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I. IITRODUCTION

The objectives of the model study reported here were to detemuine
if the hydraulic characteristics of a cooling water discharge jet allow
downstream migrating juvenile salmon to enter the relatively urdiluted
porticn of the jet and, if the salmon do enter the jet, to detemmine where
they enter the jet and to estimate their temperature exposure.

The study was made on an idealized cooling water discharge.
Initial specifications of the discharge to be studied are listed below; the
notation is defined in Fig. 1.

(a) Jet discharge nomal to river flow.

(b) Jet dischargs at river bottam.

(c) Jet discbar«ja at river center.

(d) Jet discharge (TO) 13 degrees centigrade above ambient

river water temperature (’I‘R) .

(e) Pipe diameter d = 10 feet.

(f) Effluent velocity UO = 9,8 feet rcr second.

(g) River velocity V = 4.0 feet per second.

(h) River deéth D = 20 feet.

All tests verformed were made at the 13° temperature differential
and at the single prescribed set of velocities U0 and V. Results are
reported for river depths D of 20 feet and 40 feet. In the absence of
design details for the outfall the simple schematic configuration shown
in Fig. 1 was adopted, and tests were conducted with equivalent prototype
outfall lengths L of 0, 38, and 76 fcet in order to investigate cffcets
of length changes in outfall pipes upon flow conditions near the discharge

port. The schematic 'river' section had a horizontal bottan and vertical
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banks; the equivalent channel width was 320 feet,

The model was to incorporate the following:

(a) Dyed cffluent.

(b) Heated effluent.

() Neutral-buoyant bubbles to simulate downstream

migrating fish.

(@) Adjustable position of bubble injecticn points.

(e) Vertical and horizontal photography of the bubble
flows (paths of simulated fish) to show entrainment
of bubbles as a function of position of the bubble
injection system.

The study as conducted camplied with items a-d. A visuval obser-
vaticn scheme was adopted for the fish tracking runs; reasons for this
procedural change are given in Chapter II. Jet trajectory and profile
cbhservations were made, and limited data obtained on the temperature field
within the diffusing jet.

Most of the experimental data are presented in graphical form.
Data on fish passage past the discharge jet are given in sami—~qualitative
form as dictated by the statistical nature of variations in paths taken by

individual neutrally bucyant bubbles through the turbulent flow field.



II. HMODEL DHSIGN #ND OPERATICN

A. Scale Sclection

The schematic model was built to an undistorted scale ration of
1:80. The scale selected was camwpatible with water supply capabilities in
the laboratory, in porticular the available hot water source. Froude law
scaling was applicable for the free-surface model; all conduit dimensions
and water velocities were sufficiently high so that all flows were turbu-
lent and Reynolds number effects could be ignored.

The model was 'schematic' in that there was no attempt to model a
river width; however, as the prototype discharges in the middle of a wide
river, the only width requirement in the laboratory test was that the
width of model chamnel be sufficiently wide so as not to have the far bank
interfere with the discharge jet.

The flow field of concern to this study was in the near vicinity
of the discharge end of the outfall. Ackers (1969) has presented the
rationale for selecting an undistorted physical model for studying the
'near field" of buoyant jets. The pertinent similarity criterion then

becames the densimetric Froude nutber [F of the cooling water jet,

U
0
F - —2
0
where Py = density of the fluid in discharge stream
Ao = Priver T 0

gravitational acccleration.

g
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The non~linear relaticnship between water temerature and density
requires that density differentials be reproduced for strict densimotric
Froude law similarity. In the absence of specific prototype values of TR’
it was decided to operate the laboratory medel at AT = 13°C. For a
probable range of prototype TR values of 7.2°C to 15.5°C (45°F - 60°F) the
corresponding values of [F are 13.5 and 10.4, respectively. Fan and
Brooks (1966) and Anwar (1969) have shown that over this F range for
buoyant jets discharging into an infinite stagnant receiving fluid there
is very little effect on jet trajectory within the relatively small z/d and
%x/d distances of concern in the present test. Therefore, the simplicity of
using the constant AT = To = T, = 13°C in the laboratory was justified.

