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EXECUTIVE SUMMARY

The Tennessee Valley Authority currently is in the process of restoring the third and last unit to
service at the Browns Ferry Nuclear Plant (BFN). In addition, the maximum power of all three
units is being increased to 120 percent of their original design level. In light of these changes,
the purpose of this study is to evaluate the impacts of the additional waste heat on the operation
of the plant. This is needed to help TVA make optimal decisions regarding upgrades to the
cooling system, particularly the cooling towers. The impacts of the waste heat will emerge as
energy losses in unit derates and cooling tower operation, which are needed to protect the water
temperature limit in the receiving stream, specified in the National Pollutant Discharge
Elimination System (NPDES) permit for the plant. Of particular importance is the magnitude of
unit derates, which directly influence the potential need to upgrade the cooling tower system.

The evaluation of the waste heat was conducted using a computer model that simulates the
operation of BFN and estimates the hydrothermal behavior of the plant condenser cooling water
system and the receiving stream. A detailed description of the model formulation, data,
assumptions, and simulation results are provided herein. An independent review of the study
found the modeling approach to be appropriate, adequate, and properly implemented to satisfy
the purpose of the study. The review also found the major processes and factors included in the
model to be valid and the results to be practical and reasonable.

Inherent uncertainties in the model formulation, data, and assumptions dictate the need to
express results in terms of ranges of energy loss. This was accomplished by sensitivity
evaluations involving variations in a number of model parameters. The key results for unit
derates are as follows for three units operating at 120 percent extended power uprate (EPU):

Current cooling tower configuration (four original 16-cell towers and one newer 16-cell tower)

¢ On the average, significant unit derates are likely to occur about once every 1 to 4 years.
e Individual derate events could include the shutdown of all three units.

e In extreme years, the annual derate energy loss is expected to fall between about
320,000 MWh and 530,000 MWh.

o The average derate energy loss is expected to fall between about 30,000 MWh and 110,000
MWh per year.

Cooling tower configuration identified as the TVA preferred alternative in the 2002 Final
Supplemental Environmental Impact Statement for BFN operating license renewal (four original

16-cell towers, one newer 16-cell tower, and one new 20-cell tower)




¢ On the average, significant unit derates are likely to occur about once every 3 to 5 years.
¢ Individual derate events could include the shutdown of all three units.

e In extreme years, the annual derate energy loss is expected to fall between about
191,000 MWh and 375,000 MWh.

e The average derate energy loss is expected to fall between about 15,000 MWh and 40,000
MWh per year.

Results for other cooling tower scenarios are provided in this report. None of the cooling tower
scenarios considered herein completely eliminated the potential occurrence of unit derates. In
part, this is because the simulations included the warmest year in the period of available record,
1993. Since there are no acceptable methods to reliably forecast years of extreme summertime
meteorology, the potential impact of a year such as 1993 cannot, at this time, be dismissed in
model results.

Almost all the energy losses reported herein are associated with the NPDES limit for the 24-hour
running average downstream temperature, 90°F. The limit for the 24-hour running average
instream temperature rise is 10°F. Even though the model results predict no problems with the
temperature rise, historical observations have recorded temperature rise events in excess 8°F.
Since the hydrothermal model was calibrated primarily for summer conditions, and due to
uncertainties associated with the behavior of the plant waste heat in low river flows, the potential
for events threatening the limit for instream temperature rise is yet considered significant.

Results of the hydrothermal model suggest that it may be possible to reduce derate energy losses
by “early” operation of the cooling towers. However, for NPDES temperature limits based on a
24-hour average, this is true only if the unit derate occurs within 24 hours of startup of the
cooling towers. In general, it is best to have cooling towers in service well before 24 hours of a
potential derate, to ensure that cooling tower equipment is working at peak efficiency, and to
ensure that the downstream temperature is as cool as possible when entering the 24-hour window
before a potential unit derate.

