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Purpose

A physical hydraulic model study was conducted to evaluate the hydraulic
characteristics of the Fontenelle Dam river outlet works stilling basin and to
design a flow deflector or a series of flow deflector panels for the purpose of
mitigating basin abrasion damage. The Fontenelle basin has a width of 62 feet
(ft) that spans a distance much greater than any basin previously studied. As a
result, the project presented the additional challenge of designing a deflector for
the nonuniform flow conditions that often occur in wide-span basins at flows less
than the design flow.

Background

Stilling basin abrasion damage is a widespread problem for river outlet works at
dam sites throughout the United States. Abrasion damage occurs when materials,
such as sand, gravel, or rock, are carried into the basin by a recirculating flow
pattern produced over the basin end sill during normal operation of a hydraulic
jump energy dissipation basin (figure 1). Once materials are in the basin,
turbulent flow continually moves the materials against the concrete surface,
causing severe damage, often to the extent that reinforcing bars are exposed.
Unfortunately, when repairs are made, many basins again experience the same
damage within one or two operating seasons. Research conducted by
Reclamation’s Water Resources Research Laboratory (WRRL) in Denver has
demonstrated that the installation of flow deflectors (figure 2) in basins less than
25 ft in width can improve the flow distribution in existing basins. Improving the
flow distribution can minimize or eliminate the potential for materials to be
carried into stilling basins, thus increasing the life of the basins and reducing
necessary repairs [1]. A patent is pending on this technology.

Recirculating

o Flow Pattern

\ Abrasion Damage End <|

Figure 1. A recirculating flow pattern is produced over the stilling basin end sill during
normal operations, creating the potential for abrasion damage.
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Figure 2. Desired flow pattern with a typical flow deflector installed.

Stilling basins wider than about 25 ft present an additional challenge due to the
tendency of the incoming jet or hydraulic jump to attach to one side of the basin,
thus creating nonuniform flow conditions at discharges less than the maximum
design flow for the basin. In addition, the hydraulic jump will often oscillate
from one side of the basin to the other without changes in gate operations.

Introduction

The Fontenelle Dam outlet works stilling basin is a typical Reclamation type Il
basin with a width spanning 62 ft and a long history of abrasion damage [2].
Fontenelle Dam is located on the Green River in Lincoln and Sweetwater
Counties, about 24 miles southeast of La Barge, Wyoming. Fontenelle Reservoir
has a total capacity of 345,000 acre feet. The reservoir provides water for
municipal and industrial use, the Seedskadee Wildlife Refuge, and minimum
flows for fish, and recreation. The dam is an earth and gravel structure
approximately 6,000 ft long and rises about 127 ft above the riverbed. The river
outlet works and powerplant are located near the center of the embankment
adjacent to the toe of the dam, with the power penstock branching from the river
outlet works (figure 3). The river outlet works consists of two 8-1/2-ft by 11-ft
top-seal regulating gates discharging into two 14-ft diameter horseshoe conduits
into a curved chute and stilling basin. The third tunnel consists of a 10-ft
diameter pressure conduit that branches off to the powerplant penstock 20 ft
upstream from the tunnel portal. The end of the third conduit feeding into the
outlet works is terminated at an 8-z ft by 8-% ft slide gate controlled turnout at
the upstream end of the stilling basin chute.

A physical hydraulic model of Fontenelle Dam river outlet works was constructed
in the WRRL to study flow patterns associated with the basin and to determine if
a flow deflector or series of deflectors could be designed to mitigate entrainment
of materials into the basin (figure 4).



Figure 3. View looking upstream at Fontenelle Dam, the river outlet works, and the
powerplant.

Conclusions

The studies began with evaluating the existing conditions for a range of
operations up to 14,200 cubic feet per second (ft*/s), then progressed with testing
a series of different configurations using one or more deflectors through the same
range of operations, until an optimal deflector configuration was determined.
Optimal is defined as producing the maximum possible downstream average
velocity exiting the stilling basin over the largest range of operations without
producing significant erosion immediately downstream from the stilling basin.
All dimensions and measurements reported are scaled to prototype dimensions
and are referenced to the bottom upstream edge of the deflector.

The following conclusions are based upon the results from the hydraulic model
testing:

(1) Flow conditions were first evaluated for the existing basin without a
deflector. Average bottom velocities measured at the end of the basin without
a deflector were predominantly in the upstream direction and were as high as -
4.0 feet per second (ft/s) with a maximum velocity of about -10 ft/s measured
over the range of operating conditions tested (negative values indicate
velocities were directed upstream into the basin).
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Figure 4. Plan and section of the Fontenelle Dam river outlet works stilling basin.

