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1864 flood at Foisom Darmn, N:?te aerated flow extending down spillway face, and. jets from Qutlets 8, 7, and 8 penetrating
spillway jet. Phote P485-200-3975 NA !

FOLSOM SPILLWAY-OUTLET JUNCTION REFPAIRS
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PURPOSE

The ‘model study was required to investigate the
cavitation demage to the areas surrounding the outlet
works-spillway junction; and to develop corrective

modifications, The study also was needed to determine .

a mode of operation which would minimize damage to
the structure prior to the completion of field
modifications,

APPLICATIONS

The damage encountered at Folsom Dam paints but
the need for supplying adequate aeration to protect

- surfaces surrounding the junction of high-velocity .

fiows. While the Folsom Dam study dealt with a

specific design, the principle of supplying air to flow '

junctions has wide application,. and ‘should be

considered whenever structures of this nature are .

demgned

INTRODUCTION

Folsom Dain is on fhe American River about 20 miles:

{32 kilometers} northeast of Sacramento, California,
{location map). The dam was built by the Corps of
" Engineers ‘and transferred to the Bureau® of
Reclamation for operation on May 14, 1956. The dam
(Figure 1} is a concrete gravity structure 340 feet
{103.63 meters) high and 1,400 feet (426.72 meters)
long, capable of impounding approximately 1,010,000
acre-feet' (1,250 mitlion cubic meters) of water

SQCRAMENTO
g METROPOLI ﬂ
N AREA
no
T
MUNICIFAL -+ ¥
Sacramento’ River

" Location map._

i

*Numbers refer to references listed atend of report.

. Bfoot {12.80- by 15.24-meter)

- The spillway face damage occurred

Normal river regulation is maintained by two tiers of
four outlets esch (Figure 2), controlled by 5- by 9-foot
{1.52- by 2.74-meter) slide gates. The outlets consist of

‘rectangular conduits through the dam which exit on

the spithway face and discharge into the spillway stifling
pool. Spitlway releases are made through five 42- by
50-foot (12.80- by 15.24-meter) radial gates located
near the crest of the dam. Three additional 42--by
“radial gates for
extremely large flood releases are located to the left of
the main spillway, and release flow to a flip burket on
the downstream face of the dam.

The spillway face and downstream end of the outlets at
Folsom Dam incurred considerable damage during
passage of flood releases-in.1955', 1963, and 1954.

- immediately
downstreamn: of -the junction formed by the spillway
face and outlet ‘conduit invert (Figure 3). Damage in-
the outlets occurred on the side walls just downstream
of . the mnstrlctlon in. the crown and extended to the )
splllway fac:e (F|gure 4},

The 1955'aﬂd 1964 flood releases were made with

simultaneous : operation of the spillway and outlet
works.. The 1963 flood was passed over the spillway
only. The most extensive damage occurred with
simultzneous operation,

The flow conditions resuiting in the 1955 flood
damage have been studied by the Corps of Engineersin
conjunction with tests for*Red Rock Dam?2. In this
study, a 1:16 model of the Folsom sluice outlet was

. placed in the Red Rock model. The minimum pressure

recorded was 49 feet (14.94 meters) of water below
atmospheric.- A range of pressure heads was recorded at
some piezometer- locations, indicating large pressure

~ fluctuations: of s much as 32 feet {9.756 meters) of

water. Since water columns probably were used to read
:the fluctuating * pressures, peak _instantaneous
fluctuations could be expected to be consuderably

- greater

; THE MODEL

F

‘A1:16.7 sect|0nal model was. bulit to mvestlgate the
damaged areas and to _aid ‘the development of - .

corrective - modifications. (Flgure 5). The model was a |
scaled representation of.the upper tier outlets which -

" 'were more severelv damaged, The model contained a”

single outiet, .and a section. of splnwav face. Flow was
supplied to the outlet through a baffled head tank
containing -a’ 5. ' by - 9-foot {1.52- by~ 2, 74-meter)
{prototype} slide gate. An air vent was placed in the ”