Similarity of the other pertinent flcw parameter, the ratiO'UO/V,
was insured by setting the appropriate discharges in the undistorted

rmodel.

B. Dezcription

The nodel was provided with two separate flow systems, for the
river channel and for the outfall.

River flow was supplied fram the laboratory recirculatory system.
Water was delivered to the model frauw a constant head tank through a
6-inch pipe containing a flow meter (Dall tube) which measured river dis-
charges. The supply pipe discharged into a baffled head box attached to
the flow channel through a faired traensition. The test channel was 12 feet
long, 4 feet wide, with a horizontal wood bottam painted while for
visibiiity purposes and transparent plastic sidewalls 10 inches high.
Flow rates were controlled by a valve on the supply pipe to the head box;

river depths were controlled with an adjustable weir at the downstream



end of the chamnel. The channel is shown in Fig. 2.

The cooling water was supplied from a separate recirculatory
system incorporating a pump, storage rescrvoir, and constant head tank.

Hot water was obtained fram a hose comnection to the laboratory domestic
hot water supply; model flow requirements exceeded the constant hot water
flow available, so test durations were limited to the amount of heated
water stored prior to each run in the 17 cubic foot (effective volure)
partially insulated reservoir. Cooling water discharges were measured with
a calibrated 5/8-inch throat venturi meter in the outfall supply line.
Reservoir temperatures were monitored by a sealed immersible themucameter
with a dial gage.

The outfall conduit was fowrmed by a 1.5-inch I.D. plastic tube
inserted through a sleeve in one side wall. The outfall was located 3 feet
(240 feet, prototype) downstream from the channel entrance; the outfall
centerline elevation above channel bottom was z, = 6.67 fest, prototype.
The inserted length I of the outfall was adjustable; in Fig. 2, the outfall

is shown in the L = 0 position.

C. Determination of Jet Characteristics

Flows in all runs were set to match prototypes values, following

the Frowde scaling law: (velocity ratio) }proportional to (length ratio);i.

'_\Ielocitz Prototype Model
1

UO 9.8 fps 9.8 + (80)* = 1.095 fps
L

v 4.0 fps 4,0 : {B0)* = 0.446 fps.

Jet configurations were determined through visual observations of
the ccoling water discharge, dyed for these runs with potassium permanga-
nate. Transparent coordinate grids ruled with 10-foot {(protctype) spacings

were positioned above the channel (resting on the sidewalls) and on the
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sidewall through which passed the outfall. All sightings were taken by
eye, with a cambination sguare used to eliminate parallax error. The
outer fringes of the jet as observed frem above, the approximate centerline
as seen in plan view, and the visual estimate of the surface disturbance
(‘boil') where the fjet intersected the river surface were traced on the
horizontal grid above the channel and then transferred to tracing paper.
The wpper fringe of the jet as viewed through the sidewall also was traced
in the same way.

Although not a part of the original test specifications, it was
considered appropriate to determine sane of the temperature field in the
jet. Readings were taken by hand-held themcmeter, positioned by use of
the two orthogonal grids systems. A limited number of readings were takén;
vertical temperature profiles of three readings were taken at a few
stations on the jet centerline as determined frcm the plan view trajectory
tracing, along the jet fringes close to the cutfall exit, and in the boil
area. Temperatures of the river flow and of cooling water discharge

inside the outfall were read routinely.

D. Simuwlation of Fish Paths

Downstream migrant salmon were simulated by red-dyed, neutrally
bouyant, immiscible drops formed from a mixture of xylene and dibutyl
phthalate. Drops were released into the river flow at injection points
upstream frem the outfall by use of a syringe fitted with a mumber 19 hypo-
dermic needle. The needle was oriented vertically with its tip at the
desired elevaticn below tho viver surfoce; only a slicht pressure on the
plunger was required to release individual bubbles having zoro initial

vertical velocity. The x-y-z cocordinates of the injection points are



given in Chapter III. Bubblo silzes xarged from 1 to 3 mm.  Injection
depths were limited to 10 feet for the D = 20 feet runs and to 15 feet
for D = 40 because downstream migrant salmen most caaronly drift in the
upper layers of the stream.

