w
o
I

Engineering and Research Center
Bureau of Reclamation

April 1976




MS5-230 (8-70)
Bureau of Reclamation

1. REPORT NO. ; T i . RECIP1ENT 5 CATAL.OG NO.
REC-ERC-76-5 5 e : ;

4. TITLE AND SUBTITLE . REPORT DATE
Hydraulic Model Studies of Navajo Dam Auxiliary Outlet Works April 1976
and HoHow-Jet Valve Bypass — Modifications to Reduce Dissolved - PERFORMING ORGANIZATION CODE
Gas Supersaturation

i
i

. THOR{S) . PERFORMING ORGANIZATION
7 Al ‘ REFPORT NO.

P. L. Johnson : o _ * ~ REC-ERC-76-5

9. PERFORMING QRGANIZATION NAM'E AND ADDRESS 10. WORK UNIT NO.
. " :

Engineering and Research Center
Bureau of Reclamation
Denver, Colorado 80225

. CONTRACT OR GRANT NO.

. TYPE OF REFPORT AND FERIOD
COVERED ,

12. SPONSORING AGENCY NAME AND ADDRESS

¥

Same ) . eI - s
: - . SPONSORING AGENCY CODE
8}

5. SUPPLEMENTARY NOTES

16. RBSTRACT

it has been observed that operation of the auxiliary outiet works and the 782-mm (30-inch) hollow-jet valve
bypass at ‘Navajo Dam result in high levels of dissolved gas supersaturation in released waters, These hfqh-
dissolved gas levels, wiiich are caused by the deep penetration of theflow into the spillway stlllmg basin pool,
have had adverse effects. on the fishery. Structural modifications were considered which included a flattening
of the trajectory of the jet from the 782-mm (30-inch) bypass and the addition of a deflector or fitp lip to the
auxiliary outlet works, A 1:48 scale hvdrauhc mode] was used to refine and evaluate these modifications.
Depth of jet penetration, degree of energydnsslpatlon strength of back eddies returning into the stilling basin,
potential for cavitation deve!op'nent below the flip lip, and simplicity of demgn were factors considered-in the
evaluation,

i

17, KEY WORDS AND DOCUMENT ANALYZIS ?

e. DESCRIPTORS-- / “supersaturation/ dissolved . gases/ *outlet worksf cavntatlonf energy drssupatmn/
erosion/ *hydraulic models/ design modifications L

k)

b. IDENTIFIERS-- / Navajo Dam, N.-Mex.

c. COSATI Field/Group 13G COWRR: 1307
18. DISTRIBUTION STATEMENT . . 18, ?Ti?surfg;o:ﬁ"ASS 71,
Available from the Nationai Technical |nformation Service, Operations UNCLASSIFIED 30
)Division, Springfield, Virginia 22151, . 30 SECURITY CLASE [Z2. PRICE
{THIS PAGE)

UNCLASSIFIED

NO. OF PAGE




_ REC-ERC-76-5

HYDRAULIC-MODEL STUBIES OF NAVAJO DAM

AUXILIARY OUTLET WORKS AND
HOLLOW-JET VALVE BYPASS -

MODIFICATIONS TO REDUCE DISSOLVED |
GAS SUPERSATURATION ’

. P. L. Johnson

April 1976

" Hydraulics Branch
Divisien of General Research . :
‘Engineering and Research Center -
Denver, Colorado

N
i
li
it
i
Ny

* UNITED STATES DEPARTHENT OF THE INTERIOR  «  BUREAU OF RECLAMATION




ACKNOW LEDGMENT

The final plans that evolved from this study were ‘developed through
the cooperation of the staffs of the Sptllways, Qutlets, and Experi-
mental Analysis Section, Dams Branch, Division of Design, and the
Hydraulics. Branch, Division of General Research, dunng the period
March through July 1975. The hydraulic model studv was conducted
by the author and. revnewed by T. J..Rhone, Head, Applled Hvdrauhcs

Section, under the general supﬂrwmr 7iof D. L King, Chlef Hydraullcs
Branch. #




CONTENTS

Purpose
Results e e e e »
Applications . . . . . ...
Introduction : :
The model
The investigation
References
TABLES>
Table o L ) SR Coe A
1 Data summary—Initial modi_ficati})'n design .. ... 1 L.
2 Date summary—Final modification design
FIGURES
Figure o
1 ' Original prototype design-Metric .
- Original prototype design—English .
2 inittal modification design—Metric—With crown
initial modification design—English—With crown
3 Final modification design—Metric

