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ABSTRACT

Hydraulic model studies showed the original design of the underground
stilling basin and chute for the Navajo Main Canal headworks structure
to be unsatisfactory. A number of modifications were developed to
assure good energy dissipation, freedom from violent backwater flows
against the 2 radial gates, and smooth flow conditions into the 17-1/2-ft,
2-mi-long horseshoe tunnel. Heads varied from 15 to 126.5 ft and dis-
charges from 0 to 1800 cfs. Use of 15-deg sloping chutes extending from
gate chamber invert to basin floor instead of parabolic chutes eliminated
most heavy surging. The horizontal gate chamber inverts were joined

to the chutes with 16-ft radii of curvature. The change in floor alinement
occurred in the high pressure region upstream from the gate seats. A
basin length of 89 ft provided the necessary energy dissipation. Vertical
curtain walls to prevent excessive backflow against downstream sides of
the radial gates were placed with bottoms about 7 ft above the chutes and
faces almost 31 ft downstream from the projected intercept of horizontal
gate chamber inverts and the chutes.

Maximum flows at minimum reservoir elevation are attained by allowing
a part of the flow to overtop the cutain walls. Four large baffle piers
effectively turned the flow upward and increased energy dissipation rate
without danger of cavitation. An underpass-type wave suppressor
located at downstream end of the basin provided excellent flow condi-
tions in the downstream tunnel.

DESCRIPTORS-- *stilling basins/ *radial gates/ laboratory tests/
hydraulic jumps/ research and development/ gate seals/ cavitation/
baffles/ hydraulic gates and valves/ *energy dissipation/ instrumen-
tation/ hydraulics/ canals/ high pressures/ discharges/ hydraulic
structures// transitions/structures// wave velocity? piers/ model
tests/ hydraulic models/ chutes/ tunnels

IDENTIFIERS-- *headworks/ curtain walls/ chute blocks/ backflows/
center piers/ design modifications/ horseshoe transitions/ *underground
stilling basins/ wave suppressors/ spoilers
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PURPOSE

Model studies were made to obtain head discharge relationships and to
develop a radial gate controlled, underground stilling basin that would pro-
vide satisfactory energy dissipation, smooth flow in the downstream tunnel,
and trouble-free operation.

- CONCLUSIONS

1. The performance of the initial basin was unsatisfactory. Large, objec-
tional surges occurred in the downstream portion of the basin and in the
horseshoe tunnel (Figure 9).

2. The initial center dividing wall, extending the full length of the basin
to the start of the horseshoe transition, caused lateral differential heads
to exist as the flow reached the downstream end of the basin, and a swing-
ing motion was imparted to the flow in the tunnel.

3. The initial parabolic chute did not provide a stable hydraulic jump
(Figure 9). Upstream and downstream movement of the toe of the jump
caused heavy surging in the stilling basin, and backflow struck the down-
stream side of the radial gates.

4. Raising the invert of the gate chamber from elevation 5969 to eleva-
tion 5975, and using a longer parabolie chute did not eliminate the. unstable
Jump nor the backflow onto the radial gates.

.5. Elimination of the chutes by using 12-foot vertical drops extending fo :
the basin floor just downstream from the radial gates produced very
unstable and- undeslrable flow conditions (Flgure 11).

‘B, The use.of 15° slopmg chutes elimated most of the heavy surging
‘that was characteristic of the flow with either parabolic chute (Figure 18).
Although” reduced in intensity, backflow still struckthe radial gates.




7. The use of a 16-foot radius of curvature to join the gate chamber
horizontal invert to the 15° sloping chutes, and starting the curvature in
the high-pressure region upstream from the radial gates, eliminated
cavitation pressures and provided a well-directed jet along the chute
{(Figures 14 and 15).

8. ¥our baffie piers located 48 feet downsiream from the chutes effec-
‘tively turned a portion of the flow upward to aid in forming the jump
{(Figure 19B). The pressures acting on the baffie piers are sufficiently
high to prevent cavitation damage under normal operating conditions
(Figure 21)., However, single-gate operation at high heads with dis-
charges above 900 cubic feet per second (cfs) will result in cavitation
pressures and should be avoided.

9. Vertical curtain walls placed a short distance downstream from the
gates, with the wall inverts far enough above the chute to allow passage
of the jets, prevented backflow from striking the downstream sides of
the radial gates (Figure 18).

10. "Within design discharge requirements and at =il gate openings, the
jets resulting with reservoir heads between 126.5 and 36 feet saweep the
backwater free of the gates and the gates operate under free discharge
conditions (Figure 18).

11. With reservoir heads below 36 feet, the flows from the gates become
‘intermittently and then completely submerged (Figure 19A).

12, To pass the maximum discharge at the minimum reservoir head, the
curtain walls must be overtopped {Figure 19A). A higher head loss than

" . ~that calculated for the upstream conduit, transitions, and gate chamber
~ will result in a discharge lower than 1, 800 cfs at the minimum reservoir

Eaf.d This occurrence is not expected. Rl

i 13 An underpass wave suppressor with a solid ‘upstream headwall and a
slotted horizontal surface produced the necessary, almost fmooth, water
surface in the downstream tunnel (Figures 18 and 22). }

14, Balanced gate operation will provide the besf_;iﬁasin performance and
should be used for high-velocity, high-discharge releases.

