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ABSTRACT
4

A 1:24 Froude-scale model of the proposed Lake Chicot Pumping
Station was constructed and utilized to identify and to correct hydraulically
objectionable features of the flows in the pump sumps. The model tests
showed that the flows from the plant forebay generally enter the individual
pump bays with a strong transverse component of velocity and produced an
intense captive eddy on the lee side of each pump-bay partition wall. The
transverse velocity resulted from geometric constraints imposed on the plant
configuration. 1In order to achieve better pump approach~flow conditions
trash racks with relatively deep vertical bars which functioned as turning
vanes were proposed. A l:10-scale sump model then was built to test for
model-scale effects in the trash~rack tests, and an extensive study was
conducted to obtain an improved sump confiquration which would minimize any
vortex-related problems in and around pump suction bells. The modified sump
configuration has small clearance between the pump bell and sump back-wall;
converging sidewalls; and a floor mounted splitter plate (vortex breaker)

beneath the pump.
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DETAILED MODEL STUDY OF pPUMP-APPROACH FLOWS

FOR THE LAKE CHICOT PUMPING PLANT

1. INTRODUCTION

The hydraulic characteristics of the proposed Lake Chicot Pumping
Plant have been investigated experimentally since May, 1975, at the iowa
Institute of Hydraulic Research. The report summarizing results of the
tests on the general hydraulic performance of the proposed forebay and pump
bays was submitted to Stanley Consultants, Inc., Muscatine, Iowa, in August,
1976 (Nakato and Kennedy 1976). Therein, potential prototype problems
arising from the formation and persistence of intense suction-bell vortices,
which were discovered in the 1:10-scale model sump, were discussed at some
length. Concerns about the flow-induced vibration, these vortices might
cause, and about their effects on pump performance, led to conduct of a
follow=-up basic study in the 1:10-scale sump model, which had its goal
elucidation of the processes responsible for vortex formation in pump suction
bells and development of practical means of suppressing or at least atten-
uating these vortices. Before presenting the results of this basic study
it is appropriate first to present as background material a general des-
cription of the Lake Chicot Pumping Plant and the flows i1n it which produced
the suction-bell vortices.

The Lake Chicot Pumping Plant, which 1is located on the west-bank
levee of the Mississippl River in Chicot County, Arkansas, is being con-
structed to divert flood waters approaching Lake Chicot directly into the
Mississippl River, in order to reduce turbidity levels in Lake Chicot. The
general layout of the plant is shown in figure 1-1; the plant*includcu 12
pump bays and 3 gravity-flow bays. During periods of high Mississippl River
stages the diverted flow will be pumped, while during low river stages it
will pass through the gravity-flow sections. Twelve pumps, consisting of
ten identical pumps rated at 600 cfs each and two identical units rated at
250 cfs each, will pump up to 6,500 cfs against a puol—to—pgol head of up to
17.7 ft. Each pump bay is 23 ft wide. Three gravity-flow sections, each

26 ft wide, will be located at the center of the structure. The layout is

* A detailed plan and sections are presented in the Appendices.




symmetrical about the center gravity-flow bay, with the 250-cfs pumps
adjacent to the gravity-flow section.

The study utilizing the 1l:24-scale laboratory model of the complete
plant, shown in fiqure 1-1 (Nakato and Kennedy 1976), demonstrated that during
pump operation the forebay flows approaching the closed gravity-flow bays
are diverted laterally and enter the pump bays with a strong transverse
component of velocity. The abrupt redirection of the flows at the entrances
to the pump bays led to separation which produced a large captive eddy and
strong lateral nonuniformity in the distribution of velocity in the pump-
approach flow in each pump bay. To reduce these lateral velocity nonuni-
formities to an acceptable level, modified trash racks with deep vertical
bars* were proposed. These served, in effect, as turning vanes and were
found to be surprisingly effective in prcoducing uniformly distributed pump-
approach flows. However, some concern arose about possible Reynolds-number
scale effects in the 1:24-scale model screens. To resolve these doubts,

a single, idealized, 1:10-scale model sump was constructed in one wall of

the uniform approach channel of the 1:24-scale model. An identical idealized
sump, but with a scale of 1:24, was placed in the other wall of the approach
channel. A plan view and section details of the 1:10-scale sump model are
shown in fiqures 1-2 through 1-4. Pairs of tests were conducted in thesc

two idealized sump models, in order to determine the significance of scale
effects. None were found.

However, during the tests with the 1:10-scale sump model, strong
vortices were discovered extending from the sump floor and/or walls into the
suction bell (Nakato and Kennedy 1976). Recent prototype experience has dem-
onstrated that these vortices can produce undesirable and even damaging
vibration problems, presumably by the nonuniform hydrodynamic loading they
produce around the pump impellers (EDF 1967). Because of the large size of
the prototype impellers and the severe pump-approach flow conditions, it was
judged prudent to carry out further studies, which would be more basic in nature,
on the characteristics of these vortices and means for supressing them. This
basic study is reported herein.