Final modification design—English T

4 Original auxiliary outlet works ¢
5 Original 762-mm {30- |n) hmfow—]et valve bypass .

¥ Hydraulic model o e e

7 Modefed initial mod:.ncatlon

8 Operating model spnllway . S
9 Operating modei of flip lip 11.3 m !s (400 ft3 /s) d|scharge .
10 Operating model of flip lip 28.3 m*/s (1000 12 /s) discharge

11 Operating model of flip lip 45.3 m3 /s (1600 ft? /s) discharge
12 Operating mode! of 762-mm {30-in) bypass . .
13 Tailwater curve .
14 Eddy patterns for flip ha operanon . .
15 Eddy patterns for 762-mm (30-in} bypass operat:on
16 Strip chart pressure recording far spillway aperation
17 Strip chart pressure recording for flip lip
make-and-break operation .
18 Maodeled final flip lip design
19 Strip chart pressure recording for final fllp

lip design

4

Page -

o;lwm_.n_n_l_l

~ o

A




PURPOSE

These studies were made to aid in developing satis-
factory modifications for the auxiliary outlet works

and the 762-mm (30-in} hollow-jet valve bypass al.

Mavajo Dam, N. Mex. The modifications would reduce
dissolved gas supersaturatlon levels created by the
operating prototype structures {fig. 15"

RESULTS

1. Reducing the downward angle of the 762-mm

{30-in} hollow-jet valve from 24° 1o 15° {fig. 2) should
reduce the expected maximum kdissolvl‘a'd gas super-
saturation level from 123 percent to 112 percent.

2. The 762-m m hollow-jet uélve, directed downward at
an angle of 15°, was.found to operate satisfactorily in

all aspects. The maximum wave height at downstream
tiprapped surfaces was 305 mm {12 in}, the maximum
velocity in back eddies returning into the stilling basin
was 229 mm/s (9 in/s), and the maximum depth of jet
penetration was 5.8 meters {19 feet).

3. A flip lip placed on the auxiliary outlet works {fig.
3) at elevation 1742.15 m {5715.72 ft} should reduce
expected maximum dissolved gas supersa-uration levets
from 150 percent to 104 percent. Included in the flip
lip design was an expanding section {upstream of the
lip} which spread the flow and-thus. eliminated a
concentrated surface jet.

4. The flip lip produced satisfactory auxiliary ocutlet

works operation in all respects. The maximum
observed wave height on downstream riprap was 671
mm (2.2 ft}, the maximum depth of flow penetration
was 4.3 m (14 ft}, the maximum velocity in back
eddies returning into the basin was 640 mm/s (2.1
ft/s), and the structure is expected to be cavitation-
free. ’ )

5. Spitlway operation over the flip lip was satisfactory.
However, because only a portion of the spillway flow is
affected by the flip, the flip will not greatly reduce
dissolved gas suparsaturation levels created by spillway
operation; The maximum observed wave heights at
downstream riprapped surfaces were 762 mm (2.5 ft)
at a discharge of 283.2 m*/s (10,000 ft*/s), 1372 mm
{4.5 ft), 2t 566.3 m?/s (20,000 ft’/5), and 1829 mm
(6.0 ft)-at €528 m’/s (34,000 ft'/5). Maximum
ohserved ‘velacities in back eddies were very small and
in many cases there ware no back eddies. Although

~invert {fig. 2}

_ solution.

negative pressures® were observed below the flip lip, no
pressures were noted that were severe enough to
indicate a potential for cavitation damage.

6. The expanding section {upstream from the flip lip)
was initially tested with a crown down the center of its
The crown,:which was to aid in
spreading the flow, actiially overspread the flow and
created concentrations at the outside limits, An
expanding section with a flat invert {fig. 3} was tested
and found to adequately spread the flow. Because the
structure with the. flat invert was also simpler to -
construct, 1t was selected for the final design.

_“[

APPLICATIONS

Application of the SpEC[fIC results of these studles is
fimited to structures that are very similar to those
observed. Resulting dissolved gas levels, wave heights,
back eddies, and pressures on surfaces are not only a
function . of structure configuration but are also
affected by stilling basin depth, discharge, and flow
velocity. Thus, unless all of these factors are quite
similar to those studied, it would be difficult to apply -
the results of these tests to another structure. However,
the design concepts presented may provide"initial
direction for studies of structures with similar

" problems.