15. Regulation of the flow by the fixed-wheel gates located upstream from
the radial gates should be restricted to low reservoir discharges or to
emergency s8ituations because severely subatmospheric pressure conditions
may:occur along the curved invert between the gate chambers and the 15°
sloping chutes.
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INTRODUCTION

The Navajo Indian Irrigation Project is located in the northwestern corner
of New Mexico (Figure 1}). The headworks structure (Figures 2 and 3},
the subject of this report, will draw water from the southwest side of the
reservoir created by Navajo Dam. The structure will pass discharges up
to 1,800 cfs with reservoir heads varying from 15 to 126.5 feet. Control
will be maintained by two 9-foot-wide by 12-foot-high radial gates which
discharge into an underground stilling basin.

Two 9~ by 12-foot fixed-wheel gates will be located just upstream from

the radial gates to provide for emergency closures and to isolate the radial
gates for normal maintenance work. A transition on the downstream end
of the stilling basin will direct the flow into a tunnel.

The tunnel will be approximately 2 miles long and may be either an 18-foot-
diameter circular tunnel or a 17-1/2-foot horseshoe tunnel. A Parshall
flume will be located at the downstream =nd of this tunnel to measure the
discharge. To increase the accuracy of the flume measurements, a smooth,
relatively wave-free water surface must be provided in the tunnel. An
upslope just downstream of the first tunnel section will cause a backwater
effect in the tunnel &t all but the maximum discharge (Figure 7).

Releases through the headworks will supply water to approximately

. 110,000 acres of irrigable land. The water will travel through an intri-
-cate disiribution system approximately 150 miles in length. The system

will be composed of tunnels, siphons, and lined and unlined canal reaches.

Approximately 75 percent of the land will be supplied by gravity flow and

the remaining portion by pumped flow.

THE MODEL

The tests were conducted in a 1:16 scale model of the outlet works

{Figures 4, 5, and 6). The model included a 13-1/2-inch-ingside-diameter
inlet pipe 16 diameters long, a 3-foot-long, round-to-rectangular transi-
;tion, the gate chamber which included slots for the fixed-wheel gates, two
radial gates {9- by 12-foot prototype), a divided stilling basin, a trans--
parent plastic transition from the basin to the downsiream horseshoe tunnel,
6 diameters of horseshoe tunnel, and a tailgate for regulating the water sur-
face elevation.




Flow was supplied by the main laboratory pumping system through cali-
brated 4- and 6-inch Venturi meters.

The radial gates were made of sheet metal with gages chosen to corre-
spond in scale to the approximate dimensions of the prototype gates (Fig-
ures 4 and 6). The bottom surface of each gate was equipped with a
1/16-inch-thick solid rubber seal. The side and top seals were attached
to the gate seat structure. The side and top seals were made of hollow
refrigerator door rubber gasket material and were air inflatable to simu-
late pressurized seals on the prototype. After repeated seal ruptures,
solid neoprene seals were used in place of the inflatable seals, Two
stem lifting screws controlled the position of the gates.

The gate chamber was made of brass plate and was flanged to fit the
rectangular end of the transition and the stilling basin (Figure 5).

The right side of the stilling basin and the downstream transition were
made of transparent plastic to provide visual inspection and to permit
obtaining photographic records of flow conditions. The basin was con-
tained in an open, rectangular box. Chutes leading from the gate chamber
to the basin floor were separately fabricated and inserted within the main
box.

The model, as initially designed, conformed in most details to the first
prototype design. Later modifications to the model and to the prototype
resulted in several minor deviations. The configuration of the final gate
chamber roof and the roof of the model between the fixed-wheel gates and
the radial gates differed as shown in Figure 17, The 19-foot diameter of
the initial model horseshoe tunnel on the downstream end of the basin was
retained as compared to the 17-foot 6~inch diameter selected after the
maximum discharge requirement was reduced from 2,120 to 1,800 cfs.
The arched roof of the stilling basin was not installed for final testing
because previous tests showed that no adverse effects resulted from its
use.

INSTRUMENTATION

Piezometers were placed in the model at various locations to obtain
desired pressure head readings and to detect adverse pressure conditions.
Most of the pressure measurements were made with single-leg, water-
filled manometers. Diaphragm-type pressure cells and electronic record-
ing equipment were used to obtain instantaneous pressures at critical
piezometer locations.

The upstream head was measured with a single-ieg water manometer set
so that the zero head level was at the gate invert elevation. The column
was attached by a ring of four piezometers to the circular inlet pipe




1 diameter upstream (Station 4+18. 50) from the round-to-rectangular
transition.

Records of water surface conditions in the downstream tunnel were
obtained with a capacitance-type wave probe and electronic recording
eguipment.

INVESTIGATION

Most of the tests were made with the most severe operating conditions
that could occur. These conditions were maximum discharges for
either double- or single-gate operation at maximum head. Tests were
also made at lesser discharges and heads. The tailwater elevation was
adjusted to conform to Curve A supplied by the Division of Design (Fig-
ure 7).

During the course of the study, the maximum design discharge was -
changed from 2,120 to 1,800 cfs. This changed the operating range of B
Froude numbers from initial values between 14. 4 and 1. 36 to final
values between 10.7 and 2. 16.

Performance of the basin as initially designed was unsatisfactory {(Fig-
ure 9). The jump was very unstable and large objectional oscillations
or surges from the jump carried into the downstream tunnel. Also,
intermittent heavy backflow struck the downstream sides of the radial
gates. A number of modifications to the basin were made to correct
these operating deficiencies.

