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INTRODUCTION

TVA's Browns Ferry Nuclear Plant (BFNP), situated on Wheeler
Reservoir of the Tennessee River in north Alabama (Figure 1), has a
design capacity of 3456 MW with three generating units. The planl was
originally designed to operate in Open Mode for condenser cooling. In
this mode, water is pumped from the river through the steam condenser
where the coohng water is heated before being dlscharged Lhrough
submerged multiport diffusers in the river. ‘

The plant has been retrofitted with six mechanical draft .cooling
towers, two per unit, to provide tpe " plant operators yith the option of
cooling the condenser cooling water.

The possible environmental consegences of thermal discharges
are well documented, but the water teﬁuperatures at which these effects
are discernable are not well defined. Thermal water quality standards
were promulgated generally to“ limit the maximum temperature and Lem-
perature rise of the adjacent water body.

The environmental effects of plant intakes are also of concern.
Fish may be trapped within intake structures or canals and become
impinged against the intake screens. Fish and other aquatic organisms
too small to be impinged on the intake structures may be entrained in
the cooling system of the plant. The rate of impingement and entrain-
ment of aquatic organisms is influenced by many factors such as the
condenser flov:I rate, configuration of the intake structure and ’source of
water.

This report presents results of a hydrodynamic field investiga-

tion of the flow in Wheeler Reservoir in the immediate vicinity of the
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intake structure of BFNP‘.( The tests Vs;ere planned to achieve two
objectiv‘es: -
<1. To provide supportiné hydrodynamic data for a biological
“evaluation of the environmental effects of the condenser
cooling water intake system at BFNP.

2. To \}erify results of a computer model being developed by

-3

the” University of Tennessee under the auspices of the
Division of Wildlife and Fisheries of the Department of
Interior.

Results and analyses of “the field tests conducted for several reservoir

flow and plant operational conditions are included. . .
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T PHYSICAL GHARAGTERISTICS

Thié section describes the general features of the reservoir and
the plant which affect the flow patterns in the vicinity of the plant

intake structure.

¥

The Site

The BFNP is situated on the right bank of Wheeler Reservoir at
Tennessee River Mile (TRM) 294. River flows in the vicinity of the
plant are primarily dependent upon discharges from Guntersville Dam
(TRM 349), which is 55 miles (88 km) upstream, and from Wheeler Dam
(TRM 275), which is 19 miles (31 km) downstream. The mean annual
flow rate‘pf the i‘iver at BFNP is 45,000 ft3/sec (1270 m3/sec). Si’ng:e
discharges from these dams are normally used for hydroelectric genera-
tion at periods of peak power demand, the flow in Wheeler Reservoir is
often unsteady. As a result, flows near the plant usually change
drastically throughout th'ewday. | ’

Under present operating: practices, the water level iﬁ Wheeler
Reservoir varies no more t};an six feet (1.8 m) throughout the year.
From approximately April through July, the reservoir .elevation fluctu-
ates only | slightly from the maximum level while during most of the
remaind(;.r of the year the surface elevation is five to six feet (1.5 to
2.0 meters) below the maximum.

The 14-mile (23 km) reach upstream of the 'plant is character-
ized by a main river channel, which was the original riverbed, flanked
by wide, shallow overbank regions (Figure 2). The main channel is
approximately 30 feet (9 m) déep and 2000 feet (600 m) wide. “The

right overbank region immediately upstream of the plant is relatively
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shallow with the exception of an old crcc;k channel adjacent lo the right
bank which is approx1mately 20 feet (6 m) deep. However, when the
reservou' elevations are near maximum, depths 1n most of the right
. overbank region . upstream of the plant range from five to ten feet (1.5
to 3 rﬁ) Durmg low reservoir elevations, the overbank is exposed in
some regions and is approxxmately three feet (one m) deep in others.