INTRODUCTION

It has been observed that some hydraultc structures
may create supersaturated dissolved gas levels in the
waters they release. Dissolved gas supersaturation is a
condition in which the water holds more dissolved
gases (mainly oxygen and nitrogen) than it would
naturaily hold. Generally, supersaturated conditions
result at hydraulic structures™=bacauce of the phe-
nomenon that water can hold more dissolved gas when
under pressure. At many structures, air bubbles carried
by the flow wili penetrate to the bottom of deep pools
where the pressure is high., Under these c¢onditions,
relatively large amounts of air are dissolved. The
pressure is reduced as‘the water slowly rises and leaves
the: pool, yet large amounts of dissolved gas remam in
Dissolved gas supersaturation therefore
develops. Such supersaturation is not a stahble tijondition i
and, with-time, the gas will tend to come out of
selution and reduce the supersaturation ievels: Signifi-
cant reduction may take minutes or days, depending

~on the amount of water turbulence. The reason for

! Dimensions used in this report refer to the prototype structure, unless otherwise stated,

Al pressures in this report are gage values,




concern with this problem is that the blood of fish
swimming in the supersaturated water wiill also becorne

supersaturated. H the dissolved gas level is sufficientiy
high, bubbles may form in the blood and the’ fish
would get a disease similar to the bends experienced by
human divers. The disease may result in per"nanent
damage and can even be fatal. :

Two structures where supersaturation has been of

particular concern are, the auxiliary outlet works and
762-mm {30-in} hollow-jet valve bypass at Navajo Dam

in northwestern New Mexico {fie. 1). Relatively high
supersaturation levels have been observed zi both’

structures.

On two occasions, fish kills have been
observed.

Vs

o

The auxiliary outlet works {flgs 1 and 4} consists of a

‘submerged intake which leads 1o 3 533:m {1750-ft)’

long, nearly horizontal tunnel, which exits at the
spillway stilling basin (the deep pool),. The flow is
controlled by 1219- by 1219-mm (4- by 4-f1) tandem
outlet gates located approximately halfway through
the tunnel. There is free flow between the control gates
and the stilling basin. The flow enters the stilling basin
through a slot in the spiilway chute floor. The
maximum dlscharge capacny of the auxmary outlet
works is 45.3 m /s {1,600 £t /s).

The 762-mm (30-in) hD||OW-jet valve bypass (figs. 1
and. 5) receives water from the pressure tunnel which
also supplies' the 1829-mm (72-in} hollow-jet vaives.
The 1829-mm {72.in) hollow-jet valve tunnel, as with
the auxiliary outlet works tunnel, has a submerged
intake from the reservoir. The hoilow-jet valve bypass
is located at the top of the left spiliway stilling basin
sidewall, approximately 4.6 m (16 ft) above the
tailwater surface, The valve is directed: dOanard at an
angle of 24 The valve's maximum dlscharge capac:lty
is11.3m%/s (400 1t3/s). . =
Flows i\éaving both structures penetrate the tailwater to
the floor of the spillway stilling basin, thus exposing
the air-water mixtures from the structures to pressures
equal to approximately 12.2 m {40 ft) of water. It was
proposed that the auxiliary outlet works entrance to
the stilling basin pool be redesigned (fig. 3) so that the
flow will be deflected across the tailwater surface thus
reducing penetration. This structure is referred to as a
flip lip. Likewise, it was praposed that the downward
angle of the byvoass be reduced from 24° te 15° (fig. 3)
which also would reduce penetration. Both modifica-
tions would reduce resulting supersaturation by reduc-
ing flow penetration levels.

A hydraulic model study was initiated to observe the
performance of the modifications and to optimize the
design. The study had five ba,rc objectives.

@ Determine wave heights along ﬁprap surfaces .
downstream from the stilling &asin. — Wave heights
were a concern because rough surface action was
expected to develop with the mere shallow penetra-
tion. The deep penetration was included ir the
orlgmal design because it caused a high-degree of
~ energy dissipation. This level of energy d. ‘sipation
rezulted in a smooth water: surface ‘and therefore a
.minimum threai of erosion to riprap ‘surfaces,
Skimming the flow from the structures across the
surface develops the maximum wizu_g;_potential, thus
creating the possibility of erosion damage in the
downstream channel. Therefore, observing wave
heights along* model - riprap. surfaces helped to

evaluate the likelihood _of "erosion- :damage and
. determlne the neecl for additional riprap pratection.

®:Cietarmine the strength of back eddies that may
return to the stilling basin underneath the outgoitg
’ surface flows, — Back eddies flowing into the stilling
basin, belowsurface flows leaving the basin, have
been observed.at many structures. These eddies may "

have sufficient velocity to carry rock and sediment . -

into .the basin. This material may then be moved
‘around in the basin by currents and cause erosion
damage to the concrete. Velocities in the back
eddies were measured in the model to insure that
bed material movement and the resulting erosion
would not occur. The velocities were measured at
the bottom just downstream of the end sill of the
stilling basin. The flow at this location is important
because it supplies the force to carry the material
into the basin.