* Trash-rack bars are placed on an inclined plane (see figure 1-3).
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The primary objective of the investigation was tc develop sump
configurations which would improve the distribution of flows to, around,
and into pump suction bells. A second objective was to find a means of
eliminating, or largely suppressing, concentrated vortices which extend from

suction bells to the sump floor or walls. A final objective was to inve

gate further the effects of trash-rack depth on the pump-approach flow
distributions, and in particular to find the optimum depth for the bars of

the proposed modified trash racks.

At the outset 1t 15 perhaps useful to review certain general
considerations rzlated to vorticity in fluid flows. Vorticity is the hydro-
dynamic term referring to the rotation of a fluid due to the gradients
(i.e., spacial derivatives) of velocity. As a fluid element moves, the
angular momentum corresponding to itg vorticity is preserved unless the
fluid is acted upon by a torgue which opposes the fluid motion. Thus, for
example, as a swirling fluid passes through an axisymmetric contraction in
a circular pipe, the swirling, or angular velocity, of the fluid is intensi-
fied. The situation is precisely analogous to an ice skater who increases
his rate of spin by pulling his extended arms inward. It can be demonstrated
that the product of vorticity in any direction multiplied by the cross
sectional area perpendicular to the component of vorticity of flow aleng
a stream tube or a filament is constant; a discussion of this and of Helmholtz's
equations for vorticity can be found in most upper level hydrodynamics texts.
In the case of flows passing from pump bays through suction bells and into
pumps, any vorticity (i.e, rotation) in the flow in the pump bay can be ex-
pected to produce progressively higher fluid anqular velocities as the flow
converges. Now it is well known that the pressure decreases toward the center
of a vortex. If a vortex is sufficiently intense, the pressure at its center
will drop to a point that dissolved gas will be brought out of solution in
the liquid and concentrated at the vortex core, thereby making it visible.
Moreover, the low density of the gas compared to the liquid will cause the
gas to remain concentrated at the vortex core. It is in this way that the
cores of sufficiently intense line vortices are made visible by the gas

brought out of solution and held there. Note that the abhsence of the appear-




ance of free gas at the vortex core does not mean that no vortexing is
occurring; it merely indicates that any vortex action which is present is
not sufficiently strong to bring visible concentrations of gas out of

solution in the liguid.

I1. THE MODEL

A. Moael Characteristics. The model utilized in the present
study was essentially the same as that described by Nakato and Kennedy (1976).
The 1:10-scale model was modified somewhat, in order to achieve test con-

ditions consistent with the program objectives. The principal modifications

were as follows:

L. Improvement of the inflow condition for the 1:10-scale sump.
In the idealized 1l:10-scale model the primary forebay flow was perpendicular
to the sump axis. Accordingly, this model sump experienced a more severe
inflow condition than the prototype swaps. For this reason, a training wall
was installed which produced a pump-approach-flow velocity distributions in
the idealized model which nearly duplicated the worst ones observed in the
tests in the l:24-scale model of the full plant. The training-wall config-
uration utilized was arrived at by repeated testing; it is shown in figure 2-1.
It also can be seen in the photograph in figure 2-2, which presents a general
view of the idealized 1l:10-scalec model sump.

2. 1Installation of transparent components. To facilitate flow

visualization in the model, the cone-shaped suction bell, straight portion of

the model siphon line, sump celiling, and one pump-sump wall were removed

:
‘ and replaced by lucite components. These can be seen in the photograph
: presented in fiqure 2-2.

3. Vortimeter. The four-vane vortimeter mounted on a shaft sup-
ported by a low friction, stainless steel bearing was installed in the straight
portion of the siphon-line (I.D. = 10 in.), just above the top of a cone-

g
shaped suction bell. The vortimeter was used to obtain a measure of the net
hydrodynamic circulation in the pump-approach flow. The vortimeter can be
seen in fiqure 2-3,

- i : i




portion of

4. Installation of false floor and pressure transducers., h

the concrete floor of thic [:]0~scale model oy tginaljiyv utylized

was removed and replaced by o false floor fabivacated from 1/4<in. thick

aluminum plate and fitted with five stratn-qgage pressure transducors

) 1

positioned as shown 1n figurce Z2-4.

i

B, Exper pment -nln Fguipent The following instrumentation, which

described in detairl by Nakato and Kennedy (1976) , was used in the present

investigation:

k. Diyscharges in the model were measured by means of calibrated
orifice meters and two-tube vernier-qgaged manometers,

2. Water surface elevations were measured using conventional point
l]ql]qv?).

34 Velocitics were measurcd with a minjature current meter man-
ufactured by Novar Electronics of Great Britain (type 403).