Chute Design

Parabolic Chute with 6-foot Vertical Drop. --The criginal chute was of

parabolic shape and followed the equration x2 = 530 y. The elevation

change from gate invert to basin floor along the parabolic chute was

6 feet (Figure 2). The position of the toe of the jump for heads at or
above the normal reservoir water surface was very unstable. The toe B4
occurred along the nearly horizontal portion of the chute and slight ’
.changes in head resulted in considerable upstream and downstream

movement of the toe of the jump. The jet did not continually penetrate

to the full depth of the basin pool and this resulted in variations in the

:sweepout force, or time rate of change of linear momentum. These
charadteristics resulted in heavy surges which carried into the down-

stream portion of the basin and into the tunnel (Figure 9).. The mag-

qitude of the surging was sufficient to cause the tunnel to intermittently
- flow full. '




Horizontal Floor Extending from Gates through Basin.--A horizontal
floor extending from the gates through the stilling basin at elevation
5369 was placed in the model in an attempt to provide a more stable
jump (Figure 10). This eliminated the use of a chute entirely. How-
ever, the modification was unsatisfactory because insufficient tailwater
was available without the addition of lzrge baffle piers to confine the
jump to the basin.

Parabolic Chute with 12-foot Vertical Drop. --In an attempt to elimi-
nate the backflow onto the radial gates, the gate structure and upstream
tunnel were raised the maximum allowable distance of 6 feet (Fig-

ure 4C)., With the head on the gate invert decreased by 6 feet, the
equation of the parabolic chute was modified to x2 = 506 y {Figure 3).

Upstream and downstream movements of the toe of the jurnp were
greater with this design than with the previous parabolic design. The
horizontal length of the chute was approximately 21-1/2 feet greater
than the initial parabolic chute, providing a greater length and depth
for movement of the toe of the jump. As with the previous chute design,
the jet did not consistently penetrate the full depth of the basin, causing
a variationin the sweepout force. With reservoir heads of approximately
80 feet, the toe of the jump had a total upstream and downstream move-
ment of 45 feet. Large surging waves appeared to occur at resonance
in the basin and occasionally overtopped the walls of the model or
reached a height of 40 feet (prototype) above the basin floor. The
resonance effect also caused extremely heavy back surges to strike

the downstream sides of the radial gates.

Horizontal Floors with 12-foot Vertical Step. --Studies were made of
the flow conditions resulting from a 12-foot vertical drop just down-
stream from the gate lower seal plate. An extremely unstable type of
flow resulted, similar to that reported earlier by Bakhmetaffl { and
observed by Colgate2/. With the tailwater lowered 1.6 feet below
normal, the flow from the gates was directed downward into the basin
(Figure 11A). However, with normal tailwater the flow was redirected,
first horizontally (Figure 11B), and subsequently upward (Figure 11C).
With identical gate settings, flow from one gate was occasionally
directed’ downward and flow from the other was directed upward (Fig-
ure 11D).

15° Sloping Chute. --In the designs with parabolic slopes the toe of the
Jumps moved upstream and downstream along the curvature where the
slope varied from 0° to approximately 6°. By making the chute con-
siderably steeper at the upstream end, movement of the jump would be
greatly restricted because any incremental upstream and downstream
movement would involve an appreciable change in elevation. Better,

1/Numbers refer to items in bibliography.




smoother flow conditions would then result. Therefore, a slope of 15°
was tested. With this design the movement of the jump wzs muci: less
than observed with other designs, the surge waves were considerably
reduced in size, and the jet penetrated to the full depth of the basin at
moderate and high heads. Records of chute and floor pressures are con-
tained in Figure 12. The records indicate rapidly fluctuating pressures
on the chute in the neighborhood of the curtain wall. However, these
pressures do not go below atmospheric more than a small percentage of
the time and never reach the cavitation region. No damage is expected
from the rapidly fluctuating pressures.

Center Dividing Wall

The original design contained a 188-foot-long center wall that extended
the full length of the basin and into the downstream transition. With
intense, random surging in the stilling basin, and with the surging on
either side of the center wall not always in phase, head differentials
often existed at the downstream end of the wall. These head differentials
imparted a lateral swinging motion to the flow as it entered the tunnel
and caused waves sufficiently high to intermittently seal the tunnel. The
same swinging motion existed for single~gate operation.

To eliminate the swinging motion in the tunnel, the length of the wall was
reduced to 52 feet. With the shorter wall, the flow in the downstream
portion of the basin was more evenly distributed and no swinging motion
was visible. The more even distribution also existed for single-gate
operation. A large 45° chamfer was provided on the downstream end of
the wall to prevent flow from clinging to the surface and causing adverse
pressure conditions. Pressure cell traces obtained for selected positions
on the chamfer showed that no adverse conditions existed (Figure 13).

A structural change to the roof of the prototype basin was necessitated
by the shorter center wall. With the initial design, the center wall was
utilized as a supporting member for a flat roof. With the wall shortened,
the increased span required an arched roof.

Tunnel Transition

Flow coriditions in the square-to-horseshoe transition just upstream of

the tunnel were unsatisfactory. The transition contained intersection

lines which extended from the top corners at the upstream end to the mid-
-height of the econduit at the downstream end (Figure 9). The flow near the
water surface was restricted by the relatively abrupt transitioning to the
extent that the air passage in the crown of the transition was nearly blocked
off. The use of the arched roof over the basin made possible a more gradual




transition which provided a emoother passage and more satisfactory flow
conditions (Figure 18).