Visual procedures were uscd for the fish passa%;e tests in place
of the initially specified photographic metheds. A number of reasons can
be cited. A major reason was the question of the statistical (time-
varying) nature of the bubble paths, due to flow turbulence. Turbulence
was greater for the D = 40 feet iruns; with V held constant the flow rate
through the head box was doubled, increasing turbulent eddy production
that was not fully removed by the baffles. Consequently, there was more
consistency in bubble paths for the more important D = 20 feet case.
Althcugh no consideraiicn was given to scaling twbulence, it is though
that the model flow for D = 20 is more representative of prototype river
flows. Even for the 20-foot depth it was observed (predictably) that not
all bubbles injected at the same point moved along identical paths; as a
consequence, instantanecus or even streak photographs showing even a
large number of bubbles might not shew either the statistically most
camron path or the variation of path scatter which cccurs over time. A
counting procedure was used. Depending cn the pathline scatter, either
dve drop counts were mede over a time pericod within various 10-fcot
spacings of y-coordinates at varicus x-stations (downstream fram the
injection point) or in the case of greater path consistency the y-coordinate
of the "concentraticn” path of bubbles passing the given x-station was
determined, along with the approwimate band width (in y-ccordipates) within
which all bubbles passed. Observations of bubble paths in the vertical

plane, made through the sidewall, were more gualitative.
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Water clarity was another problem which dictated not using photo-
graphic methods, as horizontal sight distances through the water woere
limited to 1-1.5 feet (model) for most runs, a situation which would have
made horizontal photography difficult. Also, of course, in final analysis,
the visual counting procedure was faster and cheaper; this budgetary con-~
sideration was important. On balance, the procedures followed are con-
sidered to give results equal to, if not better than, photographic data

which might have been obtained within the limits of the study.
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Iz, PESULTS

A. Jet Characteristics

Jet profile data are shown in Fig. 3 for D = 20. feet and in Fig. 4
for D = 40 feet, for values of L = 0, 38, and 76 feet. Only the jet conter-
line is shown in the plan view; jet fringe locaticns can be estimated on
the plots by faired lines comnecting the 5-fcot radius point at the
conduit outlet to the extremity of the boil region. The profile data on
Figs. 3 and 4 are 'time-averaged'; as with all turbulent jets, those
investigated here did not remain stationary with time but continuously
underwent lateral shifting about the mean centerline location shown.

The data show there is little effect of either D or L on centerline
trajectories for that perticn cf the jet close to the outfall - say, to
x = + 40 feet, which includes the area where the jets have just intersected
the river surface for the D = 20 case. The same cament applies to the
behavior of the upper edge of the jet as seen in elevation view. The tests
indicate that the outfall conduit cenfiguratieon (i.e., length L extending
into the stream fram a bank) has little effect on the jet shape. There was
no apparent effect from the opposite bank on jet locations.

A check run vas made with zero temperature (hence density) differ-—
tial between river and cutfall flows. PResults of the AT = 0 run are almost
identical close to the outlet port with those of the AT = 13°C runs, while
further downstream the delayed appearance of the boil at the free surface
shows the non-buoyancy cffects. These results confirm that essentially the
same jet configuration cvists close to the outlet (where temperatures of
concern to fish passage are highest) over a wide range of densimetric Froude

numters, and hence for a model study the strict equality of F wvalues
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discussed in Chapter I need not Le cbtained.

By implication, as neither the outfall gecmetry, as characterized
by L/D, nor ' have significent effects on jet forms close to the outlet,
the controlling variable is the ratio UO/V which vas held constant. Shown
on Figs. 3 and 4 is a trajectory predicted by an empirical expression for
round jet profiles in a relatively unconfined cross-flow as proposed by
Callahan and Ruggeri (1948). For zero density differential, this relation-

ship in terms of the present variables is

5 0.50
= 2.0 (2) (%)

This equation is selected as a representative cne available in the litera-
ture. Also shown in Figs. 3 and 4 is orne point, cbtained by extrapolating
results of Fan (1967) for ﬁ: = 10 to UO/V = 2.45 of the present test.
For both of these other references, however, the initial jet velocity was
in the direction of the gravitational (bucyancy) force, rot normal to it
as in the present study. The jets cbserved here show a much faster
deflection frem their initial dircction because the confinement of the
relatively small D/d climinates an 'escape route' for the river wator to
move around the entering jet; conservation of momentunm in the x-direction
dictates the ranid jet: deflection.