Comments in the independent review and observations in the sensitivity evaluations indicate that
the greatest sources of uncertainty in the hydrothermal model are likely related to the complex,
three-dimensional behavior of the river upstream and in the immediate vicinity of BFN.
Algorithms incorporating a mixture of advanced three-dimensional numerical modeling and
statistical techniques could potentially reduce this uncertainty. TVA currently is investigating
some of these algorithms. Flow algorithms different from that currently used by TVA also are
readily available and could perhaps improve predictions for reverse river flow events at BFN.
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From the standpoint of the plant, significant sources of modeling uncertainty are found in the
cooling tower performance (e.g., capability) and plant water routing during helper-mode
operation (i.e., sluicing part of the plant discharge directly to the diffusers). To reduce these
uncertainties, the plant should consider simple measurements of water level, flow, and
temperature at key locations in the cooling system during helper-mode operation.
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HYDROTHERMAL MODELING OF BROWNS FERRY NUCLEAR PLANT
WITH UNITS 1, 2, AND 3 AT EXTENDED POWER UPRATE

INTRODUCTION

The Tennessee Valley Authority (TVA) Browns Ferry Nuclear Plant (BFN) contains three
boiling water reactor electric generating units. Only two of the units presently are in operation.
For each unit, condenser cooling water (CCW) from Wheeler Reservoir on the Tennessee River
1s used to remove waste heat from the plant steam cycle. In this process, the plant is responsible
for meeting environmental regulations for the safe dissipation of the waste heat in the river. The
environmental regulations, administered by the State of Alabama, are found in the plant National
Pollutant Discharge Elimination System (NPDES) permit. Those related to the waste heat
include thermal limits for the maximum river temperature downstream of the plant and the
maximum rise in river temperature from upstream to downstream of the plant. Under most
conditions the NPDES permit allows the waste heat from BFN to be assimilated in the river by
once-through, or open-mode, cooling. However, when the river becomes thermally stressed, the
plant must be operated in helper-mode, wherein a portion of the waste heat is assimilated in the
atmosphere by routing part of the plant thermal effluent through cooling towers. If the thermal
conditions of the river and/or atmosphere are such that the cooling towers are unable to remove a
sufficient amount of heat, the plant must be derated to meet the NPDES requirements.

TVA currently is in the process of restoring the third unit at BFN to service. In addition, the
maximum power level of all three units will be uprated to 120 percent of their original level. As
a result, the amount of waste heat produced by the plant will increase substantially compared to
current conditions with two units. To help TVA make optimal decisions regarding the cooling
system, the purpose of this study is to provide information as to the potential impacts of the
additional waste heat on the operation of the plant. The impacts will emerge as higher river
temperatures downstream of the plant. To satisfy the thermal limits of the NPDES permit, these,
in turn, will result in a larger amount of cooling tower operation and plant derates. In this
manner, the objective of the study is to estimate, for different conditions of the plant and river,
the potential range of energy losses to the power system due to cooling tower operation and plant
derates. Meaningful estimates of the loss of energy in unit derates is of primary importance in
decisions regarding TVA investment for cooling system upgrades.

In the study, a hydrothermal model has been used to estimate energy losses by simulating the
operation of BFN for a period of time encompassing a range of river flows and meteorological
conditions. Historical data are used for the hourly ambient river temperature upstream of the
plant and site meteorology. Hourly river flows are derived from a flow routing model for
Wheeler Reservoir. With this information, the BFN hydrothermal model includes components to



estimate the plant intake temperature (withdrawal zone), the temperature rise across the plant
condensers (plant performance), the cooling tower discharge temperature (cooling tower
performance), and the river temperature downstream of the plant (diffuser performance). Based
on the NPDES thermal limits, specific procedures are included in the model to decide the process
for placing cooling towers in and out of service and the process for derating and returning the
units to full power (i.e., open-mode vs. helper-mode vs. derate-mode). A tracking module is
used to accrue the amount of energy loss incurred for tower operation and unit derates.

Described in this report are the major aspects of the hydrothermal modeling study. Background
information is given for the basic conditions of the site and the design and operation of the BFN
CCW system. Data are presented for the site meteorology, river ambient water temperature, and
ambient river flow. In the study, river flows are based on a new operating policy for the TVA
reservoir system implemented in May 2004. The overall methodology of the study is described
in detail, as well as the major components and processes of the BFN hydrothermal model. Of
particular importance is the model component for diffuser performance. In previous studies the
diffuser performance was evaluated using a thermal dilution algorithm based on a uniform
ambient river temperature. In the current study an algorithm is used that incorporates the impact
of a thermally stratified ambient. The method and results for the model calibration are given.