Pressures on Gate Chamber Walls Near Seals

Pressure data were obtained on the gate chamber walls just upstream from
the gate seals (Figure 8) to study possibilities for venting or relieving seal
actuating pressures that might overextend the portions of the seals that
become exposed as the gates are raised. The data were obtained at a dis-
charge of 2,120 cfs and show that locations near the floor close to the seals
will be subjected to significantly lower pressures than surrounding areas
whenever appreciable flows are occurring through the gates,

Gate Chamber Invert Modifications

To prevent flow separaiion ‘and possible cavitation presgsures at the point
of intersection of +he horizontal invert of the gate chamber and the 15°
chutes, the slope was extended upstream from the gates into the high-
pressure region. To determine the optimum position and shape for the
intersecting point, two piezometer-equipped 12-inch-high (3/4-inch model)
false floor sections were utilized. In one section the change from the level
floor of the gate chamber to the 15° Slope of the chute occurred abruptly
(Figure 14A), In the other section, the horizontal and sloping sections
were connected by a 16-foot radius curve (12-inch model) (Figure 14B).
By placing special shims under the sections, the sections and hence the
point of intersection, was moved upward and upstream in increments
{Figure 14A). Each shim was 4 inches thick (1/4-inch model) and the
addition of a single shim moved the intersecting point upstream approx-
imately 15 inches (0. 933-inch model). Readings of pressures occurring
along the floor were taken for each shape and shim combination through-
out the range of reservoir heads and gate openings (Figure 15). From
these data, a 16-foot radius of curvature was selected to join the hori-
zontal gate invert with the 15° sloping chute. The projected intercept of
the two surfaces was located 41. 19 inches upstream from, and 11 inches
above, the new gate seal point. With this configuration, positive pres-
sures resulted throughout the curvature for all operating conditions
(Figure 15H)

Backﬂow on the Radial Gates

Backflow of water against the downstream sides of the radisl gates
presented a difficult. problem because the elevation of the gate inverts
was only 2, 68'feet (prototype) above the invert of the upstream portion

of the horseshoe tunnel and was considerably below all tailwater eleva-
tions resulting from tunnel friction and the backwater effect of the
Parshall flume located at the downstream end of the tunnel. The dynamic
forces of the backflow against the gates were undesirable because they




would cause pounding on the gates and excessive wear and loading on the
seals, gates, gate-operating equipment, and gate trunions. The gate
structure and upstream tunnel could not be raised further because placing
them at any higher elevations would reduce the capacity of the system
particularly at the lowest operating reservoir levels. The decision was
made to develrp curtain walls4/ which would allow the passage of the jets
under the walls, and would restrict movement of the tailwater toward the
gates (Figures 16 and 18).

Curtain Wall Location. --The selected location for the curtain walls was
a compromise to obtain satisfactory flow conditions for high-head and for
low-head discharges. For high-head discharges and thinner jets, a
curtain wall position slightly above the jet provided excellent flow condi-
tions. /However, with intermediate- and low-head discharges, the opening
between the chute and the curtain wall became the control point, and the
maximum discharge could not be passed. Raising the wall resulted in an
improvement of the low-head flow conditions, but impaired the higher
head flow conditions by allowing flow to pass from the downstream side
of the curtain walls to the upstream side between the jets and the lower
face of the walls. To eliminate as much as possible the upstream move-
ment of the flow and to maintain the control point at the gates for all but
extremely low-velocity flows, the curtain walls were placed 6 feet,
11-8/16 inches above the chutes and 30 feet, 10-3/8 inches downstreara
from the projected intercept of the horizontal gate chamber inverts and
the 15° chutes (Figure 16). The top of the walls was placed at elevation
5987. 55 so that overtopping could occur in order that the outlet works
could pass 1,800 cfs at a 15-foot reservoir head (Figure 19A). With
this configuration and high-head flows, occasional overtopping of the
wall in the upstream direction results; however, the magnitude is slight '
and the flow does not reach the gates (Figure 18},

Shape of the Bottom of the Curtain Walls. --The inital shape of the bottom
of the curtain wall was horizontal with sharp 90° corners at the upstream
and downstream wall faces. A low-pressure area existed immediately
downstream from the upstream corner of the wall along the horizontal
bottom. By means of dyes, flow from the downstream side of the wall
was observed to move around the downsiream corner of the wall in an
upstream direction into the low-pressure area. The momentum was
:aufficient to carry the flow past the upstream face of the wall where it
impinged on the jets from the gates. To improve-the flow conditions,
the bottom of the wall was cut at a 15° angle to pai-allel the sloping

chute. This greatly reduced the amount of flow moving from the down-
stream side to the upstream side of the wall, and hence the amount of
water impinging on the jets from the gates. Instantaneous pressures
obtained at selected points along the bottom were .found to rapidly
fluctuate and to reach one-half atmosphere subatmospheric. Inan
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attempt to eliminate the rapidly fluctuating pressures, a 195°, 6-inch-
radius lip was placed on the downstream lower side of the wall to act
as a spoiler (Figure 16). Instantaneous pressure traces revealed that
a stabilizing effect resulted from this modification. The 6-inch-radius
lip-was then replaced by a larger 195°, 12-inch-radius lip. Instanta-
neous pressure traces still showed rapidly.fluctuating pressures
{Figure 20); however, the lowest pressures were sufficiently high to
prevent cavitation and ensuing damage.