The 40-foot river depth run does not simulate prototype conditions.
For strict wodeling purposes, it would have been more avpronriate to make
V = 5,66 fos (prototyne) in accordance with the open channel relationship

00'5

Ve for wide open channels. For the incrcased V, the cooling water

jeot would be deflected more quickly than was the case in the present tests;
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further extrapolating the loboratory results of Fen (1967), jet centerline
y-coordinates would he reduced by about cre-third.

Temperature data and jet odge locations are given for D = 20 at
L=76and 0, and for D = 40 at L = 76 and 0, in Figs. 5 through 8,
respectively. These are the four cases for which fish passage data were
cbtained, and span the range of test vaeriables. The temperature readings
are repeated in Figs. 9-12, discussed in Section B. Actuval temperature
differentials between cooling water and river flow varied over the range
11.5%-14.9°C during the various model tests; temperature values AT shown
on the plots are all adjusted to an initial 13°C differential. The AT
value given is defined as AT = T - Ty, where T is the lccal temperature

at the point.

]
l(q
&)
£
o
g
o
[H]

The limited temperature data indicate that jet tempe
decrease more rapidly with axial distance frau the outlet than predicted
if temperature is used as the ‘'concentration' in the analyses of Fan and
Brocks (1966) and Anwar (1969) for bucyant jeis in stagnant ambient fluids.
Aleo, tenmeratures tend to remain higher at the greater depths because
vertical jet diffusion is restricted by the river bottom.

For the runs with river deoth D = 40 fect, temperature reasurcnents
wore restricted to z distances of 0, 10, and 20 foet because only farther
downstream, under the boil, do temporabture yicos AT at z = 20 feet reach a
value of mere than 2°C. Data for the D = 20 fect nuns, where readings
wore taken at the z = 0, 5, 10, aad 15-fcot levels, indicate that tonper-
atures AT near the water surface can reach 3°C doewmstream from the boil.
The temperature fields were x.}ot senpled camrehensively, and the ‘centerline’
readings may not be maxima. Due to the turbulent fluctuaticns in the jet

local temperatures likewise undervent large fluctuations, esnecially at the
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jet boundaries where AT valvos given are averages of AT's having total
excursions of 1°C or more in many cases.

The small arcs drawn across the inner fringe lines on Figs. 5-8
indicate the presence of back eddies which vwere not present in any signi-
ficant degree along the outer fringes. In the wpper flow levels the eddies
were more pronounced for the 20-foot river depth. For L = 76, the
strangest eddy was located just downstresm fram the conduit and was a result
of the displacement effect of the conduit itself on the river flow. For
L = 0, the strongest eddy was a clockwise (plan view) back eddy just dovm-
Stream from the boil; the comparable eddy for L = 76 feet was much weaker,
as the river flow around the diffusing jet was much less confined. The
effects of these eddies on fish passage are discussed in the following

section.

B. Fish Pathlines past Cooling-Water Jet

l. D= 20 feet

Simulated fish pathlines for the 20-foot dopth are shown in Figs.
9-12. Fach figure shows plan views of the paths for one I-injection level
Z canbination.

Dye drops wore injected for all cases at the station x = ~100 feet,
vhere the flow is nearly wniform. Injections were limited to depths of 5
and 10 feet below tha surface ( z = 15 and 10 feet, respectively) at various
stations y. Observations were made at x = 0 (wherc the bubbles crossed
the conduit centerline) for hoth outfall lengths and at x = 30 fect for
L =0 and at x = 40 feet for L = 76, these latter distancoes being appro-
ximately at the longitudinal cénterline of the boil. On each figure the
solid line represents the mean ('concentration') path of the bubbles, and

dashed lines on either side of it represent extremes of the paths as viewed



from above; at the appreopriate X-stations, numbers indicate the percentage
of the dye drops injected at the corresponding y-station passing x within
the band-width shown. Where the percentage is less than 100, the approxi-
mate value shown is based on bubble counts. &pecific caments are given
below for each outfall length.