_crown 1mmed|ate!y downstream of the gate. The vent '_

h"
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Damage to lower tler outlets 2, 3, and 4. Outlet 1, closed
during fiood to mlmmlze spray on powerplant, not shown.
Photo P485-D-54270 NA

Damage to upper tier outlets 6, 7, Snd 8. 6ut]et 5, closed
during flood 1o minimize spray on powerplant not shown,
Photo P485.D-54289 NA

Figure 3. Darnage an spillwéf_fac_e.
was designed to accommodate various sizes of orifice

plates, A plastic conduit at' the end of the gate
extended- to_the spillway face. The flow junction

containing .the constriction’ in the crown was' ..
generously equipped with piezometers in areas which -

received severe damage in the proto:ype.(F_igure B6}.

ol Rl

" The maodel spillway was equ:pped with g slide gate in
~.order to simulate- flow: velocities occurring over both
‘upper and lower tier outlets. The spillway section®was

20.87° feet [6 36 meters)’ WIde which was the fargest
0l e

width which could be supplied by a single . 12-inch
{70.48-centimeter} laboratory pump. The flow from
the spillway and outlet works was deposited in a 4- by
4- by 15-foot-{ong {1.22- by 1,22- by 4.57-meter-long)
tailbox with an adjustable tailgate. The gate could be
set to provide partial submergence of the junction to

simulate flow conditions surrounding the lower tier
putlets.

Model Prototype leferences

« The model spiliway flow differed from the prototype
‘hecause the entire spiflway crest ‘structure was not

represented. The prototype has radial gate support
piers located directly. above'and in line with the outlet
conduits {Figure -1), These piers divide the flow over
‘the crest .and tend to maintain some degree of
separation on the spillway face between flow from

.adjacent gates: [frontispiece). The flow moving along

the support piers. contains a cons:derable amount af.
entrained air introduced through vortex action in the
corners upstream from - the radial gates. Whether or not

-the: flow rejoins on the spillway face cannot be

definitely -determined. However, photagraphs of the
prototype in operation -indicate that the flow has
rejoined neér the outiets and,would prevent aeratron of
the outlet through the Splﬂway jet.

1 -

INVESTIGATION

Instrumentation

Water manometers were initially used to read pressure

heads at the piezometers surrounding the flow

junction: Large fluctuations in the water column levels
made reading the column heights very difficuft.
Therefore, piezometers with the most severe

-fluctuations  or jowest preé;ures were connected to- -

electronic pressure sensors so that the fluctuations
could be more accurately measured

Spillway Dp_eration of As-Bui!t Structure

Spitlway flow velgcities.~A computer program was
utilized " to  provide spillway flow depth and
velocities in the vicinity of the u_pper and lower tier
outlets for spillway releases of 41,600 cfs (1,180cu
... misec), 85,500 cfs {2,420 cu mfsec:l and 115,000

"cfs (3,260 cu. m/sec). The program.included the -

effects -of centrifugal force for flow movmg over
curved surfaces a e - i

.S‘urge process —A surge occurred in’ the model

. outlet works conduit when spiuway releases were ®

et e £




Qutlet’ .
constriction—""

Damege began at constriction in crown, and progressed
downstream on sidewalls, Photo P485-D-54267 NA

SleWdY/:-n’ o ui
slace

Damage on sidewalls reached spillway face (portion. of
conduit right wall shawn). Photo P485-D-54265 NA