Chute Blocks

Chute blocks were used in the initial design (Figure 2); however, they
were ineffective, Even with maximum reservoir heads the jets seldom
penetrated to the position of the chute blocks at the downstream end of
the parabolic chute. The chute blocks used with the subsequent parabolic
chute design also were ineffective. With the 15° sloping chutes, chute
blocks are undesirable because they help break up the high-velocity jets
with the result that greater depths of water would occur in the upstream
portion of the basin. This would cause greater backflows against the
gates at most operating conditions and overtopping of the curtain walls
from downstream when maximum flows were passed at high reservoir
elevations. For these reasons, chute blocks are not recommended for
the final design (Figure 16).

Baffle Piers

The initial stilling basin contained four large baffle piers at the down-
stream end of the basin (Figure 2). The jump formed approximately
75 to 100 feet upstream from the baffles; and thus, the baffle piers
were completely ineffective. Much better results were obtained with
‘baffle piers placed nearer the upstream end of the basin. For initial
pressure evaluation, the baffie piers were located 16 feet downstream
from the end of the chutes. Instantaneous pressure traces showed that
severe cavitation pressures existed on the baffle piers at this location.
The piers were moved downstream to a point 32 feet from the end of
the chute, and additional instantanecus pressures were obtained. The
traces revealed an improvement in the pressures; however, they were
still sufficiently low to cause damage. Further movement of the baffle
piers to 48 feet downstream from the end of the chute eliminated the
~ severe subatmospheric pressures on the baffle piers while still main~
taining most of their-effectiveness {Figures 19B and 21). The baffle
pit.rs conform in shape to those specified in Engineering Monograph
No. 25 3 /; however, ‘they are considerably larger. The piers con-
tained sharp corners so as to increase the turbulence generating.
capacity and improve the basin performance.




Single-gate operation at high heads and discharges above 900 cfs will
result in undesirable pressures on the baffle piers and prolonged opera-
tion should be avoided.

Underpass Wave Suppressor

An underpass wave suppressor (Figure 16) was found necessary to pro-
vide a smooth water surface in the downstream tunnel. The wave heights
in the tunnel with the recommended stilling basin but without the suppres-
sor were 3.2 feet maximum, measured from trough to crest. By adding
the recommended suppressor, the wave heights were reduced to approx-
imately 0, 8 foot (Figure 22). The undersurface of the recommended
wave suppressor was slotted to reduce the size of surges and also reduce
the differential head acting on the suppressor.

Gate Calibration

The two radial gates were calibrated for single- and double-gate opera-
tion for piezometric heads in the approach tunnel (Station 4+18. 50)
ranging from 14 to 130 feet (Figures 23 and 24). Discharge curves were
prepared in increments of 5 percent to a 30 percent gate opening and in
increments of 20 percent from 40 percent to full open. For the calibration
the gates were set to the desired opening, as measured vertically from
the bottom of the gates to the surfaces of the chutes. A vernier caliper
maintained in the vertical position with the aid of a bubble level was used
to set the model gate openings. The upstream head on the radial gate
was adjusted by a gate valve on the upstream end of the model inlet pipe.
The tailwater was adjusted to provide depths specified by the tailwater
curve prepared by the design section for the 17-foot, 6-inch horseshoe
tunnel with backwater from the Parshall flume and based on Manning's
"n'" of 0.013 (Figure 7, Curve A}.

Operating Restrictions

All normal regulation of the flow will be accomplished with the radial
gates. If, however, control of the flow is attempted by the fixed-wheel
_gates located upstream of the radial gates, the control should be re-
~ stricted to discharges at low reservoir heads. Higher head operation
may cause severely subatmospheric pressure conditions along the
16-foot-radius curve from the horizontal invert of the gate chamber
to the 15° sloping chute.

‘Balanced gate operation will provid_e"t’-_‘:.‘é""b'ést basin performance and
-Bhould be used for high-velocity, high-discharge releases.

:;S'ingle'-gate operation at high reservoir heads and discharges above 900 cfs
‘will result in undesirable pressures on the baffle piers and should be
.avoided for . prolonged operation. - '
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Figure 5
Report Hyd-536

A. Upstream end of gate chamber showing elliptical flow divider
and fixed wheel gate slots.

=1

94“{
1P45920-413293

B. Downstream end of gate chamber showing zate seals attached
to stationary structure,

NAVAJO MAIN CANAL OUTLET WORKS
Model gate chamber
1:16 Model




Figure 6
Report Hyd-536

q

A. Model of 9! x 12' radial gate showing structural details,
lifting lug, and bottom seal.

B. Overall view of the model showing inlet piping, gate struc-
ture, stilling basin, and horseshoe tunnel.

NAVAJO MAIN CANAL OUTLET WORIIS
Radial gate and overall view of model

1:16 Model



FIGURE 7
REPORT HYD-536
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‘FIGURE 8
‘REPORY HYD-336
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Figure 9
Repert Hyd-536

S PBO9Z0=4 714500

C. Note large surge wave.

NAVAJO WIAIN CANAL OUTLET WORKS

Unstable flow in initial stilling basin. Discharge
2120 cfs, head 132.5 ft., tailwater 15,75 ft,

1:18 Model :




Figure 10
Report Hyd-536

B. Jump swept from basin with baffle piers removed.

NAVAJO MAIN CANAL OUTLET WORKS

Unsatisfactory flow with gate invert level with basin
floor, Discharge 2120 cfs, head 132.5 ft,

1:16 Model




Figure 11
Report Hyd-536

A. Jet directed downward tail-
water 1.60 feet below normal.

P8 0D-0-47H0"
HEERETNA

B. Jet horizontal tailwater
approaching normal.

C. Jet directed upward tail-
water normal.

SRPE0S-D-47150% =
200 HH:1494=8(INAE S

- D, One jet directed upward, and the other downward. Gates
equally opened, tailwater normal.