L = 76 feet (Figs. 9-10): All 'fish' injected at either z = 15

or z = 10, at y = 20, were deflected outward past the jet and boil. For
injection at y = 0, for each injection level akout 5 percent of the drcps
were caught in the boil and another 5 percent surfaced in the boil. TFor
injecticn at y = -20, at both levels the mean pathline passed over the
end of the cutfall; for z = 15, 5 percent were caught in the back eddy
behind the boil and then moved into the boil, while for z = 10, 50 percent
of the dye drops were caught in the boil and moved into areas of higher
AT near the boil center. TFor the y = -40 injection point, 25 percent of

the drops for z = 15 were cauvght in the eddy on the dovmstream side of the

il

pipe, with this figqure being 30 percent for the z = 10 lewvel. In each case,
10 percent of the injected drcps went into the boil hefore going into the
main jet dovmstream.

All bukbles that moved within the band-widths rose vertically to
pass over the conduit or jet near the outfall and then tended to drop
back to a lower z-level downstream from the conduit. Travel times for these
drops are about the same as for the undisturked river flow.

No 'fish' entered the hottest part of the jet. Of the four paths
sheem, the most dangerons is that for injection point (v = =20, z = 10),
where the most fish are drawn into the boil where AT exceeds 3°C at the lower
levels. As a check, for an injection point of y = --15, z = 15, 25 percent

of the drops were caught in the boil and 10 percent surfaced in the boil.
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The worst fish approached in the wper 10 feet of water would appear to be
at z = 10, passing through x = =100, y = -15. Althouwgh same travel
times were measured for individual bubbles which were caught in boil or
back eddy, these times were too erratic to be reported.

All fish appyroaching in the unifprm upstream flow at y > 20 and
at y < = 50 seem to pass both the initial jet and boil without delay;

80 percent of the fish passing between these y-bounds also are not delayed,
and those which do go into the boil area encounter maximum temperature
rises AT of about 5°C. All fish approaching from uvpstream in the approxi-
mate zone + 20 > y > -30 ultimately enter the jet far downstream where AT
values are low.

Bubbles at depths greater than 10 feet may have greater percentages
trapped in the koil, but rnone would move into the hottest part of the jet
(fram observed paths of kubbles which pass close to the outfall exit and
were deflected upward following streamlines curving past the initial,
hottest, part of the jet). As noted earlier, the 10-fcot depth was con-
siderced a limiting depth for migrating salmon.

L =0 (Figs. 11-12): P11 fish approaching at v > 30 would pass out-

side the boil fomrmed with this limiting geomnctry configuration. Eiffects of
the strong back eddy just downstream fram the beil are pronounced. Dye
drops caught in this eddy are shown as either dravn into the hboil or drawn
toward the wall. There were no defined 'paths' or even 'band-widths' that
could be specified at x = 30 for those bubbles injected at y = 10 and at

y = 20,

Motions of the bubbles in the vertical nlane were cooparable to

those for the L = 76 fect tests. For injection levels z = 15 and 10, bubkbles
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rose vortically in order to pas: over the conduit and/or jet, then tended
to return to their original elcvations. For both L= 0 and L = 76, as the
bubbles moved into the diffusing jet farther dovnstream there was a
vertical scattering of the paths as seen in elevation view.

Photogravh: Figure 13 shows a representative appearance of the dye
drops in the fish passage runs. Conditions for the photo run are those of
Fig. 10; the bubble injection was at x = -100, y = 0, 2z = 10. Tha photocgraph
is for illustrative rather than data purposes; there is parallax exror in
.the x-direction. Bubble shadcws are visible on the channel bottam.

