forms a rese:r"lroir with a storage oa.pa<}i.ty of 768,,. 400 ao:re�feet ,. An over= 
flow spillwa.;y to pass flood ·,vate:n� is provided a.t the right ba.:rik: of the 
de:nt and an ou-blet vmrks for i;he rwrmal release of river. vrater is provided 
near the lef't bank� 

The outlet works consirrt of a t1�ash.:rack stru.cture� a conduit which 
passes through the dam.,, a 4- by 6=i'oot emergency gate s- a �- :,i s-·:sct 
reg,"Ula: ... ing gate f a concrete stilling basin9 and a channel which conveys 
the discharged we.te:r to the ri Ver.bed ( Figure 2) c Present plans call for 
the reles,sa of 200 second=feet of watfr at a normal operating head of 80 
feet and 11 rrli..1::d.nru:m head of 130 i'eet. Hydraulic model studies vrnre 
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conducted on the regulating gate and the stilling basin to determine the 
operating characteristics of these structures and to make a:ny design 
changes indicated to insure proper hydraulic operation. 

TEE MODEL STUDIES 

Description of the lgl2 Scale Model 

The model was constructed on a lgl2 scale in a wooden box lined with 
sheet metal (Figure 3)o The outlet works conduit was constructed of sheet 
metal and terminated in a model of the 4= by 5-foot high-pressure regulat= 
ing slide gate o The conduit was made shorter than the true scale length 
because the study was concerned only with the outlet endo However, the 
proper model to  prototype relationship of pressures and velocities at the 
gate was maintained for any discharge by proper settings of the gate and 
the 6=inch c ontrol valve. A flow straightener was placed in the conduit 
immediately downstream from the control valve to provide uniform flow 
into the model. The stilling basin chute and floor were formed in con= 
orate soreeded to metal templates and the training walls were ma.de of oil­
treated plywood. A section representing 148 feet of the canal downstream. 
from the stilling basin was formed in pea gravel. The stilling basin tail 
water elevatio� was regulated by a tailgate placed at the lower end of the 
model. Suitable gages were used to measure the tail water elevation and 
the pressure head in the pipe innnediately upstream from the model gateo 
Water was supplied to the model by the laboratory system which contained 
venturi meters for measuring the rate of flowo 

Initial Testing of Outlet Works 

At large openings the flow through the standard gate occurred 
smoothlyo Howevers at near-closed gate settings and at heads greater 
than 30 feet the flow became concentrated into a single, high-velocity 
jet in the center of the chute dow:p.stream from the gate. At heads of 
50 feet or more the jet sprang free from the chute floor and impinged on 
the surface of the stilling pool (Figure 4A). At the 20=percent open 
position and at a head of 90 feet the action of the jet was so violent 
that the tail water was swept completely out of the stilling basin. It 
was obvious that--the flow through the gate would have to be improved if 
the outlet works were to function properly. 

Investigation of Slide Gate 

Standard Design 

Model tests were conducted in an attempt to isolate the effect of 
various parts of the standard gate design on the flow pattern. The 
effects of the 2=inch offset in the floor of the gate, the gate slots j 

and the shape of the gate leaf were investigated. 

The centerline of the downstream gate frame of the 4- by 5-foot 
high-pressure slide gate is 2 inches lower than the centerline of the 
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upstrel;Ull frame. This results in a 2-inoh offset in  the floor of the gate 
structure ,  the floor at the lower end of the upstream frame curving down­
ward on a 30-inoh radius to meet the bottom seal and the floor of the 
downstream frame (Figure 5) . To determine the effect of this offset on 
the flow through the gate , the floo r  of the downstream frame was covered 
with beeswax so t hat the passage floor continued level from the upstream 
frame until it faired into the chute . The flow through the modified gate 
was similar to that with the offset, except that less spray was present 
(Figure 4B) , thereby indicating that the offset was not a major factor 
contributing to the flow concentration . The beeswax was therefore removed . 

The e ffect of the gate slots on the flow when the standard leaf was 
used was determined by filling the portions of the slots exposed to the 
discharging water with modeling clay to make the sidewall surfaces con­
tinuous. No basic change in the flow pattern resulted from this alter­
ation; the only effect was a reduction in the amount of spray . 