EThe proportion of flow between the main channel and the over-
'bank depends upon the reservoir elevation and the total flow in tLhe
reservoir. A significantly greater percentage of the lotal flow is cop-
fined to the main channel during the months when the reservoir eleva-
tions are low. For both hig}l -and low reservoir elevatipn, during
higher flows a higher percentage can be expected in the main channel
because the effect of bottom friction is more pronounced in the over-
bank than in the main channel. Under all conditions, the majori'ty: of

the river flow is confined to the main river channel in this region.

The Plant

Condenser cooling water for BFNP is pumped from an intake
basin which is separated ‘from the Wheeler Reservoir (Figure 3) by a
shallow skimmer wall extending approximately 10 feet (3 m) belt_)w the
normal maximum surface elevation. A dredged channel app‘rdximately 35
feet (10 m) deep extends from the intake basin to the deepest part of
the main river channel as shown in the underwater topography of
Figure 3. This dredged channel permits flow from the lower depths of

the main channel to enter the intake basin as well as the flow from the

right overbank region of the reservoir.
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The plant condenser cooling water system can be operated in

three 'modes: Open, fielper and Closed. In the Open Mode, the con-
dénéerj coc_)ling water is discharged directly into the 'river through
“sdbl'nerged multiport agffusers. When this method of disposing of the
‘excess ‘heat from the plant is not sufficient to meel applicable thermal
standard-s, the condenser'cobling water may be routed to the cooling
towersland the effluent from the cooling fowers routed to the diffusers
for discharge into the river (Helper- Mode), or routed to the plant
intgke channel for reuse as condenser cooling water (Closed Mode).
Thése three modes of operation of the BFNP cooling system are illus-
trated in Figure 4. '

In the Open Mode, the plant pumps 4410 ft3/sec (125 m3/<;ec)
from the river of which 4350 ft /sec (123 m /sec) are pumped through |
the steam condensér. As the cooling water passes through the con- |
denser, it is heateq approximately 25°F (14°C) befqre being discharged
through submérged, multiport diffusers into the river. When operaling
in the Helper Mode, the plant intake flow rate is 3675 ft /sec (104
m3/sec) with a slightly higher design condenser rise of 31.7°F
(17.6°C). In the Closed Mode of operation, only a small quantify of
water, between 200 and 300 ft3/sec (5.7 and 8.5 m3/sec), is drawn
from the river primarily for "makeup" water for the cooling system.
Although there are fewer potential environmental effects from the Closed
Mode of operation, the power required to operate the cooling tower lift
pumps and fans, and the loss of generating efficiency which results

from increased cooling water temperatures can produce a net loss in

generation of as much as 150 MW at the BFNP.
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_ FIELD INVESTIGATIONS

Three procedures. were used to analyze the flow field in the
vicinity of t}}e‘ BFNP w,a'ter: intake. Velocities were recorded from a
boat anchored at several locations both inside and outside of -the intake
basin. These measurements produced v‘elocity vectors in the horizontal
plane. Drogue:s released at various locations and designed to move with
the horizontal flow at a specified depth were also tracked. The trajec-

tories ‘'of these drogues provided an indication of pathlines of the flow

entering the intake basin. In addition, the flow in the right overbank

region upstream of the plant intake was traced with a flourescent dye. -
The concentration of dye in the overbank area immediately upstream of
the plant intake was reéorded and compared to the maximum recorded
concentrations of dye inside the intake basin. The dilution of the
concentration of dye inside of the intake gate was attributed lo water
being withdrawn from the main channel which contained no dye. Al-
though these three procedurmes were sometimes used concurrently, they
will be discussed separately.

Water temperatures of the survey area were obtained from two
permanent water temperature monitors at TRM 295.8 (Figu‘reLZ).’ - Each
of these monitors has a string of several thermistors positioned at
prescribed depths and recordéd the water temperature hourly. Monitor
7 indicates water temperétures of the overbank area ar{d Monitor 14
provides temperatures of the main channel. Both are considered accu-

rate t0-+0.2°F (0.1°C).
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Velocity Surveys

Procedure and Conditions

On.May 17 anq 18, 1977, velocities wefe recorded in the inl.qlfe
basin and in the reservoir near the intake. Measurements were made at
depth incremehts of 3.3 feet (1.0 m) from an anchored boat using a
Mérsh-McBirney e!ectromagneiic current méter. This instrument utilizes
the electrl‘ic fiel_d generated by water movin‘g through a magnetic field to
determine lwo é:omponcnts of the velocily vector over a range ol zcrolo
threﬂe meterl‘s p;r second with an accuracy of #0.05 ft/sec (1.5 cm/scc).