4. Net flow circulation was measured by means of the aforemen
tioned vortimetor,

5. Pressure fluctuations on the sump floor were measured with the
pressure transducers (Endeveo, Model pPML3LC, sensing arca 1/2-in.
tn diameter) connected to an amplificr (Preston, Model A, Type P/N
62060) and a hbalancing circuit. A calibration of the transducey

was made 1n ol by against static pressures in the model sump. A

typical calibration curve for channel | ig shown in figure 2-5,  The

calibration constant for cach channel was as fol low:

Channel 1: 0,745 ft HL{,‘J)/VWH

Channel 2: 0,775 £t (H_0)/Volt

Channel 3:  0.680 ft (H 'U)/Vull

Channel 4: 0.802 ft (H,0)/Volt

Channel 5: 0.758 ft (H)U)/VHH
6, Plow vigsualization of gump-{low patterns and/or vortex activity
around the suction bell was accomplished by means of floating

confetti or with food dye injected from a dye reservoir through

a long tube tipped with hypodermic tubing.




II1. PRESENTATION OF EXPERIMENTAL RESULTS
The conditions under which model tests were performed and the

principal results are summarized in table 1. Note that prototype values of
sump elevations, flow rates, trash-rack dimensions, and sump backwall shift
are presented therein. A step-by-step approach was utilized in the model
test to arrive at the optimal sump confiquration, with backwall position,
sidewall convergence, and splitter-plate geometry being optimized in turn
Accordingly, the test results from each step will be described en suite in

the following.

A. Inlet Adjustment. It was desired in the 1l:10-scale sump test
to have an inlet-flow condition which reproduced one of the most severe ones
observed in the test on the l:24-scale model of the complete plant layout.
Accordingly, a training-wall confiquration was arrived at by trial and error,
in sump 5{(a 600-cfs unit nearest
the gravity flow sections) for the condition of all twelve pumps operating

at a rated discharge. The training-wall configuration arrived at is shown

in figure 2-1, and the inlet velocity profiles mcasured in the l:10-scale and
l:24-scale sumps are shown in figure 3-1. These velocity distributions

were measured at a cross section 52 ft downstream from the pier noses with
no trash racks installed, with a forehay elevation of 110 ft and a pump
discharge of 660 cfs, which is 110% of rated capacity. Note that yp and Vp
denote, respectively, the prototype distance below the water surface and the
prototype velocity. The conformity between the velocity distributions measured
in the two different sumps is wholly s;q.List'act.r)ry. In order to obtain, this
well simulated approach-flow condition a prototype discharge of 990 cfs was
passed down the forebay approach channel, and one-third of this discharge
(330cfs) was allowed to pass the idealized sump and was discharged out of

the model through the gravity flow sections. All tests results for the 1:10-
scale model reported hercinafter were obtained using this simulated approach-
flow condition, a pump discharge of 660 cfs, and a sump elevation of 110 ft,
unless otherwise stated. Note also that all velocities reported hereinafter

were measured at the cross section 52 ft downstream from the pier noses.
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B. Tests Results Obtained with Original Sump Configuration. Test
results obtained from the sump confiquration originally proposed by Stanley
Consultants and described by Nakato and Kennedy (1976) first will be presented,
in order to provide basc-line data against which flow distributions obtained
with modified sump confiqurations can be judged.

The velocity distributions measured in the sump for Run El (no
trash rack present) and Run E2 (1.5-in. deep trash rack installed) are
depicted for comparison in fiqure 3-2. This trash rack had 1.5-in. deep
vertical bars on 6-in. centers, and is the design originally proposed by
Stanley Consultants; it will be referred to hereinafter as the standard
trash rack. Fiqure 3-2 demonstrates that the pump-~approach flow in Run E]
was strongly nonuniform, and was not significantly improved by the standard
trash rack, which had vertical bars that were not sufficiently deep to
extract a significant portion of the lateral momentum of the flow entering
the pump bay from the forebay. The nonuniform flow distribution was a
manifestation of the rclatively intense varticity in the approach flow in
the pump sump. This vorticity persisted and was concentrated when the flow
was accelerated intc the suction bell and passed through the siphon line. The
high degree of nonuniformity in the distribution of the approach flow was
reflected, accordingly, in the large values of vortimeter frequency, mp'
measured in Run El (mp = 11.9 rpm). The standard trash rack, which accom-
plished little in improving the uniformity of the flow distribution, alsc
produced an almost insignificant reduction in the vortimeter frequency
(Run EZ2).