(Locations for velocity measurements in the model are also shown.)



(2) The final optimal deflector design consists of two stationary deflectors
oriented vertically and staggered in position within the stilling basin walls.
The vertical dimension of the upper deflector is 11.33 ft. The upper deflector
is positioned 25 ft above the basin invert elevation and 13.33 ft upstream from
the end of the basin walls. The lower deflector has a vertical dimension of
5.67 ft and is positioned 13.75 ft above the basin invert elevation and 6.65 ft
upstream from the end of the basin walls. With this arrangement, flow
conditions should be improved significantly to minimize the potential for
carrying materials into the basin, thereby extending basin life.

(3) With the final optimal deflector design in place, average velocities were
redirected downstream away from the basin. Average downstream bottom
velocities measured at the end of the basin for discharges ranging from
1,126 ft*/s to 14,200 ft*/s were as high as 9.5 ft/s, with a maximum velocity
from occasional flow surges as high as 15 ft/s to 18 ft/s. Velocities of this
magnitude could cause some shifting of riprap; however, no significant
erosion is expected for riprap greater than 18 inches in diameter [3].

(4) The optimal, two deflector staggered configuration produced better overall
performance than a single moveable deflector, although flow conditions with
the vertically mobile deflector were significantly improved over having no
deflector within the basin. The mobile deflector tested was positioned
vertically with a vertical dimension of 11.33 ft and 13.33 ft upstream from the
end of the stilling basin walls. However, when the mobile deflector was
positioned for best performance for discharges above 6,010 ft*/s (elevation
6368 ft), average velocities were as high as 18 ft/s and could produce
significant erosion for riprap as large as 3 ft or 4 ft in diameter [3].

(5) A single stationary deflector was tested and proved successful in
significantly improving flow conditions up to a discharge of 3,062 ft*/s, with
some improvement in flow conditions for discharges up to 6,010 ft*/s.
However, for flows above 6,010 ft*/s, although there would be some
improvement in performance, it would be insignificant compared to
performance without a deflector. Best performance for a single stationary
deflector occurred with the deflector positioned vertically at elevation 6387 ft,
with a vertical dimension of 11.33 ft, and 13.33 ft upstream from the end of
the stilling basin walls. With a single deflector in place, although there may
be some downstream movement of materials, no significant erosion would be
expected.

(6) Differential loading across the upper and lower deflectors for model
operations up to 14,200 ft*/s was determined by measuring pressures with
piezometers. The greatest pressure drop measured across the upper deflector
was about 4.6 pounds per square inch (Ib/in?) and occurred at a location near
the east wall, at a discharge of 14,200 ft*/s. The largest pressure drop



measured across the lower deflector was about 8 Ib/in” and again occurred at a
location near the east wall at a discharge of 14,200 ft*/s.

The Model

A 1:16 geometric scale was used to model the Fontenelle Dam river outlet works
stilling basin (figure 5) to study the effect of deflector positioning on flow
patterns over the basin end sill. Froude scale similitude was used to establish the
kinematic relationship between model and prototype because hydraulic
performance depends predominantly on gravitational and inertial forces. Froude
scale similitude produces the following relationships between the model and the
prototype:

Length ratio L, =1:16
Velocity ratio  V,=L,*=1:4
Discharge ratio  Q; = L,” = 1:1024

To accommodate the substantial drop in
Reynold’s number that occurs at the end of
the stilling basin for flows below design
flow, a range of discharge was evaluated in
the model for each prototype discharge. The
range tested for each discharge was based on a8
results from previous stilling basin research SV e
and allowed for a conservative design of the  F0 NP L s
deflector to provide effective performance _—y -/
over the range of prototype discharges

represented [4].

Model Description

Figure 5. Overview of the 1:16 scale
. . Fontenelle Dam river outlet works model,
The model included the following prototype looking downstream.

features:

(1) The two 8-¥2 ft-by 11-ft high pressure regulating gates and 14-ft
diameter horseshoe conduits (referenced as tunnel 1 for the eastern
conduit and tunnel 2 for the center conduit).

(2) The 8-Y ft-by 8-Y%-ft regulating gate (referenced as tunnel 3) and
upstream bifurcation to the powerplant stub.



(3) The 62-ft-wide hydraulic jump stilling basin with curved chute, chute
blocks, and dentated end sill (figure 4).

(4) Approximately 200 ft of topography downstream from the basin,
constructed on a 5:1 adverse slope up from the end sill.