Model simulations are performed based on a historical period of BFN meteorology and TVA
river system hydrology. The baseline conditions for the simulations assume the BFN cooling
system includes a new 20-cell cooling tower, identified as the TVA preferred alternative in the
Final Supplemental Environmental Impact Statement (FSEIS) for Operating License Renewal
(TVA, 2002). Sensitivity simulations are made based on the uncertainty of key model
assumptions. In addition to baseline conditions, model simulations also are performed for a
number of scenarios for the plant cooling towers. The study results are summarized in terms of
the expected frequency of cooling tower and derate events and the related megawatt hours
(MWh) of energy loss. Conclusions focus on key results from the simulations, areas of
significant uncertainty, and potential options for improvements.

BACKGROUND

Basic Site Conditions

BFN is located in north-central Alabama on Wheeler Reservoir at Tennessee River Mile 294.0.
The plant is about 55 miles downstream of Guntersville Dam (GUH) and 19.1 miles upstream of
Wheeler Dam (WEH), as shown in Figure 1. About 13 miles upstream of BFN, near the city of
Decatur, Alabama, Wheeler Reservoir begins to expand from a section characterized by narrow,
riverine conditions to one including a main channel with wide adjacent overbanks. At BFN the



main channel is about 30 feet deep and 2000 feet wide and the overbanks are about 5000 feet
wide and from 3 to 6 feet deep.
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Figure 1. Site Location

The river flow at BFN depends primarily on discharges from GUH and WEH. Flows from TVA
dams are scheduled to meet the multipurpose objectives of the TVA river system. In general, on
an annual basis, this leads to higher flows in the winter and spring and lower flows in the
summer and fall. Based on historical data from 1985 to 2004 for GUH and WEH, the average
flow past BFN for December through May is about 55,000 cfs, whereas that for June through
November is about 35,000 cfs. On a daily average basis, flows past BFN can be much higher
and much lower than these average values, and even more so on an hourly average basis. Hourly
releases from GUH and WEH are made throughout the day in peaking patterns that seek to
optimize the generation assets at the dams. In the summer, this typically leads to high niver
flows in the afteroon and early evening, and low river flows in the late evening and early part of
the day. In the winter, peak flows are common both in the mid-morning and late afternoon, with
lower flows in the intervening periods. The peaking patterns at GUH and WEH can create
sloshing in Wheeler Reservoir wherein within a day the hourly flow at BFN can vary from over
100,000 cfs in the downstream direction to perhaps more than 10,000 cfs in the upstream
direction. Additional information about Wheeler Reservoir and the operation of GUH and WEH
can be found at the following web sites:

http.//www tva.com/sites/sites_ie2 htm,
hitp:/fwww tva com/sites/wheeler.htm, and
http.//’www.tva.comvriver/lakeinfo/index. htm.



Water temperature patterns in Wheeler Reservoir are constantly changing in response to varying
meteorology and hydrology. The most important factors producing these changes are the air
temperature, humidity, wind speed, solar radiation, and patterns of flow in the river. Natural,
seasonal water temperatures vary from about 35°F in the middle of the winter to near 90°F in the
warmest part of the summer. The water column upstream of BFN is usually fully mixed in the
winter with weak thermal stratification possible in the spring, summer, and fall. The
stratification is weak in that it usually appears and disappears on a daily basis in response to the
diurnal variations in meteorology. In the spring and fall the stratification can yield a peak
difference in temperature of about 2°F between the surface and bottom of the reservoir, whereas
in the summer, the peak difference can exceed 6°F. Other spatial variations in temperature occur
between the main channel and overbank portions of the reservoir. In general, the overbank
portions are more responsive to changing meteorology, yielding warmer temperatures in the
summer and cooler temperatures in the winter.

Additional information concerning flows and temperatures in the vicinity of BFN is presented
later in discussions related to the plant withdrawal zone and diffuser mixing zone.