Pressure fluctuations on the sump floor were measured by means of
the pressure transducers described in Chaper II. The analog output from
the transducer amplifier was displayed and photographed on an oscilloscope
screen, The maximum pressure fluctuations (peak-to - peak amplitude) then were
determined directly from the photographs. The pressure-record data included
in table 1 were obtained from oscilloscope displays which covered a model time
period of 50 sec. Figure 3-3 presents oscilloscope photographs of pressure
fluctuation records obtained in Run El at the five floor positions shown in
figure 2-4. It is seen in fiqgure 3-3 that the floor experienced major pres—

sure fluctuations, especially at the positions measured by channels 3 and 5;

e ey —— e




at these locations the maximum fluctuations, HP, were 15.7 ft and 4.6 ft
(prototype dimension) of water, respectively. HNote, however, that the floor
pressure never became negative (relative to atmospheric pressure). The
sudden pressure drops depicted in figure 3-3 were produced by the passage
of intense, concentrated, gas-filled vortices across or near the transducers.
The motion of the vortices was observed to be quite random in nature. Figure
3-4 presents photographs of typical floor vortices which extended from the
suction bell to the sump floor. The vortices were made visible by the air
or other gas brought out of solution and concentrated at the vortex core by
the low pressures occurring there. These photographs were made prior to
installation of the previously described false floor, with test conditions
equivalent to those of Run El. Figure 3-5 presents close-up photographs of
vortices which were produced under this flow condition, and illustrates the
concentric motion of the fluid surrounding the vortex core. Table |
identifies the tests in which visible suction-bell vortices formed. It is
also seen in table 1 that the pressure fluctuations for the run with standard
trash rack (Run E2) were comparable to those measured in Run El. However,
the maximum pressure fluctuations were reduced significantly when the 12-in.
deep trash rack, with vertical bars on 6-in. centers, was installed (Run E3);
in this case H measured by channel 3 was reduced to 9.5 ft. Moreover, the

8]
vortimeter frequency, my, was reduced by approximately 40% below that of Run El.

)

The reductions in Hl and mp both result from the improved uniformity of the pump-
approach flow, and the corresponding reduction in the rate of vorticity

transport to the suction bell.

C. Determination of Backwall Position. Installation of the 12-in.
deep trash rack produced significant improvement in the distribution of pump-
approach flow (Nakato and Kennedy 1976), and corresponding attenuation of the
pressure fluctuations and reduction of the suction-bell vortices and circulation
in the flow withdrawn through the pump-model siphon line. It was judged
impractical to obtain further improvement in the pump-approach flow dis-
tribution by utilization of still deeper trash racks. Accordingly, the next
stéep in the optimization testing was to seek a pump-sump layout which pro-

duced further attenuation of the vorticity flux to the suction bell. The

first step was to reduce the clearance between the downstream edge of the

suction bell and the sump backwall, to reduce the size of the zone of inten-




sely eddying fluid motion which formed there. In the originally proposed
sump design the backwall was positioned 3 ft from the rear edge of the suction
bell. It was observed in the course of the flow visualization tests that the
fluid in the space between the backwall and the nearest lip of the suction
bell was subjected to intense swirling, which scrved as a constant source of
vorticity to the flow entering the suction bell.

[n these Lests a movable backwall was positioned at successively
smaller distances from the suction bell until an optimum location, judged
from the formation of visible suction-bell vortices and measured vortimeter
frequencies, would be achlieved. Run K4 was conducted with the backwall shifted
forward by 6 1n. (prototype dimension); the vortimeter frequency was found
to be slightly higher than that of Run E2, and the maximum pressure fluctu-
ation measured by channel 3 also was increased above that of Run E2. When
the backwall was shifted forward an additional 6-in., for Run E5, the pecak
pressure fluctuation and the vortimeter frequency were roughly the same as
those of Run E2, and no significant improvement in the pump-approacii fiow or
vortex formation was observed during the flow-visualization test. However,
when the backwall was shifted an additional 6-in., to give a total forward
shift of 18 in. (Run E6), the vortimeter frequency was reduced to approxi-
mately 17% below that ot kun E2, and the maximum pressure fluctuation also
was decreased. Use of the 12-in. deep trash rack with the 18-in. forward
shift of the backwall produced further improvement in the flow condition
(compare Runs EG' and E2).

It then was expected that further reduction in the clearance behind
the suction bell might produce additional improvement. Accordingly, Run E7
was conducted with a backwall shift of 24 in. and the standard trash rack.

It is seen in table 1 that m] was reduced to less than half of the value

)

obtained in Run E2, while “l' for channel 3 was reduced to less than 1/3 of
its value of Run E2. It was observed, however, that with this backwall con-
figuration, the point of attachment of the suction-bell vortices moved down-
stream, away from the floor pressure transducers and toward the backwall, and
actually was some distance removed from the transducer of channel 3. Accord-
ingly, it was judged that much of the reduction in the measured ”p was a con-

sequence of the increased distance between the point of vortex attachment and

——— ovn. e— - ——
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the pressure transducers, Indeed, visual observation of the floor vortex
in Run E7 indicated that it might be stronger than the vortex which formed
y