During this survey, all of the condenser cooling water pumps
were in operation produ;:ipg a total intake flow rate of 4410 ft3/sec (125
m3/sec). The plant was opel;ating in the Open Mode throughout these
tests. The Tennessee River flow rate was computed to be 38,000
ft3/sec (1075 m3/sec) with a water surface elévation ‘of approximately
555.6 ft (169.0 m). | |

Water temperatures in the overbank were 1 to 2°F (0.5 to
1.0°C) v&a;‘mer than those at comparable depths.in the main channel.

Velocities measured at the surface and at depths of 3.3, 10, 16
and 23 feet (1.0, 3.0, 5.0 and 7.0 m)' in" the main channel and, where
liepths permitted, in the overbank areas upstream of the intake are
presented in Figures 5 through 9, respectively. Winds were relatively
calm during the survey period; therefore, surface velocities were un-
disturbed. These  data reveal that velocities in the vicinity of the old
creek channel near the right bank of the overbank region were slightly

greater than in the more shallow regions of the overbank, but even
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tflose velocities near Ji".he right bAnl;‘we;‘e somewhat less than those of
the main channel. A r;ﬁmepical integration of the velocities revealed
that the total flow of the oyerbank was approximately 3000 ft3/sec (85
m3/sec) durir;g this river flow and stage.

Velocities near the surface (Figure 5) in the immediate vicinity

of the intake show "a downstream component implying that some of the

surface flow from the overbank area was not entréined into the plant.
This is attributed to buoyancy produced by the warm surface lemper-
atures of the overbank water. ‘This condition is Lypical during the
spring because tfle large surfacé area of the shallow, slower flowing
overbank regions have less thermal inertia than the main channel and
hence warm more rapidly.

At depths of 10 feet (3 meters) or greater, the velocity vectors
indicate that all flow in the Liredged intake channel to the f)lant were
directed toward the ‘pla‘nt. This water ai)pears to have come primar:'ily
from the main channel of the reservoir. Water flowing at dept}is of less
than 10 feet (3 meters) in the reservoir near the plant intake came
primarily from the overbank.

Velocities recorded inside the intake channel are presenteq in
Figure 10. The location of this cross-sectional view of the channel is
denoted in Figure 9. These data indicate that the f}bw in_thewintake
channel is evenly distribﬁted both top to bottom and side to.side. The

mean velocity at this cross-section is 1.3 ft/sec (39 cm/sec).
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Drogue Trajectory Analysis.

Procedure and Conditions

On July 20 and. Zl, 1977', flow patterns in the reservoir_ near
tﬁe intake were investigated with drogues. These drogues had broad
lateral fins one foot (0.3 meters) high (Figure 11). These fins created
high drag at :che depth of the fins and thereby moved -with the hori-
zontal flow} at that depth. A float and weight kept the drogue vertical
and the fins a't the prescribe“d depth. The floats were color-coded and
were tracked visually with surveying transits positioned at two locations
on the shore. ) |

Intake flows veried between 3400 £t3/sec (96 m3/sec) and 4000
ft3/sec (113 m3/sec) during the sur;/eys. River f]oaws fluctuated be-
tween 20,000 ft3/sec,(566 Hms/sec;) and 25,000 ft3/sec (7101m3/sec)‘, on
July 20, and remained relafcively constant near 36,000 ft3/sec (1020
m3/sec) on July 21. . :

Winds were variable during both days but generally increased
in intensity throughout the day. During some of the tests, the wind
obviously affected the drogues nearest the surface, i.e., 1.5-fool
(0.57-meter) depth. Those cases are noted on the data to be presented.