Water was supplied from the permanent laboratory venturi system and routed to
the model through the pipe chase surrounding the perimeter of the laboratory.
The prototype radial gates in tunnels 1
and 2 were represented with slide gates
in the model (figure 6) because the
conduit length was enough to dampen
any significant effects associated with
differences in gate geometry, and to
reduce costs. Hoist travel for the radial
gates was converted to percent slide
gate opening and is given in table 1.
Then discharge corresponding to each
slide gate opening, at 20% increments,
V\{as calculated based (_)n th? radial gate Figure 6. High pressure regulating slide
discharge curves provided in the gates in the model for tunnels 1 and 2.
Fontenelle Dam Designer’s Operating

Criteria (DOC) and is given in

tables 2 and 3 [5].

1A,

Table 1. Representative slide gate opening as a function of radial gate hoist travel for
tunnels 1 and 2

Radial gate hoist travel Slide gate opening
(ft) (ft)

1 7.2

2 13.6

4 27.3

6 43.3

8 59.6

10 78

11 87.7

12.125 100




Table 2. Test flow conditions investigated with the center tunnel, tunnel 2, operating

Tunnel 2 Operating Alone

Prototype discharge Prototype
Gate opening (%) represented tailwater elevation
(ft%/s) (ft)
20 1,126 6396.4
40 2,120 6397.1
60 3,062 6397.7
80 4,301 6398.4
100 6,010 6399.3
Table 3. Test flow conditions investigated with multiple tunnels operating
Prototype Prqtotype
. . : tailwater
Multiple tunnels operating discharge :
3 elevation
(ft’/s) (Ft)
Tunnel 1 and Tunnel 2 at 80% gate opening 8,601 6400.4
Tunnel 1 and Tunnel 2 at 100% gate opening 12,020 6401.5
Tunnel 1 and Tunnel 3 discharging equally at
4,100 ft¥/s; Tunnel 2 discharging at 6,010 ft*/s 14,200 6401.9

Tailwater elevation was set for each flow condition, using tailwater data obtained
during Fontenelle Dam outlet works operations. Tailwater was set based upon the
powerplant operating under a continuous discharge of 1,700 ft*/s, except when all
three tunnels were discharging together at 14,200 ft*/s. For this condition it was
assumed that the powerplant would not be operating. Slide gate discharge for
tunnel 3 was set according to the discharge curve provided in the DOC [5].




Model Study Investigations

Model investigations were conducted to evaluate hydraulic conditions at the
stilling basin exit for the range of operating conditions expected in the prototype.
Figure 7 shows a view
of the model looking
through the plexiglass
side wall. The model
was operated to match
the Fontenelle Dam
DOC [5]. According to
the DOC, the center
tunnel, tunnel 2, will be
operated alone until it is
fully opened and
discharging at about
6,010 ft*/s. If more
flow is required,

tunnel 1 is added and
both are operated
symmetrically. If the
magnitude of the flood forecast requires greater releases, then the powerplant
bypass gate can be opened to 8 ft for a discharge of about 4,100 ft*/s and tunnel 1
should be opened to provide 4,100 ft*/s for a balanced flow. This gives a
discharge capacity of 14,200 ft*/s, when the water surface elevation is at the
spillway crest elevation 6401.9. Several representative flow conditions within
this range of operation were tested and are listed in tables 2 and 3.

Figure 7. View looking through the plexiglass side wall of
Fontenelle Dam outlet works model discharging at 6,010 ft*/s.

Velocities in the model were measured with a SonTek Acoustic Doppler
Velocimeter probe and were measured near the bottom at the downstream end of
the basin at three separate positions across the width of the basin (figure 4). Best
deflector performance was defined as the configuration that produced the highest
maximum possible downstream average velocity exiting the basin over the largest
range of operations.

Five separate deflector configurations, with varying dimensions and elevations,
were tested in the model over the same range of operating conditions.

The initial deflector configuration consisted of three separate panels to span the
62-ft-wide basin. Each panel was mounted on a set of guides attached to the
basin sidewalls or dentates to allow independent vertical movement of the three
deflector panels within the basin. For the next four test configurations, a second
deflector panel was added, spanning the width of the basin and staggered in
location, both vertically and horizontally, from the first set of panels.

Figure 8 shows a typical deflector arrangement and dimension description.
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Figure 8. Typical deflector arrangement tested with an upper and lower deflector
staggered vertically and horizontally in position.

In addition, deflector loading was investigated using 24 piezometer taps that were
installed equally spaced across the upstream and downstream faces of each
deflector. The taps were connected to a manometer board to measure static
hydraulic differential loading on each deflector, for the final recommended
geometry, for flow rates up to a maximum discharge of 14,200 ft%/s.