Condenser Cooling Water System

The BFN condenser CCW is described in the plant Final Safety Analysis Report (TVA, 2003).
Only a brief description of the major CCW components and configuration of flow is presented
here. Additional information conceming the specifications for the various components is
presented later in discussions related to the modeling assumptions.

The CCW flow through the plant is shown in Figure 2. Water is withdrawn from Wheeler
Reservoir by an intake pumping station containing three CCW pumps per unit (i.e., nine pumps
total). For each unit, the pumps operate in parallel to deliver the flow to an intake tunnel that
supplies the water to the condenser in the plant turbine building. Each condenser contains six
parallel waterboxes. The flow from the waterboxes enters a discharge tunnel that carries the
water out of the turbine building.

In open-mode operation, the discharge tunnel for each unit delivers the CCW effluent to a
submerged multiport diffuser located on the bottom of the main channel of Wheeler Reservoir
and about 1000 feet downstream of the intake pumping station. The basic arrangement of the
diffusers is shown in Figure 3. The discharge ports for each diffuser are found in a section about
600 feet long. The most upstream diffuser is that for Unit 2 and has a diameter of 20.5 feet. The
discharge section for the Unit 2 diffuser is situated in the portion of the main channel opposite of
the plant. The middle diffuser is that for Unit 1 and has a diameter of 19.0 feet. The discharge



Thass1 T 108

— . = ~
C wn Turbine Building | T m
T
y AYE (Bl
8 full L@ g =)
l/g.éfh 216 \pie)
mg | ?Jg(:f]‘ R
J'L AN
b e
/
////

Reactor Building

—
\
9.

. ,] o i :
| ¥ -
Unit 3 discharge flow
{ / . Y
/ ) . . e
Unk 1 discharge flow ] e
o i - . Il - e
H a/ \— Uni 2 discharge flow
A ? - 92.80 - —
\\ ....... Gate Structure 1BJ
.
QD) Gate Structure 1A —
Gate Structure 1
PLAN
é // /|
J’I JL’ Flow fo diffusers Daily average river flow
_

Figure 2. BFN CCW Intake and Discharge Conduits



Average river flow

i o . \ ,‘\ “,.
™ o I ; - L\ f—"Unit2dffuser dia 20.5feet
o o | IS B £, RN SR S—; T : FEERR
o Flowf‘rompla;nt \\\‘i\ i'a' o T — - — CCI:-_l.Jnh1dlﬂusofdll19.01:et ,: . \‘:.\‘: }3:
% \ 2 T W 1 I i e IR ‘\l s AT
& g = | i
: : ey R
/i '
e 1.
L ‘7 a0
Gate Structure 1 L
PR of daiet sn Dflvsar Culell O podos a8’
Flow from plant End of Unt 3 diffuser — ) . _ camammsr ;| __ End of Unk 2 diffuser )!/--::,;:-“-'
' . H i i : i ’
—— |- | _4_,__I_ErdofUmt1dlﬂ‘uw_ i ' ! i _”-"’
= i S0 e r‘\ » ‘ AN
O ' ] ISl \adinad o : St 154G k"u . \\- - T L
- e S i i it et £ 0 WO S e S T LR
& g (205N
3
! — H
Unit 3 diffuser

dia 17.0 feet

q

IR
MU LE,

—i

Figure 3. BFN CCW Submerged Multiport Diffusers




section for the Unit 1 diffuser is situated in the middle of the main channel. The most
downstream diffuser is that for Unit 3 and has a diameter of 17.0 feet. The discharge section for
the Unit 3 diffuser is situated in the portion of the main channel directly adjacent to the plant.

The geometry of the diffuser discharge ports is shown in Figure 4. The ports are located in the
upper, downstream quadrant of the diffuser conduits. To promote mixing, this location releases
the thermal effluent in the wake of the diffuser conduits (i.e., based on the average river flow).
The port spacing provides about thirteen 2-inch diameter holes per foot of diffuser length,
yielding a total of about 7800 holes per diffuser. Information about the hydraulic and
hydrothermal characteristics of the BFN diffusers is given by Vigander et al. (1970) and
Harleman et al. (1968).