The other feature tested was the shape of the gate leaf .  The leaf 
of t�e standard gate is constructed with the downstream face flat , the 
upstream faoe convex in the horizontal plane , and an 18=1/8-inch radius 
in the vertical plane at the lower upstream edge ( Figure 5) o To determine 
the effect on the flow of changing the shape of the leaf , rectangular 
bars> equivalent to 3 ,  6 ,  and 9 inches high , 6 inches thick, and extend­
ing the full- width of the gate were fastened to the bottom of the model 
leaf. Considerable improvement in the flow resulted , the greatest · improve­
ment being noted for the highest bar . In all oases when leaf bars were 
used the gate slots had a pronounced effect on the flow . With the slots 
open there was a heavy spray and the flow sprang free of the chute floor. 
With the slots filled with modeling clay the flow was smooth, spread 
relatively well on the chute floor , and showed little tende�oy t o  spring 
free of the floor . The disturbance produced by the slots when the bars 
were used was due to the control point being at the upstream b ottom edge 
of the gate leaf . This permitted the high-velocity water to enter the 
slots and cause considerable turbulence . 

To move the control point as far as possible downstream, . .  a leaf 
extension equival ent to l inch in thickness and 7=1/2 inches high was 
fastened to the bottom downstream corner of the leaf . The flow obtained 
with thi s modification and with the gate slots open compared favorably 
with that obtained with the 9-inch high bar and the slots filled . Little 
improvement was obtained in the flow pattern by filling the gate slots 
when the leaf extension was used . 

The model tests conducted to this point indicated : that >the convex 
upstream face and the rounded upstream lower edge of the gate leaf were 
the primary causes of the concentrated flow. The secondary cause was 
the disturbance produced by the wide gate slots when the point of control 
in the gate was at the upstream bottom edge of the leaf. 
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Flat Gate Le af 

A new gate l eaf was developed through the combined efforts of t he 
Mechanical Design Section and the Hydraulic Laboratory which could be 
used for this and other installations . This gate leaf e liminated or 
minimi zed the sources of flow disturbance s found in the standard leaf o  
First,  the upstream face of the l eaf was made flat o Second, the bottom 
of the gate leaf was made with a square edge on the upstream face . Third , 
the gate thi,okness was reduced from t he previous minimum of 6 0 6  inches to 
3 inches o This permitted the use of narrow gate slots ( 3 . 8  inches wide 
as compared with the previous width of 6 0 8  inches) with a corresponding 
reduction in the flow disturbances produced by the slots . All of these 
de sign changes we re readi ly adaptable to the standard gate frame o 

The performance of the gate structure using the flat leaf and the 
narrow gate slots was considerably better than any previous design. The 
spreading action in the chute was greatly improved even though most of' 
the water was still concentrated in a stream the width of the gate 
(Figure 4C ) . This concentration resulted in a rougher sti lling pool 
action than would be obtained with an even sheet of water entering the 
pool . There was no tendency for the flow to spring from the chute floor 
and the water could not be swept out of'  the stilling basin under any 
operating condition of' the prototype structure. 

The flat gate-leaf' design, although recollD'.llended for use in the 
Cedar Bluff Outlet Works , doe s not represent the best design, from a 
hydraulic standpoint , evolved from the model studies . The design was 
chosen because i t  was a modification readily adaptable to the standard 
gate frame , was acceptable structurally , and presented few manufacturing 
difficulties .  

Concave Gate Leaf 

Further studies were conducted to develop a gate l eaf design whi ch 
would produce a better flow pattern in the outlet chute tl;l.an the flat 
leafo It  was reasoned that because the change from a convex to a flat 
surface on the upstream face of the gate improved the flow characteris= 
tics of the gate , ad.di tional improvement could be realized by making this 
face concave o Accordingly , model tests were made on a number of designs, 
all e s senti ally concave on the upstream face (Figure 6) . Design 12 (Fig= 
ures 6 and 7) was e volved from this study and, when used in the standard 
gate frame with narrow gate slots 9 it produced a nearly uniform. sheet 
that moved smoothly down the chute into the stilling basino The action 
of the pool was excellent 9 and the variation in water surface from wave 
cre st to trough was less than that for any other design.. Leaf ' Design 12 
should therefore be considered for use in future structures where uniform 
flow i s  required downstream from the gate o 