" @ Determine pressures” justdownstream of the lip
of the auxlllary outlet wurks flnp structure to assure
cavitation-ree operation.” = Pressures just down-
stream of the flip lip were a concern because of the
close proximity of the lip to the tailwater surface. it
is possible that the region under the flow coming off
the lip would be submerged, and therefore the
underside of the flow would not be vented. If this
was the case. the potential exists for the develop-
ment of stmng negative pressures between the jet
and the spillway face, which could result in
cavitation.

® Determine and try to minimize the depth of
penetratitn of the flows from the two structures




. into the spillway stilling basin. — Because depth of
flow penetration directly controls the level of
supersaturation, ‘resulting penetration depths wers

of concern throughout the study. A predlctwe‘
allowed the’

" analysis developed by Johnson [1.]
conversion of these penetration  depths into
resulting supersaturation® levels. Degisions could
then be made on thi acceptability of these levels.

& Minimize size, complexity, and cost of the
structural modifications. — The last ‘of the five
objectives was to reducs the cost of the modifica-
tions. This includes reducing the size of the struc-
ture, simplifying the design of the structure, and
using the simplést construction methods,

THE MODEL ¢

The hydraulic model '(fig..é‘) was construb;gd toa s::a!_e”

of 1:48 to allow Use of an existing head box At this
" scale, very little work was required on the head box
and thus a major expense was eIummated Included in
the model were: :

® Head box. — Heads ranging from zefei:to the fult:
reservoir head (119 m (390 ft)) could be developed.

® | ower half of the spillway. — This was sufficient
to allow correct modeling of the spillway flow over
the flip lip structure. The spillway was supplied
through a slide gate, which allowed the development

of the full reservoir head and correct velocities on

the spillway.

® Auxiliary outlet works entrance to the stilling
basin, supplied through a valved conduit from the
head box. — Included with the conduit were a gate
valve and a slide. gate which allowed independent
operation of the auxiliary outlet works. A 15.2-m
{20-ft) length of the tunnel upstream from the flip
lip structure was also modeled. The flip lip section
was constructed to allow quick madification. A

portion of the spillway face could be remioved for

access: to a box which contained removabie ribs. The
ribs could be cut to the shape of the structural cross
sections. The areas between the ribs were filled with
modeling clay to yield the desired contour.

® Stilling basin and downstream topography. —
Included in the model were all of the spillway
stilling basin and all topography within 61 m {200
ft) on either side of the spillway centerline to a

point 76 m (250 ft} downstream from the end sill of
the stilling basin. o
® The 762-mm (30-in) hollow-jet valve bypass. —
The hollow-jet valve bypass was fed by a|vali zd
conduit from the head box The valve wa
with the valve needle flxed at fuli open.”

The 11~1 - (390-ft) maximum drop_ fro'n thereservgir
water surface to the tallwate-.-‘..rfat.e was. modelad as
25 m (8.1 ft) The 59.4-m (195-ft) stllimg basin width
was modeled as 1250-mm (4.1 ft). I_he 962.8-m*/s
{34,000-ft”/s) maxjmum spillwaj;
modeted as 603 f/s (213 f'/s).
{1,600t /s) maximum auxiliary outlet works dis-
charge was modeled as 2.8 fIs (0.10 £ /s) and the
11.3-m>/s (40013 /fs) maxnmum bypass dlscharge was

" modeled as 0.708 P15 (43.2in? fs),

lt was possible to independently operate the spiliway,
bypass,
measured with venturi and venturi-orifice meters.

»

THE INVESTIGATION

Initially, ‘the modet was studied to verify that the

" greated flow ‘conditions were representative of true.
prototype conditions. Of main concern was the spill-*

way where the configuration of the upper portion of
the structure had been modified to simplify model
construction. Water surface profiles in the chute and
photographs-of the stilling basin action that had been
obtained by Beichley [2] in the original model study
were used as a guide. The .flow. distribution on the

[
chute was then manipulated until a satisfactory dupli-
_ cation was obtalned Manlpulatlon was primarily done

with guide vaiies and with a canvas tarp that was laid
on the water surface. ln addition, observation of the
operating bypass indicated that the valve needle sup-
port vanes {which had been simplified in the model}

-required streamlining to obtain satisfactory flow repre-

sentation. The vanes were streamlined and satisfactefa>

. flow conditions were obtained. All other flow chardc-

teristics Wera- 1ccund to be satisfactory:

With the completl_on of the model verification, the
investigation was started. For each structural and
operational condition observed, wave height, back
eddy strength, flip lip pressures, and penetration depth
were measured. The wave height data collected were
crest-to-trough amplitude for the largest waves

“ observed. The wave height data were collected on the

*Numbers in brackets refer to references at end of the report.