The CCW effluent from one or more of the BFN units can be treated using cooling towers by
adjusting gates in the CCW discharge tunnels. The basic arrangement of the gates and cooling
towers is shown in Figure 5 and Figure 6. To place a unit on towers, the corresponding gate in
Gate Structure 1A is closed to divert the condenser effluent through Gate Structure 1B and into a
tunnel that carries the flow to the cooling towers. Gate Structure 1B contains a stop log
arrangement and is normally open. The profile of the tunnel to the cooling towers includes a
high point, or siphon, to prevent flow to the towers under normal open-mode operation. When a
unit is placed on towers, a vacuum priming system is provided to start and maintain the flow
over the tunnel siphon.

From the cooling tower tunnel, the CCW effluent enters a warm water channel extending the full
length of the tower field. The original field included six cooling towers; however, due to a fire in
1986 that destroyed tower 4, the site currently contains only five cooling towers. In the warm
water channel, a pumping station is provided for each cooling tower to withdraw and lift the flow
to the tower distribution channels. After passing through the fill, the discharge from each
cooling tower enters a cold water channel extending around the tower field. The cold water
channel returns the treated flow to Gate Structure 1. The corresponding gate in Gate Structure 1
is opened to allow the treated flow to pass into the diffuser for the unit that has been placed on
cooling towers (see Figure 5). This type of operation, wherein the CCW effluent passes through
cooling towers and is returned to the river, is known as helper-mode operation. In reality, all of
the gates in Gate Structure 1 are usually kept open for all modes of operation. Thus, if a unit is
placed in helper-mode, the flow in the cold water return channel can enter any of the three
diffusers. However, due to the diffuser head for units in open-mode, it is anticipated that the
flow in the cold water return channel will enter primarily the diffusers of those units that are
either idle or in helper-mode operation.
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Note in Figure 6 that the cold water return channel also includes a control structure known as
Gate Structure 2. In helper-mode operation Gate Structure 2 is closed, forcing all flow in the
cold water return channel through Gate Structure 1. If Gate Structure 1 is closed and Gate
Structure 2 is opened, the treated CCW effluent will be returned to the intake pumping station,
placing the plant in closed-mode operation. However, although the plant physically can be
aligned for such, the current status of the plant cooling systems will not allow the operation of
BFN in closed-mode.

Another component of the CCW system shown in Figure 6 is Gate Structure 3. This structure
separates the main body of Wheeler Reservoir from the forebay of the intake pumping station
and contains three gates that can be adjusted up and down to provide skimming of the flow. In
general, the gates are maintained in a position as low as possible without submerging the top of
the gates below the water surface. This promotes a withdrawal from the cooler part of the
reservoir water column while preventing floating debris from entering the intake forebay.

NPDES Water Temperature Limits

The instream water temperature limitations and monitoring requirements for the BFN diffuser
discharge are specified in the plant NPDES permit (ADEM, 2000). The following limitations are
given:

B The downstream 24-hour running average river temperature shall not exceed 90°F,

B The downstream 1-hour running average river temperature shall not exceed 93°F, and

B The 24-hour running average river temperature rise from upstream to downstream of the
plant shall not exceed 10°F.

In recognition of the extreme natural heating that can occur in Wheeler Reservoir, the permit also
states that for situations where the ambient river temperature exceeds 90°F, the downstream
24-hour running average river temperature may also exceed 90°F, as long as the 24-hour
temperature rise is zero. That is, the impact of the plant waste heat on the river must be
negligible, so that the downstream temperature is the same as the upstream temperature (i.e., for
the running 24-hour average values). It should be emphasized that these limits are higher than
the state standards for the Tennessee River, which are 86°F for the maximum instream
temperature and 10°F for the maximum instream temperature rise. The higher limits were
granted in the mid 1980s by a variance obtained via Section 316(a) of the federal Clean Water
Act of 1972.
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The locations of the instream water temperature stations used to monitor the NPDES limits are
shown in Figure 7. Station 4 is the primary ambient temperature monitor and is located about
3.8 miles upstream of the diffusers on the left-hand side (i.e., looking downstream) of the main
channel of the reservoir. If Station 4 inadvertently drops out of service, Station 14 is provided as
a backup monitor. Station 14 is located about 2.1 miles upstream of the diffusers and is situated
on the nght-hand side of the main channel. To measure downstream temperatures, three
monitors are provided, one each for Unit 1, Unit 2, and Unit 3. All three stations are about
2400 feet downstream of the diffusers. Station 1 is located downstream of Unit 1 (i.e., middle
diffuser), Station 17 downstream of Unit 2 (i.e., outboard diffuser), and Station 16 downstream
of Unit 3 (i.e., shoreline diffuser).