in the runs with larger backwall spacing. This points up one of the diffi-
culties encountered in making boundary-pressure measurcenents with fixed
Lran:sdm:u.z:;; the point of measurecment cannot casily be shifted to the
immediate vicinity of vortex attachment. It also highlights the importance
of having boundary-pressure measurements accompanied by flow visualization
tests. Filqure 3-6 presents photographs of the suction-bell vortices which
formed during Runs EZ and E7. The rearward shift of the vortex in Run E7
is clearly evident. 1t is also seen that the Run E7 vortex has a significantly
larger core diameter. Note again the intense swirling fluid motion around
the gas-filled core of the vortex in Run E2. 2A comparison of the pressure
records obtained from channel 3 in Runs E4,E6, and E7 showed that both the
amplitude and the frequency of the pressure fluctuations were considerably
reduced in Run E6. The pressure records for Run E7 gave the impression of
small fluctuations, but the reduction was helieved to be due primarily to
the shift of the point of floor attachment of the vortex away from the trans-
ducer, as discussced above. Flow visualization indicated that the flow
approaching the suction bell in Run E7 was not better than that of Ru E6,
despite the reduction of m[) in Run E7. It was judged, therefore, that,
on balance, an 18-in. forward shift of the sump backwall was optimal.

D. ‘fg_lfif_‘.w.d_!_l_ij)lll_.l_cgiz_t_l()_H One of the sources of vorticity in
the flow entering the suction bells is the boundary layers which form along
the sump floor and sidewalls. The boundary layer development 1s suppressed by
a favorable pressure gradient, which can be produced by converging sidewalls.
In an attempt further to reduce the vorticity flux into the suction bells, and
thereby reduce the intensity of the suction-bell vortices, tests were made
with converging sump sidewalls. All of these tests were conducted with an
18-in. forward shift of the backwall.

Four different sidewall convergences were tested; their counfigurations
and prototype dimensions are summarized in figures 3-7. Fillets of type A
(identified in figure 3-7) were tested in Run E8, and resulted in a significant
reduction in vortimeter frequency below that measured in Run E6. The maximum

pressure fluctuations recorded through channel 3 also were very low. However,




the region of floor attachment of the suction-bell vortex was observed to be
shifted toward the backwall, and to be some distance away from the pressure
transducers. It is believed that much of the reduction in the pressure
fluctuation resulted from this shift.

Run E9 was conducted with type B fillets, which produced a less
severe contraction than those of type A. A comparison of the results from
Runs E8,E9, and E9' indicate that the type B fillets did achieve further
reduction of the intensity of flow swirling in the flows entering the suction
bell. Fillets of type C were tested in Run E10. Although the vortimeter
frequency was slightly increased above that of Run E9, the vortex strength
and the frequency with which it became severe enough to be visible were
observed to be reduced significantly. Further upstream extension of the
fillets would have reduced the rate of contraction, and therefore would
have favored boundary-layer development. It was concluded that, on balance,
fillets of type C produced the best pump~approach flow. The two small
fillets, identified as type D in figure 3-7, will be discussed in the following
section. Velocity distributions for Runs EY9 and ElU are presented in fiqure
3-8. A comparison of these velocity distributions with those for Run E2, pre-
sented in fiqure 3-2, indicates that the sidewall contraction of the pump-

sump is not effecting a significant improvement in the flow distribution.

E. Splitter Plates. Although the strength of the net circulation
in the flow into the suction bell and pump siphon line, and the pressure
fluctuations at the locations of the transducers on the sump floor were
significantly reduced by the forward shift of the sump backwall and the con-
vergence of the sump sidewalls, visual inspection during the flow-visualization
tests indicated that the suction-bell vortices still were undesirably strong.
As discussed above, these vortices result from the net rotation (i.e., the
net vorticity) in the approach flow being concentrated as the flow passes through
the suction bell and enters the siphon line. After the practical means for
suppressing the vorticity in the approach flow had been exhausted, the next
step in the program to reduce or eliminate the suction-bell vortices involved
measures which would directly oppose the swirl by applying an opposing torque
to the flow. Toward this end, vertical flow-splitter plates aligned with
the sump were attached to the sump . 'oor beneath the suction bell.

The initial tests in this phuase of the investigation consisted of




a series of runs which were conducted to determinc the optimum length and
position of a single splitter plate. The results of these tests showed

that a plate extending upstream from the sump backwall to the forward (up-
stream) lip of the suction hell ylelds the best pump-approach flow. There-
fore, the further tests in this phase of the program were conducted with

plates with this length and position, and three different heights. The
dimensions and configurations of the splitter plates tested are shown in figqure
3-9. Note that all splitter-plate tests were conducted in a converging sump

of type C with the optimized backwall location, and that the splitter-plate
thickness was the same in all tests.