Gate S lo-1:; Deflectors 

Pitting by cavitation in the region immedi e:be ly dovmstre am from gate 
s lot s  has occurred in Bure au structures and those of othe r en gineering 
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orgemizations ,. The csuiage has been s o  s evere in s ome cases that 
investigations were IP.a.de to find meo,ns of el iminating the low .. p:res sure 
regions ca.using the c avitation � Laboratory e,nd field studie::-l showed. that 
these critical pressures 0ould be avoi ded by plac ing wed.ge··shaped de.flee� 
tors just upsh·eam i'rom ·the ga,te sl:Jts to  di rect the fJ.ov, pa.·3t the s l ots . 
I:n  accordance with thi� experience slot deflectors � which extend into 
the passage 1 inch and fai red upstream into the sidewalls !3.t a 15° angle ., 
were in stalled. on the model gate with the flat leaf ( Figur'9 8 ) , 

Du:dng the tests in whi �h the deflectors were used �. le.rge fins 
for:med along the training walls immediately dovmst:ream from the gate whl?-11 
t.he gate was ope:re.ted in the full �open position ( Figure 9A ) .  An exar11ire, .. 
tion of the f'lo1N revealed that a c ontraction occurr·ed as the water pas sed 
the s l ot deflectors £ and as the wate,:o entered the outlet chute the stree1n 
sprea.d at a. rate g ree:ter· than that at which the wall s:! di1rerged ,. The 
1ivater� the refore.,, 'impinged on the walJ.:c: to fo:r·.m the .fins ,. F\1rther model 
-tests showed that 'by closing the gate e.bout 5 percent , the fins were 
enti rely eliminated ( Figure 9 B L  Th.is parti'"l gate closure red.1..,1.ced the 
maximum rate of dis0harge at an 80·-foot head from &03 to 776 ofs ,  or 
a·bout 3 pereent , S ince thi. ri r eduction in capacity is not serious .,. it is 
recommended tha:b the r.o.1:1.ximuu gate openi ng be  limited to 9 5  percent of 
full=open for a.1 1 no:rmal operating c onditions .. In cases of emer'gency _� 
the maxim.um. capaoi ty may be obtained by opening the gate fully. 

Discharge oapacity curves were determined fo r the standard des i.gn 
( Figure lOA) and for the modif'ied design with the narrow gate s l ots 9 
slot def'lectors p and ei:ther the flat or the 0oncave leaf ( Figure l0B ) "  
The capacity of the modified design i s  s ome,11hat les s than the standard 
design due to the obstru.ction caused by the slot deflectc :r-s and to the 
flow- contraotion whi ch occurs do.'iT1st:ream fr-om the s quare edge c.f the 
les.f'0 '.l'he coeffi cient of discharged bas ed on the total head on the 
gate centerline , the area of' the conduH; at the gate entrance �  a.nd the 
gate loo% open is 0 � 84 fo:1: the modified gate with either the f'lat or  
concave leaf 8 and. i s  0 ,  95  for ·t;he s tandard gate , 

The available totfaJ. heads ai� the ga-te centerline after the losses 
through the condui·t st:!:'uct-11.re have been subtra0ted a.re t:?hown in dashed 
lines in Figure l0A and B fer heads of. 80 and 100 ±'e&t ( rese:c,roi:r­
elevaticn 2144 * 0  i:md. 2194 ., 0 respectively ) ,, 

Dis charge capacity (;ur,.res for the outlet Vliorks are p:ce� ented. in 
Figure 11 from. w.h:foh the discha:r.g;e oan be determined wher� the. :roeservoir 
el evation and the gate setting a.re known , 

Figure 12A shows the operation of' the stilling basin at the des ign 
discha1�ge of' 200 se-.-iond=£'eet a.t the nor.mal head of 80 feet s.ud with the 
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modifi ed g a t e  using the fl a t  l e af . The op eration of the  ba sin a t  the 
near=ma.ximum flow of 760 s econd=f e et a nd a he ad  of 80 f e et is shown in 
Figur e 12B . The velocity distr ibution a t  t he end of the  b asin a.pron 
wa s good and no obj ectiona b l e  eddy curr ents wer e pr esento The ma ximum 
variation in  water surface a t  the end of the a pron s o r  the diff erence 
in e l eva tion b etwe en the highest wave cr est and the lowest trough for 
the di schar g e  of 760 second=f e et wa s 2 f e et prototyp e .  At th e d esign 
flow of 200 s e cond-f e et th e ma ximum variation in wa t er surface was  1 
foot prototype .  The scour in the p e a  gra vel u s ed in th e model  a t  the 
ca nal  e ntra nce  wa s n egligibl e .  