Model Results and Discussion

No Deflector

Initial investigations began with collecting and analyzing velocity data to define
basin performance of the existing basin without a deflector. For each flow
condition tested, velocities were measured at three locations across the width of
the basin and in 1.5-ft vertical increments to map out resulting flow patterns at the
stilling basin exit. Figures 9-15 show average velocities as a function of elevation
for vertical profiles measured at the east, center and west locations over the basin
end sill.

The figures also show average velocity magnitudes and directions with flow from
left to right. Velocity data to the left, or negative, of the vertical elevation scale
are upstream, while those to the right, or positive, are downstream. Basin invert
elevation is 6357 ft. The figures show that strongest upstream velocities occur at
an elevation about 6 ft above the basin floor elevation where flow can be pulled
over and into the stilling basin just above the dentated sill. Initial investigations
showed that average velocities measured at this elevation (6363 ft) at the end of
the basin and at three positions across the width of the basin provided a good
representation of bottom velocities that either carry materials into or flush
materials out of the basin. Therefore, velocities measured at this location were
used as a basis to determine basin or deflector performance for all subsequent
investigations with deflectors in the basin. Note that negative average velocities
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indicate flow is directed into the stilling basin (with the potential of moving
materials into the basin) and positive average velocities indicate flow is
downstream away from the stilling basin, thus indicating good performance. The
strongest average velocities measured in the upstream direction for the existing
basin were as high as -4 ft/s, with maximum upstream velocities as high as -10
ft/s, indicating the strong potential for pulling materials into the basin.

The elevation for each profile where velocities cross over the axis from negative
to positive is usually a good indication of the location of the most concentrated
portion of the flow exiting the basin and was used to determine the initial
elevation for each deflector. However, some interpretation of data is required for
each of the figures because the upper portion of the water column is usually
highly aerated and may cause some error in velocity measurements, resulting in
erratic values. However, the general trend in values or flow patterns is thought to
be representative of the flow conditions in the prototype. This has been
confirmed with correlation of previous research during field evaluations [4]. In
addition, air concentration is relatively small near the bottom and at the end of the
basin where velocities were measured to define basin performance.
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With Deflectors

Deflector performance is usually best when the deflector is positioned at an
elevation corresponding to the bottom of the most concentrated portion of the
downstream jet exiting the basin. Although this location can often be identified
with vertical profile data, it changes with discharge. So best performance occurs
when the deflector can be positioned to be effective over the largest or most
predominant operating range expected in the prototype.

When evaluating deflector performance, relative deflector performance was
determined by comparing the average velocities measured at the lowest elevation
6363 ft over the basin end sill. Higher average velocities in the positive direction
indicate better performance. Figure 16 shows an example of a histogram
developed by analysis software from a typical test run of 3,000 data points.
Figure 16 shows data distribution for a case where the average velocity measured
was near zero. The figure shows that individual velocity measurements range
from 5 ft/s to - 5 ft/s; therefore, some materials may be carried into the basin
during upstream flow surges. Therefore, although performance with an average
velocity near zero may be significantly better than performance without a
deflector with negative average velocities, it does not mean materials won’t be
pulled into the basin. Figure 17 shows the data distribution for a case where the
average velocity measured was 2.3 ft/s and directed downstream. This figure
shows that although the average velocity is positive, some flow velocities in the
upstream direction are as high as those in the histogram of the previous example.
However, in this case, because the majority of the velocity samples measured are
positive, the potential for moving materials into the basin is much smaller than
that of the condition where the average velocity was near zero. Therefore, higher
average velocities indicate better performance.

Velocity (ft/s) Velocity (ft/s)

Figure 16. Example histogram for data
distribution of 3,000 samples. Average
velocity is near 0.0 ft/s.

Figure 17. Example histogram for data
distribution of 3, 000 samples. Average
velocity is 2.3 ft/s.
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Single Deflector Span
The vertical profile data from the existing
basin tests were used to determine the
initial vertical location for each of the
three deflector panels for each flow
condition tested. These initial
investigations with the model showed that
there was no significant advantage in
moving the three panels independently, so
all three panels were moved as a single
unit for all subsequent investigations
(figure 18). The deflector lateral location,
height, and orientation were determined
from guidelines developed from previous
site- specific model studies and research
[4]. The three-panel unit was oriented
perpendicular to the basin floor, with a _ _ _
vertical dimension of 11.33 ft, and Figure 18. View looking upstream at

.. . the deflector panels installed at the end
positioned at a lateral location 13.33 ft of the basin.
(referenced to the upstream face of the
deflector) upstream from the end of the stilling basin. As the panel unit was
moved up vertically in increments of 1.5 ft, bottom velocities were measured to
determine deflector performance. Deflector elevation, referenced to the bottom
edge of the deflector, ranged from 6365 ft to 6387 ft. Actual elevations that were
tested varied for each flow condition depending on several factors, including
analysis of initial vertical velocity profiles measured at the end of the basin.
Figures 19-26 show average bottom velocities at elevation 6363 ft for each
discharge, measured without a deflector compared to velocities measured at the
same location for each deflector elevation tested.