The splitter plate of type A (see figure 3-9), which was tested
in Run Ell, was found to improve the suction-bell inflow pattern significantly,
reduce the vortimeter frequency to a relatively low level, and suppress the
pressure fluctuations until even thelr peaks were comparable with the static
pressure changes due to water-surface fluctuations in the pump sump. Figure
3-10 presents photographs of the outputs of the five pressure transducers; a
comparison of these photos with those presented in figure 3-3 illustrates the
dramatic reduction in the floor-pressure fluctuations which was achieved by
the step-by-step modification of the pump sump.

Run El2 was conducted with corner fillets of type D (see fiqgure
3=7) 1n addition to the type C fillets, in an attempt further to reduce the
vortimeter frequency by eliminating the corner areas which were occupied by
fluid with no translational motion but intense swirling. However, the small
corner fillets produced no measurable or observable improvement in the flow
(compare Runs El]l and ElLZ2 in table 1). When the plate height was reduced by
half (type B; see fiqure 3-9) for Run El13, the vortimeter frequency was
roughly double that measured in Run E1Z2.

The next test, Run El4, was conducted with the type C splitter
plate; this has a height of 3.75 ft, which amounts to three-quarters of the
clearance between the suction bell and sump floor. The vortimeter frequency
was found to be only 1.3 rpm, significantly below that obtained with the
lower splitter plates. Some very weak swirling activity was observed in the
vicinity of the floor on cach side of the splitter plate; this was eliminated
by the wing walls which intersected the main splitter plate perpendicularly

at the projection of the suction-line axis (type C' splitter plate). In Run




E15, however, a pair of strong, gas-filled vortices with horizontal axes
were found to extend periodically from the sump backwall into the suction
bell; one vortex occured on each side of the main splitter plate. These
vortices apparentlyoriginated from the vorticity present in the flow along
the floor to and up the main splitter plate. After the discovery of these
backwall vortices, the type A' splitter plate again was 1nstalled in the
model and additional detailed flow vicualization tests were made by injecting
dye successively at many different locations in the flow field. No back-
wall attached vortices were discovered with the type A' splitter plate. It
then was concluded that the type A' splitter plate which produced a flow in
which no persistent discernable eddies ever were observed to form, gave the best

overall performance in suppressing secticn-bell vortices.

F. Modified Trash Racks. Preceding sections have described three
different types of sump modifications which suppressed formation of suction-
bell vortices, reduced the net hydrodynamic circulation in the suction-

line flow, and minimized sump-floor pressure fluctuations. However, none

of these modifications treats the principal origin of the vortex and pressure-
fluctuation problem: the strong lateral nonuniformity of the pump-approach
flow in the sump, which results from the large component of lateral velocity in
the forebay just outside the pump sumps. As was discussed in some detail

in Chapter I, the plant layout is such that when the gravity bays are closed
and the pumps are in operation, the flow approaching the plant through the
forebay is diverted laterally and, upon being redirected into the pump sumps,

forms

a strong captive eddy on the downstream side of each pier nose which
gives strong velocity gradients acrus-s the sumps. Both the velocity grad-
ients and the captive ceddies serve as continuous sources of vorticity to
the pump-approach flows in the sumps.

The effectiveness of modified trash racks, with 12-in. deep,
l1-in. thick bars on 6-in. centers, in extracting much of the transverse mom-
entum from the flow entering cach pump sump was demonstrated in the earlier
model tests reported by Nakato and Kennedy (1976). Additional trash-rack
tests were undertaken in the investigation reported herein, in order to de-
termine an optimum depth for the modified trash racks. In most of the tests
reported above, to determine the cffects of backwall spacing, sidewall conv-

ergence, and splitter plates on the formation and persistence of suction~bell




vortices, the standard trash racks, with 1.5-in. deep bars were used. The
earlier model tests by Nakato and Kennedy (1976) demonstrated that the stan-
dard trash racks produced pump-approach flows in the sumps whicn had an un-
acceptably high degree of lateral nonuniformity. As can be seen in figures
3-2 and 3-8, thesec trash racks had little effect on the velocity distributions
in the pump sumps. Fiqgures 3-11, 3-12Z2, and 3-13 show the vertical distribu-
tions of sump velocity measured in Runs E15' (with a 12-in. deep trash rack),
E15" (with a 9-in. deep trash rack), and E15"' (with a 6-in. deep trash rack),
respectively. Each test was conducted with a water-surface elevation of 110
ft and a pump discharge of 660 cfs. 1In all three of these trash racks the
vertical bars were spaced on 6-in. centers. A comparison of these fiqures
indicates that a 9-in. deep trash-rack is most effective in reducing the
lateral nonuniformity of the velocity distribution (see fiqgure 3-2 for
comparison). The data presented in table 1 for Run E15" show that the vor-
timeter frequency was practically zerc when this trash rack was installed in
a fully modified sump. Sump velocity distributions downstream from the 12-in.
deep and 9-in. deep trash racks also were measured for a water-surface elev-
ation of 108.5 ft (Runs E16 and El6'); the results are shown in fiqures