Because the reservoir had entered the coolmg phase of its
annual cycle, water temperatures in the overbank were typically 1 to
2°F (0.5 to 1.0°C) cooler ‘than those at comparable depths in the main

channel.

Results .
The results of the drogue analysxs for the tests conducted on
July 20 are presented in Figures 12 14; and for the tests conducted on

July 21 in Figures 15-17. Trajectories for fins .positioned at depths
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WATER LINE

Figure Il . Drogue used for Trajectory Analysis
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of 1.5 feel. (0.5 m), 5.0 feet (1.5 m), and 20 feet (6 m) arc shown.
Symbols showing drogue positions at intervals of 240 seconds provide an
indication of " the speed at which each drogue was moving along its
trajectory.

On July 20, when the river flows were relatively low, all
drbgues released on the overbank drifted to the upstream side of the
intake. One drogue released in the main channel approximately 300 feet
(100 m) from the right overbank tracking flow at a depth of 20 feet (6
m) (Figure 14) drifted into the dredged channel and ultimately against.
the downstream side of the intake gate implyiné that water from the
lower depths of the right side of f:he main channel was f]owing into the
intake channel. Another drogue released near the‘center of the m:;in
channei (Figure 12) appeared relatively unaffected by the intake flow.

Trajectories) were considerably different on July 21 when flows
were much hig?ler. The downstream iﬁertia of the river flow appeared
to have had a moi‘e pronounced 'effect upon the flow ‘patterns near the
intake. As a x;esult, the overbank flow nearest the right bank ‘ap-
peared to .enter the intake on the upstream side; flow from the cenfer‘
6f the ovetrbank entered the middle; and flow from the-outer edge qnd
the channel lentered on the downstream side of the intake. AlthOl;gh
not verified by these drogue studies, results of the previoug velocity
survey gMay 18) conducted uncfer similar flow conciit‘ions indic'ated"thét
water from t}iellower depths (i.e., below the 20 feet [6 m] drogue) of
the right side of the main chahnel also flowed into the plant intake
channel. This is also implied from the results of the dye studies to be

presented subsequently.
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‘Dye_Studies

Procedure and Conditions

AA portion of the overbank upstream of the plant intake was
injected with a fluorescent dye in-order to determine the fraction of
water in the plant intake channel obtamed from the overbank. 'Dye
concentrations recorded 1mmed1ately upstream of the intake gate were
compared ’with concentrations recorded inside of the intake channel.
The lower concentrations in the intake channél Provided a quantative
measure of the dilution attributable to the influx of water from the main
channel which contained no dye.

"The dye was 1n]ected approximately 0.6 mlles (1 km) upstream
of the intake. A 2zone’ approx1mately 1000 feet (300 m) long extenqu
across the entire breadth of the right overbank was injected with a 20
percent solutlon of Rhodamine WT dye, a very dark red, aqueous hquld
which is 'partlcularly sultable for flow tracing by ﬂuorometry and vxsual
‘methods. '

The dﬂye was injected’into the water through tV\;O 1.5~inch (3.8
cm) diameter manifo]ds‘rigidl‘y mounted on each side of a boat (I‘ig;;re‘
18). Dye was supplied)from a 30-gallon (115-liter) drum which was
kept under constant pressure to assure an even flow o{ dye. Dis-
charge ports in the manifold were positioned at depths of 0.5, 2.5, and
5.0 feet (0.15, 0.76 and 1.5 m). By throttling the boat to selected
speeds and varying the ﬂow. from the discharge ports, the desired con-
centrations could be achieved. Turbulence of the boat warke and natu-
ral dispersion as the water flowed toward the plant provided wvertical
and horizontal mix'ing‘altld thus minimized dye concentration gradients in
the overbank near the plant intake.

Boats equipped with ‘Turner Model 111 or Model 10 fluorometers

and anchored at predetermined monitoring stations were used to obtain
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samples of the V.';reter ‘at .xiérioﬁs depths. These data were used to
determine maximum concentratione‘of dye at various locations as the dye
cloud passetl from the overb’arrk and-through the intake chanrle].