Figures 19-21 demonstrate that for discharges ranging from 1,126 ft*/s to

3,062 ft*/s, performance improves as the deflector is moved higher in elevation.
Figures 24-26 show that for discharges ranging from 8,601 ft%/s to 14,200 ft*/s,
deflector performance improves as the deflector is moved lower in elevation.

This difference in deflector performance with discharge is due to changes in the
hydraulic jump characteristics with flow and tail water. At low discharges, the
hydraulic jump is fairly weak and the most concentrated portion of the jet
immediately rises off the basin floor and is high in the water column by the time it
reaches the end of the basin. Therefore, the deflector must be positioned at higher
elevations to redirect flow downward.
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Figure 24. Average bottom velocity measured at

Figure 23. Average bottom velocity measured El. 6363 ft at the basin exit for Q = 8,601 ft¥/s.

at El. 6363 ft at the basin exit for Q = 6,010 ft¥/s.
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At high discharges, the hydraulic jump is strong and a concentrated jet remains
near the basin floor; thus, a low deflector elevation is needed to redirect flow.

Discharges in the range between 3,062 ft*/s and 8,601 ft*/s (figures 22 and 23) are
in a transition zone where flow currents are difficult to define and deflector
positioning is more difficult to determine. This transition zone occurs because
flow magnitude increases from being small relative to the width of the basin to a
magnitude that fills the width of the basin. As a result, the hydraulic jump
transitions from being extremely strong and concentrated on one side of the basin
into a jump that is weaker in strength as it spreads more uniformly across the
width of the basin. At a flow of 4,301 ft*/s, the hydraulic jump is strong but is
predominantly concentrated on the west side of the stilling basin. Therefore,
although the jump does not fill the basin in width or length and is concentrated on
only one side, it acts similar to the higher flows with the jet remaining strong and
low in elevation. As a result, the deflector must be low in elevation to redirect
flow and produce good performance. At a discharge of 6,010 ft®/s, the incoming
jet begins to spread more uniformly across the width of the basin and the jump
becomes weaker so that the downstream portion of the flow rises higher into the
water column. Therefore, the deflector must be high in elevation to redirect flow
and produce good performance. For discharges of 8,601 ft*/s and above, the
uniformly distributed jet is strong enough to remain low in elevation near the end
of the basin, again requiring a low deflector elevation.

The data from figures 19-26 were used to derive the effectiveness of deflector
performance for a moveable deflector that uses two positions to maximize
performance over the operating range tested. Figure 27 shows deflector
performance with the deflector positioned at elevation 6387 ft for discharges up to
6,010 ft*/s and positioned at elevation 6368 for discharges greater than 6,010 ft*/s.
While operating at discharges above and below the transition zone, the moveable
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deflector is effective in mitigating entrainment of materials, since flow patterns
are fairly consistent and well defined. However, while operating within the
transition zone, there is no guarantee that the deflector is positioned where it will
be most effective. In addition, when the deflector is positioned at elevation 6368
ft for the higher discharges, downstream velocities are quite high. Average
velocities at 14,200 ft%/s are above 18 ft/s with maximum instantaneous
downstream velocities as high as 23 ft/s. According to Reclamation’s
Engineering Monograph No. 25, velocities of this magnitude could cause
significant movement of riprap, up to 4 ft in diameter, immediately downstream
from the end of the stilling basin [3].
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Figure 27. Performance of a single moveable deflector set at
El. 6387 ft for discharges less than or equal to 6,010 ft¥/s and at
6,368 ft for discharges greater than 6010 ft*/s.

If a single stationary deflector were used, best performance would be achieved
with the deflector set at elevation 6387 (figure 28). This design would provide
good performance for discharges up to 3,062 ft*/s and would provide some
effectiveness for discharges up to 6,010 ft*/s. However, no significant
improvement in performance would be provided for discharges above 6,010 ft*/s.
As a result, several other options, using two deflectors, were evaluated to see if
overall performance could be improved.
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Figure 28. Single stationary deflector performance at
elevation 6387 ft for discharges up to 8,601 ft¥/s.

Staggered Deflector Configurations
Four separate configurations were tested,
using a two deflector staggered arrangement,
to see if performance could be improved
over that of a single span deflector (figure
29); however, only the two most effective
configurations are presented here in detail.