oCed

discharge was 2
The 45.3-m3/s -

=and auxiliary outlet works. Discharges were

'
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right bank (looking:in the direction of flow) approxi-

mateiy G1 m“‘:tZOO ft} downstream from the end of the
stilling basin,

This location {fig. 1} was selected because the wave
action was representative of typical conditions. The
back eddy velocity data were taken just above the
bottom and just downstrearn of the end sill, The
velocity data were collected with a small propelier
meter at quarter points across the channel. Average
velogities over ~ 1-minute (prototype) intervals were

- measured. Since the velocity fluctuates, the short'time -
interval was selected because it yielded values closer to. -
the instantaneous. maximumn values that occur, Five

velocity readings were taken at each position for each
flow condition. The highest of the five compuse the
velociiies presented in this report. The flip lip pressures
were measured with threé piezometers plaqed just

downstream of the lip {fig. 3}. This region is the least.

likely to bz -vented and:the most likely to develop
critically iow pressures. The piezometers were attached
to electronic pressure transducers which ‘apred moni-
toring of instantaneous pressures, Output from the
transducers was recorded on a strip chart.:Representa-
tive portions of these strip chart recordings are
presented in the report for significant conditions. The

data are also presented as average maximum pressures
{an average of instantanegus maximum.: pressures},.

“‘average minimumijpressure {an average of instantaneous
minimum pressulf;és}, and average pressures. Finally,
portions of the walls of the modet stilling basin were
constructed of cfear plastic to allow visual evaluation
and measuremert of penetratlon depth of discharge.
Data collection " began with the initially proposed
auxiliary outlet works flip lip installed {figs. 2 and 7).
The spillway was operated at discharges of 283.2,
566.3, and 962.8 m? /5 {10,000, 20,535, and 34,000
ft*/s) (fig. B). The . ausiiiary outlet works  were
operated at 1.3 (fig 9}, 28.3 (f:g 10}, and 45.2 m* fs
{fig. 11} {400 1,000 and 1,600 > /s) - The bypass was
operated at-11.3 m'/s {400 f't3/s} which..is its
maximum discharge rate (fig. 12). For each structure
and discharge setting; data were collected at.several
tailwater eleévations.’ A wide range of tailwater eleva-
tions requirg:'zd study because the powerplant and river
outlet w0rkl-.;‘ may operate separately -from the spillway
stilling basin structures and their operation affects the
tailwater elevation. The tailwater elevation range con-
sidered was determined from figure 13 (where the
discharge used-was the combined total of all possible
discharges for the condition being studied!. '

The data obtained from the |n|taal flip Ilp d35|gn are

summarized in table 1.

It can be seen that fhe spillway reledses tended to
create the largest waves alang the downstream rip-
rapped surfaces. Waves as high as 1.8 m {6 1} {trough

“ to - crest]  occurred: with the spillway -operating at

maximum discharge. At a spillway discharge of 283.2
m? /s {10,000 ft*/s), the observed waves were less than
610 mm (2 ft) high. The largest waves observed, when
only the auxiliary outlet works was operating, were
approximately 610 mm (2 ft) high. Genérally, for
auxiliary outh"t works DPETa‘I.'}Dn and for bypass opera-
tion, the oaserved wave heights along the riprap
surfaces were legss than 305 rom (12 in). It was
conciuded that the modifications did not create exces-
sive wave. action and that the existing riprap should be .
more than adeguate for all conditions except possibly
when splilway drscharges are above 566, 3 m?* /s {20,000.
ft /5}1

The Jinward velocities in the b'a'ck "eddiﬂs {tabiz"
mdlcate that with only the’ aum[mry omlex works

“op#rating, the highest velocities were measured and

that the greater the discharge:from'the auxifiary outlet
works, the greater the velocities. By studying flow

‘patterns in the model, it was found that the auxiiiary
“outlet works created a strong surface“Grient which in

turn resulted in the back eddy formation {fig. 14). As
the discharge lncreased so did the\strength of the
surface current, which strengthened the back eddies.
The maximum bottom velocities. observed were
approximately 610 mm/s {2 ft/s). Somewhat similar
flow conditions were observed with the bypass except
that only one large eddy was created wh!ch had flow
exiting the basin on: the rlght side (looklng in the
direction of flow)} and reentering the basiivon the left
{fig. 158). The maximum inward veloc;ti‘.s observed
were less than 305 mm/s (1 ft/;] Conversely, spillway
operation showed very |1ﬂ|9/ back eddy formation.

Although some of the splllway fléw was deflected by
the flip lip, 1he majarity of the flow penetrated to the
bottom of the basin and then moved downstream. This
flow negated the tendency for back eddy formation
created by the flip. ‘

Because the bottom of the channel downstream of the
basin is riprap lined, movement of material into the
basin was considered unlikely and - the back eddy
velocities were accepted.