Four separate ‘surveys were cond'ucted for river flows ranging
*from 11,000 ft3/sec (310 m3/sec) to 38,000 ft3/sec (1075 mS/sec).
These flows were ot)tained through prearranged special operation of the
upstream and downstream hydroelectric plants. The plant was operat-~
ing in Open Mode during the survey on May 18, and was operaling in a
combination of Open and Helper Modes for the latter three tests
During the spring survey (May 18), the water temperature in the
overbank was significantly warmer than the main channel, but by ]uly
20 when .thé last test was conducted this condltlon had "reversed.
Specific plant operating condltlons and amblent condltlons ex1stmg

during each test are provided with the discussion ofﬂ that test.

Results |

Although the four tests were conducted for a wide range of
plant operational and river conditions, the percentage of water pumped
into the plant from Athe overbank is remarkably consistent. Each test
will be discussed separately.

May 18, 1977--The intake flow of the plant was near the maxi-

mum value of 4410 ft3/sec (fZS m3/sec). River flows were constant at
38,000 fts/sec (1075 m3/sec), and the temperature in the overbank was
detectably warmer than in the main channel (Figure 19) and the over-
bank existed near the latter part of the survey period' and thereafter.

Because of the buoyancy of the flow from the overbank when it

merged with the cooler water from the main channel near the plant
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intake, a portion of the wa:ier from the upper three fect (one meler) of
the water column was not entrained into the plant intake. A qualitative
description of the warm surface affected at any time (not simultane-
ously) by the red dye is shown in Figure 20, which indicates that the
dye was .visible until it was thoroughly mixed with the discharge from
the diffuser. o

Quantative sampling on the overbank immediately upstream of
the intake revealed average dye concentrations of 20 parts per bllhon
(ppb) by volume. Comparmg this to the maximum value, 11 ppb of the
cross-sectional average of concentrations recorded in the intake channel
midway between the skimmer wall and the pumps, indicated thal ‘ap-
proximately 55 percent of the flow entering the plant came from the
overbank. Thesc;. test conditions and results are summarized in Table 1
along with data from the remaining three tests. |

June 7, 1977--quing the second test, river flows of 35,000

ft3/sec (1000 m3/sec) were similar to those of May 18. However, 'the
thermal structure of the réservoir was slightly different anfl the plant
was operating with lower intake flow rates as shown in Fggures 21-22
and summarized in Table 1. The downstream inertia of the overbank
flow and the slight temperature difference produced a qualifat.ive pic-
ture of the*surfa‘ce, presented in Figure 23, which is similar to Figure
20 (May 18 test).

The sampling positions for measuring dye concentrations are
also denoted in Figure 23.‘ Concentrations recorded in the reservoir
and in the intake chan;lel‘are presented in Figures 24 and 25, respec-

tively. Because of the proximity to the dredged channel leading to the

plant intake, it was determined that data recorded at Station A
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reflected some mixing with flow from the main channel. .,Hence, Station
B was used to determine a deptil-averaged peak overbank dye concen-
"tration of 22 ppb. Comparing this concentration with the maximum
concentration determined by averaging across the cross-section of ‘the
iptake channel, 13.8 ppb, it was determined that approximateli 63

percent of the intake flow came from the overbank.

June 19, 1977--River flows were significantly lower than during
any of Vthe other three tests, averaging about 11,000 fts/sec (310
m3/sec). There was no appreciable difference in water temperatures in
the region surveyed (Figure 26) and the intake flow waa constm:l; al
3420 fts/secA(97 m3/sec) (Figure 27). For these conditions, the quali-
tative pic?ure" of the surface (Figure 28) reveals a different flow pat-
tern as all of the overbank Eflow seemed to be drawn into the intake.
Data from the reservoir monitoring stations (Figure 29) were used to
estimate an average overbank dye concentration of 23 ppb. "

Dye concentrations recorded in the intake channel (Figure 30)
show that during these lew river flows, flow from the overbank was
confined to the right side of the intake channel with water from the
main river channel on the left side. These data produced a maximum
cross-sectional average concentration of 12.7 ppb, which indicated that
55 percent of the intake flow came from the overbank (Table 1).