Eff ect of Baffl e Pi ers 

Baff l e  pi ers wer e install ed in the mod e l  a nd moved upstr eam and 
downstr eam on th e ba sin floor to det ermin e ,  by visua l examination ., th e 
optimum location in the ba sin . The b est location wa s found to b e  
Station 11+87 . 50 or 10 f e et downstr eam from th e to e of the b a sin chut e o  
Littl e chang e in the operation o r  the a ppearanc e  of the ba sin wa s not ed 
·w:i, th the piers insta ll ed. The profil e of the wat er in the b asin was 
d et ermin ed both with a nd without the baff l e  pi ers install ed »  a t  f lows 
of 200 and 750 s econd-fe et and using the flat  g a t e  l e af o At both f lows 
th e change in th e profil e du e to the pie rs wa s n egligibl e .  On the basis 
of these r esultsj and b ecause littl e diff er ence  wa s evident in th e wave 
action a nd velocity distribution a t  the cana l entranc e ,  it wa s conclud ed 
that baffl e pi ers wer e not r equir ed . 

Tr aining Wa l l  Ra t e  of Divergeno e 

In the original d esign of the stilling b a sin , th e diverg ence of the 
trai ning wa lls from the g a t e  to Sta tion 11+31 . 50 wa s l o43 fe et  in 10 
f e et P whi l e  the  diverg ence from this point to  Station 11+7 7 . 50 was l o ll 
f e et in 10 f e et (Figur e 13) . The mod e l  t e sts showed that the gat e  dis­
charge  spr ead  on th e floor of the chut e immediat ely down.str eam from the 
gat e  with the water n ear the walls flowing para ll el to them. Wh en the 
flow pa ss ed into th e section of l ess er diverg enc e ,  th e wat er wa s d ef l ect ed 
inward , forming fins at th e walls. These fins w er e pr esent at a l l  flows 
but w er e  mor e pronounced when mod erate  quantiti es of wa t er wer e r e l e a s ed 
a t  high he a ds .  By modifying the model  training walls to provide straight 
surfaces  with o n e r at e  of diver g ence from the gat e  to the pool entr anc e 
( Station 11+77 . 50) 9 the fins caused by the chang e in diverg enc e  w er e  
elimina t ed .  Th er efor e ,  this change  wa s r ecommended for the prototype 
structur e .  

Tailwat er El evation Requir ements 

Further model  t ests wer e ma.de ·to d et ermin e t he t ail wa t er e l evations 
requir ed for various op erating h ea ds to pr event the  wat er in the ba sin 
from b eing swept out o The r esults of the t ests a.re shown in Figur e 14_9 

tog e ther with th e  tail water e l eva tions which a r e e xpected to occur at 
the structur e .  It is appar ent that in a ll cases  th e tail wa t er el evation 
available wil l exce ed the el evation r equir ed, and th er efor e ,  t her e is  no 
dang er of the  wat er b eing swept from th e basin . 

Interior = Reclamation - Denver 9 Colo . 
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A. Standard gate . 

B .  Standard gate with level floor . 

C .  Modified gate with flat leaf . 

Ef'fect of gate de sign on flow distribution-­
gate 23� open, 80 foot head, and 200 cfs discharge 

CED.AR BLUFF OUTLEI' WORKS 
1 : 12 Scale Model 

Figure 4 
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Figure 9 
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A. Wide open. Q = 785 cfs . 

B .  5% closed. Q = 760 cfs .  

Modified gate with flat leat'- -operating in wide - open 
and 5i closed positions . 
CED.AR BLUFF OUTLEl' WORKS 

l: 12 Scale Model 
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Figure 12 
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A.  Modified gate with flat leaf discharging 200 cfs into stilling 
basin at a head of 80 feet . 

B .  Modified gate with flat leaf discharging 790 cfs into stilling 
basin at a head of 80 feet . 

Flow conditions in the stilling basin. 
CED.AR BLUFF OUTLEI' WORKS 

l : 12 Scale Model 
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