NAVAJO MAIN CANAL OQUTLET WORKS

Unstable flow with 12 foot vertical step downstream from
gates. Discharge 1800 cfs, head 89 ft., pate opening
17 percent.

1:16 Model
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FIGURE 12
REPORT HYD-536
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NAVAJO MAIN CANAL OUTLET WORKS
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FIGURE 13
REPORT HYD~-536
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Figure 14
Report Hyd-536

Section with abrupt change from horizontal gate chamber invert
to 15° slope., Shims were used to raise sections and move point
of intersection upstream,

Section with 16-foot-radius curve connecting gate chamber invert
and 15° slope.

NAVAJO MAIN CANAL OUTLET WORKS

Sections used in determining position and chape of inter-
gection of pate chamber floor and 15° sloping chutes.

1:16 Model
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_REPORT KY0-336
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Figure 18
Report Hyd-536

A. Double gate aperation. Discharge 1800 cfs,
head 126.50 ft., tailwater 14.35 ft. Note smooth
water surface in tunnel,

B. Single gate operation. Discharge 900 cfs,

head 126.5 ft., tailwater 9.55 ft. Noiz smooth
water surface in tunnel.

NAVAJO MAIN CANAL OUTLET WORKS
Flow in recommended stilling basin

1:16 Model
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Figure 19
Report Hyd-536

P B0 IR0 =17 T
L Ve g L e

B. Baffle piers helped in turning the flow upward,
Discharge 1800 cis, head 126.5 ft., tailwater 14,35 ft.

NAVAJO MAIN CANAL OUTLET WORKS

Flow with minimum head, and baffle pier effectiveness -
Recommended Design

1:16 Model




FIGURE 20
REPORT HYD~836_
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HEAD 110 FEET UPSTREAM HEAD 92 FEET

CURTAIN WALL PIEZOMETER LOCATIONS

NAVAJO MAIN CANAL OUTLET WORKS

RECOMMENCED DESIGN
DATA FROM |:16 MODEL




FIGGURE 21
REPORT MYD-836
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FIGURE 22
REPORT HYD=-536
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FIGURE 23
REPORT HYD

- 536
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Ta1750
{1D-64)

CONVERSION FACT(RS-—BRTTISE TO METRIC TNITS OF MEASTREMENT

The fallowing comversion fmctors mdopted by the Bureeu of feclemation are those pubilished by the American Society for
Testing and Materisls (ASTM Metric Practice Guide, January 1964) except that addiiions) faotors (#)} commonly used in

the Bureau have been added. Furiher discussion of definitions of quartities and unite is given on pages 10-11 of the
ASTM Metric Proctice Calde.

The metric units snd conversion factors wdopted by the ASTM are based on the "Irternational System of Unita" (designeted
SI for Systeme Interpaticnal d'Unites), fixed by ihe Internationsl Commdttes for Weights and Messures; this system is
8lso known BA the Glorgl or MESA [meter-kilogram (mess)-second-uppere) eystem. Thie gystem haz been ndopted Ty the
Internatiopal Orgenizstion for Standardization in IS0 Recammendaticn R-31.

The metric technical urdt of foree 1s the idlcgran-force; this 1s the foroe which, when applied t0 a body having a

mags of 1 kg, glves it an mceelaraticn of 9,.80665 n/sec/sec, the standard acceleration of free fall toward the earth'a
cemter for sem level at 45 deg latitude, The metric unit of foree in SI urdie 15 the newton (N}, which is delined as
that force which, when epriied to-a body bavirg m mmas of 1 kg, gives. it an scceleration of 1 w/sec/sec. These undts
must be distinguiched from the {inccmetant) local waight of a body heving & mmss of 1 kg; that is, the welght of &
body is thet foree with which a body 1s attracted to the esrih and is equal to the pass of e body multiplied by the
aceelerstion due to grevity. However, because it is general practice to use *® " rather tban the technically

correst term "pound-foree,” the term "idlogran” (cr derived maes wndi) bas been used in this guide instemd of “kilogram-
fores” in expreasing the conversion factcas for forces. The newbon wit of force will find increasing use, and iz
essential In S5I units,