July 20, 1977--Both the river flow (Figure 31) and the intake

flow (Figure 32) were somewhat unsteady, averaging 21,000 ft /sec (596
3/sec) and 35,500 ft /sec (1005 m3/sec), respectively. Because the
reservoir had begun its annual was in a cooling phase, the overbank
temperatures were slightly cooler than those of the main channel

(Figure 31 and Table 1). Where the two water masses met, the main
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TABLE 1
SUMMARY OF TEST CONDITIONS AND RESULTS FOR
BROWNS FERRY NUCLEAR PLANT INTAKE STUDIES

Test River + Temperature Percentage of Flow

Test Condition Flow From.Monitor***  in Intake from
* Date *Q,_(cfs) ¥*Qp (cfs) "No. 7 No. 14  Overbank
May 18 4410 38,000 75.6 71.3.6 56
1 June 7 3420 35,000 - 77.8 7.0 63
: July 19 3420 11,000 85.3 85.7 55
July 20 3550 21,000 84.0 85.4 53

W b

*Intake flow. } N
**Average river flow at Tennessee River Mile 293.5 during test period.
*¥**Temperature recorded ‘at depth of 5 feet at 1000 }u‘s. :
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channel spread over the coo]er ‘overbank water which plunged under-
neath. Flguro 33 shows tho qualitative description of the water surface
“on July 20, Although some of the dycd waler was ()hsm'vc(l downslream
of the intake, it seems likely- that the source of that water was from the
overbank near the edge of the channel.

For tﬁis survey, ‘the ‘overbank dye concentration was approxi-
mately 10 ppb and the maximum cross-sectional average of the intake

channel was 5.3 ppb, Wthh 1mp11es that 53 percent of the intake flow

came from the overbank
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CONCLUSIONS

A relatively wide overbank area is situaied immediately upstream
of the intake of the BFNP. The quantity of flow a.long this overbank
varies with reservmr stage ‘and flow. Prior to spring filling of the
reservoir, the shallow depths will prohlbit much flow. over the over- .
bank, but after the reservoir has been raised to near the maximum
level, usually in April, the depths of the overbank will permit more
flow). | A velocity survey conducted in May 1977 during a river flow of
38,000 ft3/sec (1075 m /sec) revealed that about 3000 ft /sec (85
m3/sec) was flowing over the overbank.

Most of the flpw over the overbank is being drawn into the
BFNP inteke when the plant is operating in Open or lﬂ{elper Modes of
condenser coohng Durmg Open Mode, the design mtake flow rate for
all three umts in operatlon is 4410 ft3/sec (125 m3/sec), and for Helper
Mode, de51gn flow rate is ~3675 ft /sec (104 m /sec) Thes'e flow Ijates
are proportiohally decreased when units are not in service. A

| In the spring, when the reservoir is gradually warming, the
Iarge surface areas and shallow depths of the overbanks provide little
thermal inertia; hence, the overbank areas are generally warmer than
the main channel. Under these conditions, buoyancy. of the Warmer
overbank water is sometimes sufficient to prevenf water in the upper
three feet (one meter) frem being entraineii into the i:)]ant intake. 'l‘}lis
was demonstrated with a velocity su‘rvey and a dye study. Howe{/er,

studies 'conducted during the summer which also included‘a trajectory

analysis using drogues showed that this phenomenon was nominal.
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Fqur iield surveys using fluorescent dye were performed to
determine ”the percentage of BENP intake flow which originated from the
overbank. These tests, which were conducted during near maximum
surface elevations for a wide fange of typical reservoir flow and plant
operational conditions, revealed that between 53 anfl 63 percent of the

BFNP intake flow comes from the overbank when the plant is operatling

three units in Open or Helper Modes.