The pressures below the auxiliary outlet works flip lip
were found to be generaliy acceptable. As can be seen’
in table 1, the lowest average pressures occurred when
the spillway was operating at 283.2 or 566.3 m®/s
(10,000 or 20,000 ft*/s). When the spillway was
operated at 8628 m’/s (34,000 °/s), the tailwater

S
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surface was drawn down by the penetrating flow,
which allowed partial venting of the underside of the
jet leaving the lip. This partial venting reduced the
magnitude of the rnegative pressure under the lip, Strip
chart pressure data collected for spillway operation are
shown in figure 16. Table 1 shows that changes in the
tailwater elevation do not significantlty affect the

pressures that resuit from spillway operation.

Although average and average minimum pressures

observed for auxiliary .outlet works operation were

higher than those cbserved for spillway operation, the

largest magnitude instantaneous negative pressures -

occurred when only the auxiliary outlet works was
operating. These large-magnitude negative pressure
peaks occurred when the structure was operating in a
makg-znd-break condition. A make-and-break condi-
tion occurred when the tailwater was at such elevation
tivat ‘wave action on the tailwater surface caused the
region under the jet leaving the flip lip to be alternately
free to the atmosphere or filled with water. The critical
period of this make-and-break condition, with respect
to negative pressure development, is when the break is
occuriing. As the water vacates the region, 'a short-
duration partial vacuum results. Under such conditions,
prototype pressures as low as 7.3 m (24 ft} or water
below atmospheric were cbserved. A strip chart record-
ing of this condition is shown in figure 17. The

magnitude of these subatmospheric pressures might -

cause concern that cavitation woutd develop. However,
because of the short duration of these pressures and
because the pressures in. the region are near atmos-
pheric most of the time, these low pressures were
considered to be acceptabie.

From table 1, it can also be seen that the observed
depths of penetration ranged from 12189 mm {4 ft).to
the full basin depth of 13.7. m (45 ft). All spillway
flows penetrated to the floor of the basin. For spittway
flows, it was not possible to observe the depth of
penetration of that portion of the flow affected by the

auxiliary outlet works flip, but observation of surface -

flows did
significantly
_from only the operation of the auxiliary outlet works
ranged from 1.2 to 4.3 m (4 to 14 ft]. Generally, the
greater the discharge, the greater the penetration, In
the existing prototype; these flows would penetrate 10
the stilling basin floar, a depth of 12.2 to 13.7 m (40
to 45 ft). For the discharge and tailwater elevation
ranges observed, tailwater elevation again seemed to
have no distinct effect on penetration depth. Applica-
tion of a predictive analysis [1) indicates athat
maximum supersaturation levels created by auxiliary
outiet works operation should be reduced from 158

indicate -that the penetration was

ey
.F

reduced.  Penetration depths resulting

percent nitrogen and 135 percent oxygen to 106
percent nitrogen and 97 percent oxvgen ’

Flow from the modified bypass penetrated to depths
of 4.6 to 5.8 m (15 to 19 ft). This is fairly deep, but

- still shalower than the 12.2 to 13.7 m {40 to 45 ft)

which appeared to occur in the prototype. Calculations”
using the predictive analysis [1] indicate that the
reduced penetration should result in dissolved nitrogen
levels being reduced from 125 percent to 114 percent
and dissolved oxygen fevels being reduced from 120

percent to 108 percent. Further, it was believed that

the 15° angle of penetration was approaching the .
flattest angle that could be used without having high

velocity flow impinge the opposite stilling basin wall.

Also, the bypass should be used infreguently. Thus, it

was concluded that the modification to the bypass was

satisfactory and that no further model testing was

needed. The bypass operation is shown in figure 12.

The next step in the investigation was an attempt to

simptify the initial flip lip design to reduce the zost of

the modification. There were twa factors considered-in

the simpiification. First, the crown or ridge in the

invert of the structure might be removed. The crown.
was initially included in the design to spread the flow

to allow quicker energy dissipation and to minimize

penetration, Observation of the mode! operating with

the crown in place indicated that the crown was

overspreading the flow and creating ‘flow concentra-_
tions to the outside. Construction of the crown would

add significantly to the cost of the structure.

- Secondly, the eleva'tion of the flip lip-might be raised

to simplify dewatering of the .construction area.
Raising the lip would put the modification work above
tie tailwater surface which would reduce the cost of
the modification.