Multiply . By To cbtain
LENGTH
Wi, . ... ke e e 25.4 {exactly). . . - . . . . Meron
ToChOE . . o s s 4 s s s s on 254 (exactly). . . .. ... W1lipeters
“ e r e n e e e 2.54 (exactly . .. ... Contimmtars
Port . . .. v e e e 30.48 (exantly) ... . . . Centimeters
0.3048 (exactly)* . . . . . Meters
e s h s e s s e s 0.00030:8 (exactly)» . . Eilcmters
B, .. 09144 (exmetly) . . . . .. Meters
piler (statute) . . . ... 1,609.3h (exectly)e . . . . . . Meters
...... 1.609344 (exactly) . . . . . Elleaeters
AREL
Square inches. . . .. . - 6.4516 (exartly) . . . . . . Square centimtera
Square feet, . . . .. .. 929.03 (exmotly)®, ., . . . . . Square centimeters
e e e e e 0.092903 (sxactly) . . . . . Square metera
Square yards , ., . . ... 0.836127 . . . .+ - + . . . Squara metars
AoTEB. ., .4 a s e s 040464 , ., ., .., ..., Hectares
f e h e e e e e &0469% .., Square neters
e et e e e s 0. W w e 1 e e v » . Square kilometars
Square piles . . . .. . 230999, . . . ..o . ... . Squavs kilomekera
VOLIME
-Cubfa dnohes , . ... 0 . . 16,387, ... .. ..
Cubde feat ... . ... ... 00283168 . ... ...
Cubcyerda., . . . .. .. . 0. 764555, & . .+ . . -
CAPACITY
Fldd eonces {U,8.) . . . oI 5 S
PR 205729, . . . sk .
1iquid pinte (U.5.) ... Q.4MLM9. . . ... .
QL7066. . . . ...
Qarte (U8.). . ... .. 946258 . .o vt an. ..
e b e s 0946358, . ., .., .....
Gallooe (U.5.) . . ... . 3,7 L L L L.
f o m e a 378543 . . . .. -
[ 378833 ... ... ..
P 0.00378543= , .., . .
GoYloms (TE.} . . .. . 45600 . . ... .
[ $.54%96 . . ... ..
Cobdo'feet . . . ... .. 28,760, ... .. ...
Cobjoymrds . . .. ... LA, . ... ..
Asre-feet, . . . . . ... . 1,233, . ., .. ...
s o s s e o o o 1,233 500w PNy S
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ABSTRACT

Hydraulic mode] studies showed the original design of the underground
stilling basin and chute for the Navajo Main Canal headworks sttucture
to be nr3atisfactory. A number of modifications were developed to
assure good energy disalpation, frecdom from violent backwater flows
againat the 2 radial gates, and smooth flow conditions into the 17-1/2-1,
2-mi-long horweshoe tunnel. Heads varied from 18 to 126.5 {t and dia~
charges from 0 to 1800 ofs, Use of li-deg sloping chutes extending from
gate chamber invert to basin floor instead of parsbalic chutes eliminated
most heavy surging, The horizontal gate chamber inverts were joined

to the chutes with 16-ft radiil of curvature, The thange in floor alinement
occurrad in the high pressure region upstrear irom the gate seats. A
basin length of 89 it provided the necessary energy dissipation, Vertical
curtain walla to prevent excessive backflow ageinst downstream sides of
the radial gates were placed with bottoms about 7 ft above the chutes and
faces aimost 31 ft downstream from the projected intercept of horizontal
gate chamber inverts and the chutes,

Maximum flows at minimum reserveir elevation are attained by sllowing
a part of the flow to overtop the cutain walla, Fonr large haffle plers
effectively turned the flow upward and increased energy dissipation rate
without danger of cavitation, An underpass-type wave suppressor
located at downstream end of the basin provided excellent flow condi-
tions in the downstream tunnel.

ABSTRACT

Hydraulic model studies showed the original design of the undergraund
stilling basin and chute for the Navaje Main Canal headworks structure
to be unsatisfactory. A number of modifications were developed to
assure good energy dissipation, freedom frem violent backwater flows
against the 2 radial gates, and smooth flow conditiona into the 17-1/2-it,
2-mi-long horseshoe tunnel. Heads varied from 13 to 126, 5 It and dis-
charges from 0 to 1800 cls. Use of 15-dep gloping chutes extending from
gate chamber invert to basin floor instead of parabolic chutes sliminated
most heavy surging, The horizontal gate chamber inverts were jolned

to the chutes with 16-ft radll of curvature. The change in floor alinement
occurred in the high pressure reglon upstream from the gate seats, A
basin length of 89 ft provided the necessary energy dissipation, Vertical
curtain walla to prevent excessive backflow against downatream sides of
the radial gates were placed with bottoms about 7 ft above the chutes and
faces almost 31 ft downstream from the projected intercept of horizontal
gate chamber inverts and the chutes.

Maximum flows at minimum reservolr elevation are stteined by allowing
a part of the flow to overtop the cutain walla, Four large baffle plers
effectively turned the flow upward and increased energy dissipation rate
without danger of cavitation. An underpass-type wave supprassor
located at downstream end of the basin provided excellent flow condi-
tionse in the downstream tunnel.

ABSTRACT

Hydraulic model studies showed the original design of the underground
stilling basin and chute for the Navajo Maln Canal headworks structure
to be unsatisfactory. A number of mudifications were developed to
assure good energy dissipation, freedom from violent backwater Ilows
against the 2 radial gates, and smooth flow conditions into the 17-1/2-1t,
2-mi-long horseshoe tunnsl. Heads varied fram 15 to 126,5 ft and dis-
charges from 0 to 1800 cfs, Use of 15-deg sloping chutes extending from
gate chamber invert to basin floor instead of parsbolic chutes eliminated
most heavy surging. The horizontal gete chamber inverts were joined

to the chutes with 16-ft radii of curvature, The change in floor alinement
occurred in the high pressure region upstream from the gate seats, A
basin length of 89 ft provided the necessary energy dissjpation. Vertical
curtain walla {o prevent excessive backlflow agcinet downstream sides of
the radial gates were placed with bottoms about 7 ft above the chutes and
faces almost 3} ft downstrzam [rom the projected intercept of horizontal
gate chamber Inverts and the chutes.

Maximum flows at minimum reservoir elavation are attained by allowing
a part of the flow to overtop the cutain walls. Four large baffle piers
effectively turned the flow upward and increased energy dissipation rate
without danger of cavitation. An underpasa-iype wave suppressor
located at downstream end of the hasin provided excellent flow condi-
tione in the downstream tunnel.