Option 1- Staggered Deflectors

The three original deflector panels were left
in place and an additional flow deflector was
installed, staggered both horizontally and
vertically in position from the original panel
unit.

The position for the new deflector panel was — :
determined based on the results from the Figure 29. View looking upstream at
vertical velocity profiles collected for the the end of the basin with a typical

.. . 1 staggered deflector arrangement.
existing basin and from guidelines generated
previously from research using a staggered
deflector arrangement [4]. The new panel was positioned vertically, 11 ft above
basin floor elevation 6357 ft, and 6.65 ft upstream from the end of the stilling
basin walls (figure 8). The new panel remained stationary and had an 8.5-ft
vertical dimension and spanned the 62-ft-wide basin as a single unit. The original
upper panels were then moved as a single unit in vertical increments, and bottom
velocities at elevation 6363 ft were measured to determine best deflector
performance (figures 30-37).
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Figure 33. Option 1 - staggered deflectors —
average bottom velocity measured at El. 6363
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Results from model investigations indicated that this arrangement of two flow
deflectors staggered vertically and horizontally in position was a more effective
arrangement than no deflector or a single deflector for all flows tested. After
reviewing figures 30-37, it appeared that the dual deflector system could be fixed
with the upper deflector positioned at elevation 6382 to produce the best overall
performance. Velocity magnitudes for this arrangement are shown on figure 38.
Deflector performance is better with this arrangement when compared with the
performance of a single deflector.
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Figure 38. Option 1 - staggered deflector performance — deflector
design with upper deflector vertical dimension 11.33 ft at elevation
6382 ft and lower deflector vertical dimension 8.5 ft at elevation
6368 ft.

However, after completion of these tests, concern arose regarding the magnitude
of the velocities exiting the basin. Average velocities as high as 16 ft/s, with
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maximum instantaneous velocities as high as 22 ft/s, were produced for
discharges above 6,010 ft*/s. The magnitude of velocities jumps significantly at a
discharge of 8,601 ft/s because downstream flow has become strong and low in
elevation at this discharge, so that the lower deflector is being utilized more fully
to redirect flow downstream. Average velocities of this magnitude could cause
movement of riprap as large as 3 ft in diameter. As a result, although this
arrangement produced the best performance for preventing materials from being
carried into the basin, it is not recommended because of the high potential for
severe erosion. However, if geologic data for the area downstream from the basin
presents evidence that severe erosion would not occur under velocities of this
magnitude, this could be considered a viable option.

Option 2 - Optimal Staggered Deflector Arrangement

Additional testing was undertaken to investigate an alternative series of deflector
sizes and locations that would lower the velocities exiting the basin to an
acceptable level, while still providing effective performance. Best overall
performance for each deflector configuration was evaluated and plotted. The
graphs were then compared to determine which configuration produced the best
overall performance throughout the operating range tested without producing
downstream velocities of a magnitude that could cause severe erosion
downstream from the basin.

Results from these tests showed that a two deflector staggered configuration, with
the lower deflector reduced to a vertical dimension of 5.67 ft and raised in
elevation to 6370.75 ft, or 13.75 ft above the basin invert provided best overall
performance. Figures 39-45 show bottom velocities measured with the lower
deflector stationary and the original upper panel unit moved in vertical
increments.
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Figure 39. Option 2 - optimal staggered deflectors with
lower deflector at elevation 6371 ft and reduced to 5.67
ft. Average bottom velocity measured at basin exit for
Q =2,120 ft*/s.
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Figure 42. Option 2 - optimal staggered
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Figure 44. Option 2 - optimal staggered
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Figure 41. Option 2 - optimal staggered
deflectors with lower deflector at elevation
6371 ft and reduced to 5.67 ft. Average
bottom velocity measured at basin exit for
Q = 4,301 ft’/s.

@ 1/m

) 10 West

N B Center

3 8 T1m East

o 6

2

nc]’ 2

()

g 97

:?) 27 > 1 2 g
4 &3 &3 o o®

Upper Deflector Elevation (ft)

Figure 43. Option 2 - optimal staggered
deflectors with lower deflector at elevation
6371 ft and reduced to 5.67 ft. Average
bottom velocity measured at basin exit for
Q = 8,601 ft’/s.

12

&) 10 1 W West

“i | Center

2 8

-g 0 East

° 6

>

IS 4

]

e 2]

S 2l 3 4 % 4

< Rt el 3 & >
-4

Upper Deflector Elevation (ft)

Figure 45 Option 2 — Optimal Staggered Deflectors
with lower deflector at elevation 6371 ft and reduced
to 5.67 ft. Average bottom velocity measured at basin
exit for Q = 14200 ft*/s

22



Best overall performance for this arrangement occurred with the upper deflector
positioned at elevation 6382 ft. Figure 46 demonstrates that performance is good
with this arrangement for discharges up to 6,010 ft*/s. At discharges above
6,010 ft/s, average velocities indicate that some rocks less that 5 inches in
diameter may be carried into the basin on the west side; however, high
downstream velocities on the east side of the basin may help flush many of these
materials out of the basin.