3-14 and 3-15, respectively. In these fiqures, 9-in. deep trash rack is

seen to yield velocity distributions with a higher deqree of lateral conformity.
Note that the vertical distributions of velocity measured behind a trash rack
with deeper bars are more nonuniform (see figures 3-11 through 3-1%), cspec-
ially in comparison to the profiles measured downstream from the 1.5-in. deep
trash rack, shown in figures 3-2 and 3-8. The stronger vertical nonuni-
formity downstream from the deeper trash-rack bars 1s bellievea to result

from preservation of the vertical gradient of velocity present in the approach
flow in the forebay. If no trash rack, or only a shallow one, is present,
separation cccurs as the flow passes around each pier nose, and produces
intense eddying, a high level of turbulence, rapid vertical exchange of
horizontal momentum, and conseqguently a nearly uniform vertical distribution
of velocity. If a deeper trash rack is installed, which acts as an effective
turning~vane array, the production of large scale eddies and the accompanying
intense vertical mixing is suppressed. Outside the pump bays, in the forebay,
the approach flow has its highest velocity at or near the free surface and

a monotonic negative velocity gradient toward the bed, If no large scale

mixing produces vertical transport of horizontal momentum, this velocity




‘)lulil!‘“l can be expected to persist, d]lhhlb;h attenuated as the flow
enters the pump bays.

Further trash-rack comparison tests were conducted with a pump
discharge of 600 cfs (100% of rated capacity) at a water-surface elevation
of 110 ft. The results are shown in figures 3-16 (Run E17) and 3-17 (Run
E17') wherein the superior performance with a 9-in. deep trash racks again
15 demonstrated. Finally, tests were made at a water-surface elevation of
108.5 ft and a pump discharge of 600 cfs; the results are presented in
figures 3-1d, (Run E18) and 3-19 (Run E18') which lend further support to the
conclusion that the 9-in. deep trash racks are preferable.

The tests conducted with the optimum sidewall convergence (type C),
a type A' splitter plate, and the 9-in. deep trash rack produced a vortimeter
frequency of less than 1 rmp (prototype) for discharges of 600 cfs and
660 cfs, and for the water~surface elevations of 108.5 ft and 110 tt (refer

to the data for Runs El5", El6', El7', and E18' in table 1).

G. Baffle Blocks. The effectiveness of baffle blocks in re-
ducing the lateral nonuniformity of the sump flows was tested by iustalling
two staggered rows of 1.00~ft square blocks extending vertically above the
water surface on the sloping section of the sump floor; the blocks were
arrayed as shown in fiqure 3-20, with the forward faces of the upstream
baffle blocks located 21 ft downstream from the pier 1 sgses. Also included
in figure 3-20 are the velocity distributions measured in Run E20, which was
made with the original rectangular sump configuration and the standard
trash rack. A comparison of fiqgures 3-2 and 3-20 demonstrates that the
baffle blocks did produce significant improvement in the lateral uniformity
of the sump flow. In the flow visualization tests however, 1t was found
that small vortices initiated in the wake of each baffle block tended to
concentrate into larger, persistent, water-surface-attached eddies immediately
upstream from the vertical wall which extends upward from the pump ceiling
(refer to figure 1-3). These surface-attached eddies were made "readily
apparent by the depression where they intersected the water surface, and
often were sufficiently strong to draw confetti sprinkled on the water surface
into the suction bell. Vortices extending from the sump floor into the suction-
bell were observed in Runs E20 and EZ0' despite the improved distribution of

the pump-approach flow because no splitter plate was installed. Runs E19




and E19' were conducted with type C converqging sidewalls and type C'

splitter plate. In both of these tests relatively low vortimeter frequencies

and floor-pressure fluctuations were measured. However, small swirling
eddies, resulting from concentration and organization of the vortices shed
from the baffle blocks, which were similar to those observed in Runs E20
and E20', again werc noted. Because the primary reason for attempting to
minimlze vortex activity in the sump flows was to minimize the strength
of vortices extending into the suction bells and suction lines, utilization
of baffle blocks in relatively short pump sumps does not appear to be at-
tractive.

The vertical uniformity of velocity distributions shown in
figure 3-20 is striking. Tt is believed to be a consequence of the intense

vertical mixing produced by the turbulence generated by the baiffle blce

which completely suppress the vertical gradients of streamwise velocity in

the flow reaching the baffle blocks from the forebay.

H. Forebay F'low Patterns With Extended Gravity-Bay Piers. In
a further attempt to improve the overall forebay flow patterns, a series of
tests was conducted in the 1l:Z24-scale model with the gravity-bay piers
extended significantly upstream into the forebay. A total of four tests
was carried out under one operating condition: all pumps, except the three
nearest to the left bank plant, operating at 100% of the rated capacity
(total discharge of 4,700 cfs), and a forebay water-surface elevation of
110 £t.