All instream temperature limits are applied at a depth of 5 feet. Sensor readings from the
temperature stations are collected every 15 minutes—at about the top of the hour and 15, 30, and
45 minutes thereafter. The 15-minute upstream temperature is assigned as the 15-minute reading
from Station 4 (or Station 14, if Station 4 is out of service). Per the NPDES permit, the
downstream temperature includes an average of the measurements from the downstream
temperature stations, but only those below active diffusers. Thus, under current conditions, with
only Unit 2 and Unit 3 in service, the 15-minute downstream temperature is computed as the
average of measurements from Station 17 (Unit 2) and Station 16 (Unit 3), if both units are
operating in open-mode. When Unit 1 is restored to service, the measurements from all three
downstream stations will be averaged for the downstream temperature. It also is important to
note that the status of a diffuser is based solely on whether or not it is discharging a significant
amount of effluent to the source waterbody, not on whether or not the effluent is thermally
loaded. Thus, if a unit is shut down so that no thermal power is being created, and yet the CCW
system is in service and operating in open-mode, the corresponding diffuser would be classified
as active.

The 15-minute temperature rise is computed as the difference between the 15-minute
downstream temperature and the 15-minute upstream temperature. At a given point in time,
24-hour running average values for the compliance parameters are determined as the average of
the most recent and previous ninety-five 15-minute readings (i.e., for the 24-hour average river
temperature and 24-hour average river temperature rise).

12
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The 1-hour running average downstream temperature is determined as the average of the most
recent and previous three 15-minute readings. In contrast to the limit for the downstream
24-hour running average temperature (i.e., 90°F), the limit for the downstream 1-hour running
average temperature (i.e., 93°F) applies individually to any one of the downstream temperature
monitors, whether or not the corresponding diffuser is active. Thus, in monitoring the operation
of the plant, tracking for the 1-hour running average temperature is performed for each of the
downstream temperature stations at all times (i.e., Station 1, Station 16, and Station 17).

METHODOLOGY

Model Overview

The primary components of the BFN hydrothermal model are shown schematically in Figure 8.
The basic data required for the model include meteorology, upstream river temperature, and
upstream river flow. The upstream river temperature and flow are used by the withdrawal zone
module to define the intake conditions for the plant, and by the ambient module to define
ambient conditions for the diffuser effluent. Based on the intake temperature and flow, the plant
performance module determines, for each unit, the generation (MWe) and the temperature of the
flow exiting the condenser. In open-mode, the discharge conditions from the plant performance
module become the inflow conditions for the mixing zone module. Based on the diffuser inflow
conditions and ambient river conditions, the mixing zone module estimates, for each active
diffuser, the instream temperature at a depth of 5 feet and distance corresponding to the
downstream temperature stations (i.e., 2400 feet below the diffusers). = The computed
downstream temperatures, in turn, are used to determine the NPDES compliance parameters—
the 1-hour and 24-hour running average downstream temperatures, and the 24-hour running
average temperature rise.

If one or more of the compliance parameters are found to threaten an “action level”, cooling
tower operation is initiated. Note that since the BFN units can independently be placed on
cooling towers, the operation of the plant can occur in a combined fashion, with some units in
open-mode and some units in helper-mode. For those units in helper-mode, the discharge
conditions from the plant performance module become the inflow conditions for the cooling
tower performance module. Meteorology also is required as an input for the cooling tower
module (wet-bulb temperature). The cooling tower performance module determines not only the
temperature and flow of the discharge exiting the cooling towers, but also the amount of energy
required to operate the cooling tower equipment (i.e., lift pumps and fans). For those units in
helper-mode, the discharge conditions from the cooling tower performance module serve as the
inflow conditions for the mixing zone module.