. Initially, just the crown was removed (fig. 18) and the

model was tested as before. In general, the flow at the
lip was spread guite uniformly, although there was
some flow concentration in the center of the structure.
The flow concentration was no greater than had been
observed along the outside walis of the structure with
the crown in place. For all conditions, the structure
appeared to perform satisfactorily. Data collected
during the testing are summarized in table 2. As can be
seen, wave heights, velocities in back eddies, and
penetration depths were all approximately the same as
had been observed with the crown in place (table 1).
Pressures below the lip were also of similar magnitude.
Pressures ohserved when the auxiliary outlet works
were operating indicate that the lowest average pres-
sures occur at the smaller discharges. This tendency

o
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was also observed with the crown in place, but it was
much more prevalent with the crown removed. Peaks
of reduced pressure were again observed with the
make-and-break action, but no peaks as great as those
frem the initial design were noted. Typical strip chart
data are shown in figure.1€. Again it is believed that all
pressures observed “were within acceptable limits,

Operation of the structure without the crown was

acceptable and the crown was removed from the final
design. : o

As a final test, the relative position of the flip lip with
respect to the tailwater surface was evaluated to
determine how the structure’s performance . was
affected. It was found that make-and-break action can
exist over a range of tailwater elevations from 152 mm
{6 in} abova the lip to 610 mm {2 ft} below the lip.

Thus, if the lip is at elevation 1741.6 m (5714 &)

(initial design), make-and-break conditions can occur
between elevations 1741.8 and 1741.0 m (5714.5 and
5712 ft). A tailwater elevation of 1741.8 m {5714.% ft}
would result if the total release from the dam was 6.6
m/s (2,000 ft*/s). A tailwater elevation of 1741 m

{5712 ft) is lower than any possible tailwater elevation.

Since a discharge of 14.2 m®/s {500 ft*/s) with-a
tailwater elevation of 1741.4 m {5713.4 ft) will be the
most common release and as the great majority of the
releases from the dam will be less than 56.6 m™s {2,000
t® /5), the auxiliary outlet works would almost always
operate in the make-and-break range. Although con-

sidered satisfactory, this operating condition created .

the lowest negative pressure at the |ip and resulted in

larger wave - formation.  For these reasons, it was
considered desirable to eliminate the make-and-break
action from the most common operating situations. If
the lip was raised to elevation 1742.1 m (5715.7 f1),

" the make-and-break action would occur between tail-

water elevations of 1742.3 and 1741.5 m (6716.2 and
4713.7 ft). These tailwater elevations correspond to
total discharges of 175.6 m?®/s {6,200 ft*/s) and 19.8
m? /s (700 £t /s}, respectively. An auxiliary outlet works.
discharge of 14.2 m* /s (500 ft*/s) would therefore not
be in the make-and-break range. Placing the (ip at eleva-
tion 1742.1 m (57157 ft} would zlso allow the
simplified dewatering of the construction site. It was
found that higher lip elevations resulted in greater flow
penetration. For these reasons, a flip lip elevation of
1742.1 m (5715.7 1) was selected for the final design
{fig. 3).
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€ OUTLET WORKS

‘WAVE HEIGHT]

EL IBEI. T2 m.

752 mm.H.J. YALVE

INVERT EL(746.50m.

MONITORING STA.
PLAN 762 mn. RING FOLLOWER GATE — ‘

ELITZ9.TH

PROFILE ON € 762 mm.H.J.
# VALVE BYPASS

% s - o = 3 = N
571 mm. DIA. TUNNEL , ) 2-1829 mm. RING FOLLOWER GATES

PROFILE ON & OUTLET WORKS

l mm. "
L 2o £ Tun EL\ %

| = :
2136mm. O TUNNEL 1213 £12i5 mm, TANDEM GUTLET GATES ;gﬂ 1725.74 m
PROFILE ON & AUX. OUTLET WORKS

Figure 1. — Original prototype design — Metric,

2-1829mm. H.J. VALVES

NAVAJO DAM
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Figure 4. — Original auxiliary outlet works.

-
B i e o R

Figure 5. — Original 762-mm (30-in) hollow-jet valve bypass.
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Fiqure 7. - Modeled initial modification.
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283.2m’ /s
(10,000 ft' /s)

566.3 m"/
(20,000 f1' /s

962.8 m’ /s
(34,000 f1' /si
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LOW TAILWATER—
FREE RELEASE JET

HIGH TAILWATER—
SUBMERGED LIP

BRI
-ﬂ‘.’fm_‘

Figure 9. ~ Operating model of flip ip 11.3 m* /s {400 tt'/s) discharge
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LOW TAILWATER—
FREE RELEASE JET

|
E‘&
|<_t_l
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Figure 10. — Operating mode! of {1ip lip 28,3 m* /s (1000 {1 /s) discharge.
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LOW TAILWAT

HIGH TAILWATER—

FREE RELEASE JET

SUBMERGED LIP
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Figure 11. - Operating model of flip lip 45.3 m* /s (1600 {1’ /s} discharge
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AUXILIARY OUTLET

e e

TOE OF SPILLWAY CHUTE
END SILL OF BASIN

i r Lol St

e e e ———— ————

=

Figure 14. — Eddy patterns for flip lip opera_tion.