This could result in some abrasion damage; however, damage should be minimal
compared to present damage experienced in the basin.

The highest average downstream velocity measured for this arrangement was
9.5 ft/s, with a maximum velocity from occasional flow surges as high as 15 ft/s
to 18 ft/s. Velocities of this magnitude could cause some shifting of riprap;
however, no significant erosion is expected for riprap greater than 18 inches in
diameter. As a result of these findings, this is the final recommended deflector
arrangement.

A brief description of two additional deflector configurations tested may be found
in Appendices A and B.
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Figure 46. Option 2 - deflector performance for final recommended

arrangement with upper stationary deflector vertical dimension 11.33
ft at elevation 6382 ft. Lower deflector with 5.67 ft vertical dimension

at elevation 6370.7 ft.
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Summary

Recommended Deflector Configuration

The following parameters summarize the final design for the recommended
stationary, two deflector staggered configuration:

1) Upper stationary deflector - The upper deflector should be oriented
vertically, with a vertical dimension of 11.33 ft, and positioned at
elevation 6382 ft (referenced to the bottom of the deflector) and at a
lateral location 13.33 ft upstream from the end of the stilling basin walls
(referenced to the upstream face of the deflector).

2) Lower stationary deflector — The lower deflector should be positioned
vertically, with a vertical dimension of 5.67 ft and positioned at elevation
6370.75 ft (referenced to the bottom of the deflector), and at a lateral
location 6.65 ft upstream from the end of the stilling basin walls
(referenced to the upstream face of the deflector).

Figure 47 shows a view
looking upstream at the
model operating at

6,010 ft*/s, with the final
deflector configuration in
place. Implementation of
the recommended option
should significantly reduce
the amount of basin
abrasion damage caused by
upstream entrainment of
material. However, it is
also important that proper
techniques in concrete
repair be used [6];
otherwise, high-velocity

fl Id . Figure 47. View looking upstream at the end of the
Ow could cause erosion model basin operating at 6010 ft*/s with the final
and release of aggregate staggered deflector configuration.

into the stilling basin.

Although pieces of aggregate may be small, compared with riprap previously
entrained in the basin, and although much of this material may be flushed from
the basin over time, some abrasion damage may occur.

It is also important to note that past studies have shown that large variations in
tailwater from the design values tested may affect the performance of the
deflector. Past studies have shown that tailwater depths 5 to 10 percent higher
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than the design value can significantly reduce the performance of the deflector,
although performance was still improved compared to having no deflector in the
stilling basin. Deflector performance was not significantly reduced for tailwater
depths in the range of 5 to 10 percent below design value.

In addition, although no significant abrasion and downstream erosion are
expected, it may be beneficial to have divers inspect the basin and downstream
riprap after the basin has operated at discharges above 6,010 ft*/s for an extended
period of time or after high tailwater conditions have existed.

Finally, research in the development of flow deflectors for mitigating abrasion
damage in wide-span basins greater than 25 ft in width is ongoing and may, in the
future, result in the development of other solutions.

Deflector Loading

The final recommended deflector configuration consists of two stationary
deflectors, spanning the width of the 62-ft wide basin. As a result, structural
design of the deflector and its supports becomes important. The addition of one
or two piers within the basin may also be required for the structural support of
each deflector. Therefore, loading across the deflectors from upstream to
downstream was investigated for structural design use.

Piezometer taps were installed on the upstream and downstream faces of the
recommended upper and lower deflectors to measure differential static hydraulic
loading. Taps 1 through 12 were installed equally spaced across the upper
deflector from west (1) to east (12) and alternated facing upstream and
downstream so that each adjacent pair would measure a pressure drop across the
deflector (from upstream to downstream). Taps 13 through 24 were installed in a
similar manner on the lower deflector with tap 13 closest to the west wall.

Pressure differentials at each location were measured for the same operating
conditions tested previously and are shown in figures 48 and 49, respectively, for
the upper and lower deflectors. The greatest pressure drop measured across the
upper deflector was about 4.6 Ib/in? and occurred at taps 11and 12, nearest the
east wall, at a discharge of 14,200 ft*/s. The greatest pressure drop measured
across the lower deflector was about 8 Ib/in? and occurred at taps 23 and 24, again
nearest the east wall at a discharge of 14,200 ft¥/s.