Damage progressed down siillway face (conduit invert and
teft wall shown). Photo P485.D-54248 NA

o

Figure 4. Typical damage.pattel"‘.ns in outlets,

made {Figure 7). The surge resulted in alternate
partial filing and rapid evacuation of the outlet
conduit with the outlet gate closed. The frequency
appeared to be from 1.5 to 2.5 cycles per minute
(prototype). The surge formed when spillway flow
struck the invert of the outlet works conduit
slightly upstream- "of the outlet invert-spillway
junction. High pressure resulted at the impact point,
and a portion of the flow was directed upstream
into the outlet works conduit. The water surface in
the conduit ¢ontinued to rise until the constriction
in the outlet crown was submerged, cutting off the
airsupplied to the spillway flow from the outlet
works air vent. Low pressure then resulted in the
conduit downstream of the constriction in the
«rown, and at the outlet works-spillway junction.
The low pressure caused the water surface in the
outlet works conduit to recede permitting air from
the. outlet works air \-’f‘l'lt to relieve the low-pressure
area, and the process "epeated itself, The air supply
to the model comduit ,x-avled greatly during a surge
and was directiy relzted to the water volume
changes in the conduit. In the model, heavy audible
pulsations resufted at the air intake, During-a surge,.

pressuce quctu’atmns at the outlet works-splllway
- junction wers ‘extremely large (Figure B). .The

largest ﬂu-::'tuat'ons were noted in areas whach were
the most heawlv damaged in the prototype.

A similar surge in the prototvpe has not been
reported, pOSSIny because of a degree of separation

in spillway flow from the radial gate piers providing

some aeration and preventing its development.

Pressure for spillway . aperauon —Pressures
downstream of the junction of the spillway face and
outlet works invert were in the cavitation range for
the three spillway releases tested [41,600 cfs {1,180
cu mfsec), 85500 cfs (2,420 cu m/fsec), and
115,000 cfs {3,260 cu m/sec)]. The'high velocity
ﬂow.,;;hoving down the spillway face impinged on
the invert of the outlet conduit and separated from-

_the surface at the junction to the spillway face.
. ~Pressures within the conduit :fluctuated -greatly

during the surge. However, by slightly splitting the

-spiliway fiow upstream of the junction, the surge

could- be eliminated, ~and only the pressures
downstream of the junction on the’ splllway face

" remained damaglngly low.
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A. Water surface in outlet above constriction in crown, B. Low pressure occurs downstream of constriction and
Note spilfway jet parailel to spillway face. Photo deflects the jet inward causing circulation. Photo
P485-D-68563 'P485-D-68565

C. Air packet downstream of crown consiriction. P.holo D. Intense circulation continues with air and water
P485-0-68565 o mixture. Photo P485.0-68567

E. Water level raising in outiet. Photo PﬁB_S-U-@EGdl . ' F. Water . lavel prior 1o repeating cycle.
' . P485-D-68562

Figure 7. Surge in the cutlet conduit ispillway flow only).
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o Hecommended Eyebrow

Stmultaneous Operation for As-Built Structure -

Spillway flow combined with releases from small outlet
gate settings resulted in cavitation pressures on the
spilhway face below the outlet works-spillway junction.
The pressures were raised as the outlet gate opening
was increased to 60 percent. At this opening, a large
amount of air from the outlet airheader system (Figure
9) was entrained in the flow {peak air demand occurred
between 50 and §0 percent open). At 60 ne:cent cuiets
gate opening, thie ‘pressures on the! Jplllway face
averaged near atmospheric, with minimurmn fluctuations
to 10 feet (3.05 meters) of water subatmospheric.
increasing the outlet gate opening from 60 to 100

percent reduced the pressures on the spillway face to

approximately 24 feet (7.32 meters} of water
subatmospheric, while at the same time air demand was
reduced 1o zero [no air demand above approximately
85 percent outlet gate opening), Figure 10,

Qn the outlet works conduit sidewall downstream from
the constriction in the crown, pressures were lowest for
large gate openings. Qutlet works refeases with 100
percent gate openings produced highly fluctuating
pressures in the cavitation range on the sidewalls
downstream of the constriction in the crown. Reducing
the gate - setting to 60 percent raised the minimum
pressure from cavitation range to about 8 feet (2.5
meterst of water subatmospheric. The outlet gate
opening could be reduced below 60 percant without
lowering the pressures to the cavitation range on the
sidewalls downstream of the constriction in the crown.