The dye drcps passing x = 100 are close to the inner limit of the
band-width shown on Fig. 10, and at x = 40 the drops are at, or just out-
side of (on the rear-bank side) of the band-width limits. The drops are
followirg a consistant path from the injection point to x = 0; for purposcs
of the photo, bubbles were injected much more rapidly than during the
counting tests and therefore the time-space scatter is rveduced. The spatial
scatter of the bukbles further downstream is tyoical of that which takes
place as the bubbles ('fish') enter the diffusing jet at and downstream from

the boil.

2. D = 40 fect

Fish pathline data for the 40-foot depth are listed in Table 1 for
L =76 feet and in Table 2 for L = 0. The tabular nresentation iz sclected
because in some cases the lateral spread of bubble paths was too large to
show on one plot. In cases vixxre the burble distribution thwough various
10~foot y-station gaps is not listed at the x-staticn vbich vas the clsor-

vation station for the particular run, the 'concentraticn path' column



entry indicates the band-widih of the dye bubbles. Again, all dye bukbles
were injected at x = -100 feot.

For the L

i

76 case, dye drops moving in the vpper 15 feat are
not, in general, deflected outward fram the near wall as much as those in
the wpper 10 feet for the D = 20 case; this was expectad. Again, no drops
(*fish') entered the initial part of the jet near the discharge portal.
The fish in the ueper 15 feet of water injected in-shore from the end of
the outfall pass over the pipe and do not enter the jet limits ypstream of
x = 120 feet, the boil locaticn. A relatively small percentage (5-10) of
the bubbles injected at v = 20 and y = 0 are caught in zddies behind the
boil, but as seen in Fig. 7 the AT to which they are exposed is less than
2°C,

Not tabulated are limited data taken for Gg = 0. Although trans-
verse scatter was camparable to that indicaied in Table 1, drcos released
at y = 20, 0, and -20 tended to have concentraticn paths at essentially
the same y-stations when they crossed x = 0. fThese bubbles were released
in the top 20 feet. The net coffect of the jet is to produce pathline cwrva-
tures away fran the near wall,

For L = 76, bubbles released inshore of v = 0 at the injuction
levels given were not trapped behind the pipe as were a nuwber in the
D = 20 runs.

Paths are not deflected outvard in tha L = 0 case; they are also
generally horizental until the bubbles reach the boil area, where a number

of drops move downward.
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v, CONCLUSICNS

Jet characteristics and pathlines of simulated migrating juvenile
salwmon were investigated in scme detail for outfall pipe lengths of L = 76
fect and L = 0, for depths D of 20 and 40 feet, for the constent ratio UO/V
= 2.45, and at the prototype temperature differential AT = 13°C. Visual
cbservations of jet outlines and limited temperature data provide an
adequate picture of the ncar-field characteristics of the cooling-water
jet. Jet trajectories in the depth-constricted flow as seen in plan view
vere found to be sensitive neither to AT (and therefore the discharge
densimetric Froude number) nor to gecmetry as characterized by varicus com-
binaticas of D and L for the constant d = 10 feet outfall diameter.

The 76-foot long conduit was considered long encugh for detexmining
fish pathlines past an outfall discharging at the center of a wide river
channel; the zero-length outfall was considered as a limiting case.

Frphasis was placed on determuining fish pathlines for the more
critical 20-foot river depth. Simmlated fish were injected upstream in
the approach flow at depths of 5 and 10 feet beflcow the surface. Pathlines

are tmk.—varlant because of the turbulent chamnal flow, but band-widths of
pathlines all originating at the same upstresn release points were determined.
No fish entercd the hottest part of the jet, clese to the discharge end of
the outfall.

For the L = 76 fecet, D = 20 feet tests the maximum temperature
rise AT encountcred by fish was 5°C for those cawght in eddies in the boil
area. Most other fish passed through the near-field of the jet at

essentially river velccity, with AT = 3°C being an estimated maximm for



those entering the main jet and being carried to lower levels downstream
fram the boil. Fish approaching at 20 fest or more offshore or 30 feet
or more inshore of the discharge end of the cutfall experience little if
any temperature rise.

There was a greater scattering effect on fish pathlines by channel
flow turbulence in the 40-focot depths run, but fish approaching in the top

15 feet of water do not encounter temperature rises of more than 2°C.
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