ABSTRACT

Hydraulie model studies showed the original design of the underground
gtilling basin and chute for the Navajo Main Canal headworks structure
to be unsatisfactory, A number of modifications were developed to
assure good energy dissipation, Ireedom from violent buckwater flows
againgt the 2 radinl gates, and smooth flow conditions into the 17- 1f2-ft,
2-mi-long horreshoe tunnel. Heads varied from 15 {o 126.5 ft and dis-

charges from 0 to 1800 cfs, Use of 15-deg sloping chutes extending from -
gate chamber invert to bagin floor instead of parabolic chutes eliminated

mogt heavy surging, The horizontel gate chamber inverts were joined .
to the rhutes with 16-ft radii of curvature, The change in floor alinemnent ¥
ovccurred in the high pressure region upst” zam from the gate seata, A @

baain length of 89 ft provided the necessary energy dissipation, Vertical
curtain walls to prevent exceasive back{low agalnat downatream sides of
the radial gates were placed with bottoms about 7 f} above the chutes and
faces almost 11 It downstream from the projected intercept of horizontal
gate chamber inverts and the chutes,

Maximum flows at miinimum reservoir elavatlon are attained by allowing

a part of the flow to overtop the cutain walls, Four large baffle piera

effectively turned the {low upward and increased energy dissipation rate N
without danger of cavitation. An underpass-type wave suppressor

located at downsatream end of the basin provided excellent flow condl-

tionsg in the downstream tunnel.




Hyd-536

Isbester, T J :

HYDRAULIC MODEL 3TUDIES OF THE MAIN CANAL OQUTLET WORKS--
WAVAJO INDIAN IRRIGATION PROJECT, NEW MEXICO

Laboratory Report--Bureau of Reclamation, Denver, Calorado, 12p, 24
fig, 4 vef, 1054 ’ - S

DESCRIPTORS-- #atllling basinsf *redial gater/ laboratory tests/
hydraullc jumpa{ research and development/ gate scalsf ~avitation/
baffles/ hydraulle gatea and valves/ *energy digsipation/ instrumen-
tation/ hydraulicalgcanalsf high pressures/ discharff’esl bydraulic
atructures{/ {ransitions/structures// wave velocity/ vlers/ model
testa/ hydraulic models/ chutes/ tuanela

IDENTIFIERS-- *headworks/ curtain walls/ chuie blocks/ backile ¥s/
center plers/ design modifications/ horseshoe transitions/ *underground
stilling basins/ wave suppressors/ spoilers

Hyd- 536

Isbester, T J

HYDRAULIC MODEL STUDIES OF THE MAIN CANAL QUTLET WORKS--
NAVAJO INDIAN IRRIGATION PROJECT, NEW MEXICO

Laboratory Report--Bureau of Reclamation, Denver, Colorado, i2p, 24
fig, 4 ref, 1964

DESCRIPTORS-- #stllling basins/ *radial gates/ laboratory tests/
hydraulic jumps/ research and development/ gate seals/ cavitationf
baffles/ hydraulic gates and valvea/ *energy dissipation/ instrumen-
tation/ hydraullca/ canals/ high pressures/ discharges/ hydraulle
structures// transitions/structures// wave velocity/ piers{ model
testa/ hydraulic models/ chutes/ tunnels :

IDENTIFIERS-- *headworks/ curtain walis/ chute blocks! backflows/
center plers/ design modifications/ horseshoe trarsitions/ +*underground
stilling basins/ wave suppressors{ apoilers

Hyd- 536

Igbester, T J

HYDRAULIC MODEL STUDIES OF THE MAIN CANAL OUTLET WORKS- -
NAVAJO INDIAN IRRIGATION PROJECT, NEW MEXICO

Laboratory Report--Burean of Reclemation, Denver, Colorado, 12p, 24
fig, 1 ref, 1964

DESCRIPTORS-- #stilling basins/ *radial gates/ laboratory tests/
hydraulle jumpa/ research and development/ gate seals! cavitation/
baiflex) hydraplic gates and valvea] *cnergy dissipstion/ instrumen-
tation/ hydraulics/ canals/ high pressures/ discharges/ hydraulic
structures// transitionafstructures// wave velocity? plers/ model
tests/ hydraulic models{ chutes{ tunnels

IDENTIFIERS~- *headworks/ curtaln walla/ chute blocks/ backflows/
center plersa/ design modifications/ horseshae transitions/ *underground
stilling basina/ wave suppressors{ spoilers

Hyd- 538

lebester, T J

HYDRAULIC MODEL STUDIES OF THE MAIN CANAL OUTLET WORKS-«
NAVAJO INDIAN IRRIGATION PROJECT, NEW MEXICO

Laboratory Report--Bureau of Reclamation, Denver, Colorado, 12p, 24
fig, 4 ref, 1984

DESCRIPTORS-- #stilling basins/ *radial goten/ laboratory tests/
hydraulic jumps/ reaearch and development/ gate scals/ cavitation/
bafflea/ hydraulic gates and valves/ *energy dissipation/ instrumen-
tation/ hydraulics/ canals/ high pressurea/ discharges/ hydraulic
structures// transitionefstructures// wave veloclty? plers! model
tests/ hydrauvlic models/ chutes/ tunnels

IDENTIFIERS-- #headworks/ curtain walla/ chute blocks/ backflows/
center plers/ design modifications! horseshoe transitlons/ *underground
stilling basins{ wave suppressoraf spoilera