Velocity distributions first were measured in each operating pump
bay with no modification to the gravity-bay piers. Note that no trash racks
were installed, and that mean velocities were measured at five different
positions across a section located 52 ft downstream from the pump pier noses.
One velocity was measured on each vertical, at a distance below the water
surface of 0.4d, where d 1s the local flow depth. The velocity measured at
this elevation yields at least a rough measure of the vertically averaged
velocity for each vertical. Figure 3-21 shows the velocity distributions
measured with no gravity-hbay pier extension. Nonuniform distributions of
the pump-bay flows due to the presence of the gravity-flow sections in the
center of the plant are evident. Flow separation from each pump-bay pier

produced a captive eddy in the wake of each pier and produced strong lateral




velocity gradients, Indeed, at some locations close to the pier noses

the pump-bay flows were away from the pum

When the two out de gravity-hay piers were extended upstream
384 ft, the forebay flow wa found to separate from the gravity-~bay pler
noses, therehy producing long captive eddies on each side of the extended
prers. The general forebay flow pattern and the pump~bay flow distributions
>r this case are shown in figure 3-22. Because of the strong circulations
set up by the extended piers, the transverse component of the inflows to
pump bays 8 and 9 was reversed relative to that occuring without the piex
extension (see fiqure 3-21). Figure 3-23 summarizes the test results ob-
tained with a gravity-bay pier extension of 164 ft. The pump-bay flows are
somewhat more uniform than those presented in figure 3-22 (384 ft pier
extensions). The forebay flow, however, still separated from the gravity
pier noses and set up a large scale circulation in the forebay segment in
front of each of the two groups of pumps. Finally, the pier extension was
further reduced to 96 ft, and the results summarized in fiqure 3-24 were
obtained. A supplementary test in which the 9-in. deep trash rack was
installed to verify its effectiveness in improving the pump-approach flows
in the sumps, was conducted; the resulting velocity distribution in pump
bay 8 is included in fiqure 3-24.

Extending the outside piers of the gravity-flow bays into the

pump forebay does achieve some improvement in the lateral distribution of

the depth-averaged velocity in each pump bay. However, the large scale eddies

produced in the forebay at the extensions themselves produced transverse
velocity components at the entrances to the pump bays which tended tc have

precisely the effect the extensions were intended to overcome.

IV. CONCLUSIONS AND RECOMMENDATIONS
The principal conclusions derived from this model investigation
may be summarized as follows:
Reduction of the clear distance between the downstream lip of the
suction bell and the backwall of the pump sump to 18-in. appears to be
optimal in improving the configuration of the flow to, around, and into the

suction bell. Convergence of the sump sidewalls was found to be quite

— - -




effective in reducing the intensity of the floor-attached vortex extending
into the suction bell and, accordingly, in reducing the strength of the
hydrodynamic circulation in the pump inflow. 7The sidewall constraction
labeled L‘/]il‘ C and 1llustrated in flq'u'!f: 3-7 was found to be the best among
those tested. Floor mourited splitter plates aligned with the sump axis and
extending to the sump backwall are very effective in suppressing suction-
bell vortices, suction-line circulation, and sump-floor pressure fluctu-
ations. The splitter-plate configuration designated type A' and depicted in
figure 3-9 was found to be most effective among the several tested in thi
program. Trash racks with 9-in. deep bars spaced on 6-in. centers produced
punp~bay flows that were more uniformly distributed than those produced
by the 6-in. and 12-in. deep trash racks tested. Baffle blocks installed
in the pump bay improved the uniformity of the velocity distribution, but
produced strong surface eddies wnich can become concentrated and serve as
sources of additional vorticity in the flow entering pump. Extension of the
outer piers of the gravity-flow bays into the forebay, in order to improve
the alignment of the flow approaching the pump bays through the forebay,
proved not to be effective. The forebay extensions themselves produced
flow separation and large scale eddies which imparted lateral componenis
of velocity to the flows entering the pump bays. The principal recommer-
dations based on this 1nvestigation are as follows:

1. The backwalls of the pump sumps should be shifted upstream

18-in. from the location proposed in the original design.

2. The pump-sump sidewalls should converge, following the scheme

identified as type C herein and illustrated in fiqure 3-7.

3. BSplitter plates, type A' (see figure 3-9) should be installed

in each pump bay.

4. Trash racks made up of 9-in. deep bars located on 6-in.

centers should be installed.

5. The pump-sump ceilings, above the pump intakes, should be
sloped upward in the upstream direction, to provide for escape

of any air that becomes trapped in the pump sumps.

S - - —
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Figure 2-2. A general view of the modified 1:10-scale sump model

Figure 2-3. The vortimeter in the siphon line
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Figure 3-6. Typical floor vortices observed in Runs E2 and E7.
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