The curves in Figure 8 show the optimum outlet gate
s< ting for simultaneous releases to be-80 percent open.
Lemage should be minimized or should not occur

- while making simultaneous releases from the structure

before modlflcatlons are completed

QOutlet Works Operatmn

. The outlet mrk.s functtons properly when operated

alone. No adverse pressures were encountered in"the
study - for - this' . type of operation. Past pratotvpe
expenence also supports this conciusion )

MODIFICATIONS

The modtf' catmn recommended to correct the cause of sy

"cawtﬂtlon damage resulted from a compromtSe

...1.2‘

between the best hydraulic design and the most
practical structural design, The modification consistad
of an eyebrow located on the spillway face above each
outlet to impart a lift to the spiitway flow and prevent
the flow from striking the invert of the outlet conduit
{Figure 11}, The eyebrow began 10 feet (3.05 meters)
upstream of the outlet and sloped outward from the

spillway face 18 inches {0.46 meters) at the top of the
* outlet. The top surface of the eyebrow was § feet {152
" imeters) wide. The sides rejoined the spillway face on a

1:1 slope, varying in plan from Q at tha upstream end
to 18 inches (0.46 meters) on the downstream end. |
Spiflway releases.—The eyebrow lifted the spillway
flow over the outlet and the flow rejoined the
spillway face well below the outtet works spillway
junction. The outlet works air vent manifold system
supplied air continuously to the underside of the
spiliway flow liffed by the eyebrow. No operating
restrictions are necessary for spillway releases only.

Simultaneous spillway-outlet releases.—*

Simultaneous releases resulted in pressure

‘vonditions very similar to those of the unmodified
structure (Figure 12). If simultanecus releases must

'he made, the outlet gates should be set at 40 to 70
percent open 1o take advantage of the maximum air

- entrzinment, This mode. of operation sh0u!d be :
avoided if poss:ble

Eyebmw-ﬂow Sphtﬁer Combination

An eyebrow with flow splitter attached proved to be

_ the most positive solution to eliminate low pressures in

the damaged areas. The flow splitter consisted of a pier

attached to-the top of the gyebrow which extended 7 ,

feet abovz and- perpendicular to the spillway face. The
splitier provided positive aeration through the spillway
jet to the flow junction. Thus, simultaneous reieases
could be made for any combination of spillway-outi: A
mate settings without inducing cawtatron pressures on.

Vthe flow surfaces

 The flow splltter was con51dered very dn‘f cult.
.. structurally to anchor to the splflway face, Also, after .
" viewing photographs of the passage of the 1964 flood,

it was felt that splitter piers placed over the lower "
outlets would be in danger of being tom out by debris -

_ .tossed about in the basin. Therefore, even though the
“splitter, functioned perfectly. in the model
- eliminated from the prototvpe modiﬂcatlon,

it was -

3
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CONCLUSIONS

1. Cavitation pressures “existed in the model for
spillway releases only, and for simultadieous
spiliway-outlet works releases (Figure 8),

2. A surge occurred in the inactive outlet conduit
when spillway releases were made (Figure 7).

3. Spillway refeases should be made with outlet gates
60 percent open to minimize damage to the structure
prior to completion of repairs and modification.

4. An eyebrow (Figure 11} placed on the spillway face
above the outlet opening deflected spillway flow away
from the outlet worksspillway face junction. The
eyebrow eliminated the surge, and .prevented the
development of low pressures on the spillway face,

5. An. eyebrow-flow splitter combination provided
posutwe aeration to the flow junction and eliminated

‘any danger of cavitation for all operating conditions.

The flow splitter was not included in the prototype
modification because - of structural problems” in
adequately anchoring it to the prllway face. .

6. After mstallatuon of the evebrows simultaneous
releases should be made with the outlet gates set at 40
to 70 percent open to take advantage of maximum air
entrainment (anures 10 and 12). '
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