\/Q 762-MM {30-IN) HOLLOW JET VALVE

4

\\ .

~

ZTOE OF SPiLLWAY CHUTE

END SILL OF BASIN

Figure 15. — Eddy patterns for 762-mm {30-in} bypass operation.




meters head ft of water

Taitwater elevation: 1743.76 m (5721 ft)

1 second

meters head ft of water

i

,_

Flow rate: 283.2 m* /s (10,000 ft*/s)
Tailwater elevation: 174285 m {5718 ft)

Figure 16. — Strip chart pressure recording f?rr-,,. iinvway operatian,
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ft of water

ft of water

LI S

i
Ly

REFRSE

174193 m (5715 ft}

/s 1400 f1* /)
Tailwater elevation: 1741.78 m (5714.5 f1)

Eigure 17, — 5trip chart pressure recording for flip lip make-and-break operation
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Figure 18. — Modeled final {lip lip design.
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Flow rate: 11.3 m3/s (400 ft? /5)
Tailwater elevation: 174208 m{5715.5 ft)

Figure 19, — Strip chaft p're'ss":,gre recording for final flip lip design.
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ABSTRACT

It has been observed that operation of the auxiliary outlet works and the 762-mm
{30inch] hollow-jzt valve bypass at Navdjo Dam result in high levels of dissolved gas
supersaturation in refessed waters, These high dissolved gos levels, which are caused by
the deep penetration of the flow into the spillway stilting basin pool, have had adverse
effects on the fishery. Structural moedifications were considered which included a
flattening of the trajectory of the jet from the 762-mm i30-inch} bypass and the
addition of a deflector ar fiip lip to the auxiliary outlet works, A 1:48 scale hydraulic
model was used to refine and evaluate these modifications. Depth of jet penetration,
degree of energy dissipation, strength of back eddies returning into the stilling basin,
potential for cavitation development befow the Hip lip, and mmpl;caty of design were
factors considered in the evaluation.
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ABSTRACT .

it has been obsarved that operation of the auxiliary outlet works and the 762-mm
{30-inch) hollowjet valve bypass at Navajo Dam result in high levels of dissolved gas
supersaturation in released waters. Thase high dissolved gas levels, which are caused by
the deep penetration of the flow inta the spillway stilling basin pool, have had adverse
effects on the fishery. Structural medifications were considered which included a
flattening of the trajectory of the jet from the, 762-mm (37-inch) bypass and the
addition of a deflecior ar flip lip to the auxitiary autlet works: A 1:48 seale hydrautic
madel was used to refine and evaluate these modifications. Depth of jet penetration,
degree of energy dissipatinn, strength of back eddies returning lnto the stilting basin,
potential far cavitation - :velopment below the fiip Hip, and sifiplicity of desian were
factors considered in tl evafuation.
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ABSTRACT

It has been’ observed that operation of the auxiiiary outlet warks and the 762-mm
(3inch} hollow-jet valve bypass at Nawajo Damresult in high levels of disscved gas
supersaturation in released waters. These high dissolved gas levels, which are caused by
the deep penetration of the flow into the spiilway stilling basin pool, have had adverse
effects on 1he fishery. Structurat madifications were cansidered which included a
flattéiing of the trajectory of the jet from the 762-mm {30-inch) bypass and the
addition of a defiector or flip lip to the auxiliary outlet works. A 1:48 scale hydraulic
model was used to refine and evaluate these modifications. Depth of jet pene‘tratlon
degree of energy dissipation, strength of back eddies returning into the stilling basm
potential for cavitation development below the flip lip, and simplicity of de5|gn waere
factors considered in the evaluation.
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ABSTRACT

lt has been observed that operation of the auxiliary outlet works and the 762-mm
{30-inch) holfowjet valve bvpass at Navajo Dam result in high levels of dissolved gas
supersaturation in released waters. These high dissolved gas levels, which are caused by
the deep penetration of the flow into the spillway stilling basin pool, have had adverse
effects on the fishery. Structurai modifications were considered which included a
flattening of the trajectory of the jet from the 762-mm (30-inch} bypass and the
addition of a deflector or Nip lip to the auxiliary outlet works. A 1:48 scale hydraulic
model was used to refine and evaluate these modifications.. Depth of jet penetration,
degree of energy dissipation, strength of back eddies returning into the stilling basin,
potential for cavitation development below the flip lip, and simplicity of de<ign wera
factors chsudered in the evaluation,
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