In addition to the pressure drop across the deflectors (from upstream to
downstream), figures 48 and 49 show that pressure drop along the span of each
deflector, from west to east, is not uniform. As a result, there is also a differential
load along the length of the deflector spanning between the basin walls. For
discharges ranging from 1,126 ft*/s to 4,301 ft*/s, the pressure drop measured
varies from high to low traveling from the basin west wall to the east wall. At
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discharges greater than 6,010 ft*/s, the differential load shifts so that the highest
load is near the east wall. This pressure variation occurs because the hydraulic
jump shifts in strength and from one side of the basin to the other as basin
operations pass through the transition zone, as discussed in earlier sections.

Also note that for design purposes, that these differential pressure values do not
include dynamic loading and do not include a factor of safety.
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Figure 48. Pressure drop measured across upper deflector from west (taps 1 and 2) to
east (taps 11 and 12).
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Figure 49. Pressure drop measured across lower deflector from west (taps 13 and 14)
to east (taps 22 and 23).
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Appendix A

Option 3 Velocity Data - Staggered Deflectors

A staggered arrangement was tested with a lower deflector vertical dimension of
5.67 ft and positioned at elevation 6368 ft, or 11 ft above the basin invert. The
upper deflector panel unit had a vertical dimension of 11.33 ft. Bottom velocities
were measured with the upper panel unit moved in vertical increments to
determine best performance. Best overall performance for this configuration
occurred with the upper deflector positioned at elevation 6382 ft (figure A-1).
This arrangement produced effective performance for discharges up to 6,010 ft*/s.
However, performance at higher discharges was not as good as for the
recommended
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v 16 — negative average
S 14 W West ~ | velocities produced on the
3 12 B Center — B west side for all
s 10 B East | discharges above 6,010
> 8 | 3 "
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Figure A-1. Option 3 - deflector performance for staggered deﬂECt.or elevation for
deflector arrangement, with the upper deflector vertical dimension ~ €ach discharge are

of 11.33 ft and positioned at elevation 6387 ft and the lower provided in figures A-2
deflector with vertical dimension of 5.67 ft and positioned at through A-8.
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Figure A-2. Option 3 - staggered deflectors with
lower deflector reduced to 5.67 ft. Average
bottom velocity measured at basin exit for

Q =2,120 ft¥/s.
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Figure A-3. Option 3 - staggered deflectors with
lower deflector reduced to 5.67 ft. Average bottom
velocity measured at basin exit for
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Figure A-5 Option 3 - staggered deflectors with lower
deflector reduced to 5.67 ft. Average bottom velocity

measured at basin exit for

Q = 6010 ft¥/s.
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Figure A-7. Option 3 - staggered deflectors with
lower deflector reduced to 5.67 ft. Average bottom
velocity measured at basin exit for

Q = 12,020 ft¥/s.
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Figure A-4. Option 3 - staggered deflectors with
lower deflector reduced to 5.67 ft. Average bottom
velocity measured at basin exit for

Q = 4,301 ft¥/s.
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Figure A-6. Option 3 - staggered deflectors with
lower deflector reduced to 5.67 ft. Average bottom
velocity measured at basin exit for

Q = 8,601 ft’/s.
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Appendix B

Option 4 Velocity Data - Staggered Deflectors

A staggered arrangement was tested with the upper panel unit reduced to a
vertical dimension of 8.5 ft. The lower deflector vertical dimension was 8.5 ft
and was positioned at elevation 6368 ft, or 11 ft above the basin invert. Bottom
velocities were measured with the new upper panel unit moved in vertical
increments to determine best performance. Best overall performance for this
configuration occurred with the upper deflector positioned at elevation 6387 ft
(figure B-1). Performance for discharges up to 4,301 ft*/s was reduced compared
to the recommended arrangement and velocities measured at discharges above
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Figure B-1 Option 4 - Deflector performance for staggered

deflector arrangement, with the upper deflector reduced in size to
an 8.5 ft vertical dimension and positioned at elevation 6387 ft.
Lower deflector with an 8.5 ft vertical dimension and positioned at

elevation 6368 ft.
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Figure B-2. Option 4 - staggered deflectors with upper
deflector reduced to 8.5 ft. Average bottom velocity
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Figure B-5. Option 4 - staggered deflectors with
upper deflector reduced to 8.5 ft. Average bottom
velocity measured at basin exit for Q = 4,301 ft*/s.
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Figure B-7. Option 4 - staggered deflectors with
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Figure B-6. Option 4 - staggered deflectors with upper
deflector reduced to 8.5 ft. Average bottom velocity

measured at basin exit for Q = 6,010 ft*/s.
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