14



Meteorology Upstream River Flow Upstream River Temperature

Computed energy loss due Computed energy loss due Computed Downstream
to unit derates to cooling tower operation Temperature

Figure 8. BFN Hydrothermal Model

If all units have been placed in helper-mode and an NPDES limit is still threatened, generation is
curtailed by the model, creating a derate. In such situations, the plant performance module is
used not only to determine the reduced condenser discharge temperature, but also the magnitude
of derate for the affected units.

Additional details about specific input data and model components are provided in the following
sections. Implicit in Figure 8 is a “supervisory control” module, needed to determine the process
of placing cooling towers in and out of service, and the process of derating and returning units to
full power. Specific key information regarding these processes is presented later in discussions
related to baseline assumptions for the hydrothermal model.

Simulation Period

Simulations with the BFN hydrothermal model were performed based on the 20-year period
from 1985 to 2004. This selection was made primarily as a result of the characteristics of the
upstream river temperature. As discussed in more detail later, it was decided to use historical
data for the upstream river temperature. Such data is available only from 1969, a few years
before BFN began operation. However, prior to 1985, GUH and WEH were operated in a
manner much differently than after 1985. In part, this was because prior to 1985, the NPDES
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instream temperature limits for BFN were much more restrictive than those after 1985. For
example, the limit for the maximum temperature downstream of the plant was 86°F rather than
the current value of 90°F. Thus, prior to 1985, to minimize energy losses due to BFN derates,
special releases from GUH and WEH occasionally were made to help dilute the plant waste heat,
making the conditions of Wheeler Reservoir unrepresentative of the potential future conditions
of the reservoir.

The general hydrothermal characteristics of years 1985 to 2004 can be evaluated by examining
the basic statistical properties of the historical air temperature and runoff in the region. Since
energy losses due to cooling tower operation and derates occur almost exclusively in the
summer, focus is given to months June through August. Given in Figure 9 is a chart showing the
deviation in mean air temperature and deviation in mean natural flow for the months June
through August for years 1948 to 2004 in Chattanooga. Chattanooga is chosen for the analysis
because it resides as a central control point in the Tennessee River system. The air temperature
was obtained from airport data, whereas the flow was obtained from a model of the Tennessee
River system with simulated undeveloped (natural) conditions. As shown, the period from 1985
to 2004 is found to include years in all four quadrants of the chart (i.e., Warm/Wet, Warm/Dry,
Cool/Dry, and Cool/Wet), and contains the warmest, wettest, and driest years of the 56-year
record. Overall, the mean natural summertime flow for 1985 to 2004 is roughly the same as that
of the entire period from 1948 to 2004. However, the mean air temperature is about 0.6°F
warmer. A closer examination of the airport data shows that this difference occurs as a result of
the period from about 1955 to 1975, which was consistently cooler than other periods of the
record, including years 1985 to 2004. Assuming the airport data is good (e.g., free of error due
to changes in instrumentation), this would suggest that the overall results of the BFN
hydrothermal study could perhaps be biased high compared to results from simulations spanning
the entire period from 1948 to 2004. However, this is considered acceptable in light of the
uncertainty of the type of meteorology that the region will experience in the next 30 years of
BFN operation.

Meteorology

The only meteorological parameter needed for the hydrothermal model is wet-bulb temperature,
required to determine the cooling tower approach when BFN units are in helper-mode. The data
for wet-bulb temperature used in the study was derived from actual hourly measurements at
BFN. Focusing again on June, July, and August, when cooling tower operation is most likely to
occur, the basic statistical properties of wet-bulb temperature for each summer of the simulation
period are given in Table 1. Provided in Figure 10 is an example of the diurnal variation in
hourly wet-bulb temperature for observations in 1993.

16
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In the ROS, water quality impacts, including temperature, were evaluated for all major reservoirs
in the TVA river system. The temperatures in Wheeler Reservoir were evaluated using a water
quality model known as BETTER (Shiao et al., 1993; Bender et al., 1990). Whereas the
BETTER model is usually suitable for evaluating overall reservoir behavior, as in the ROS, it is
not necessarily suitable for examining the detailed behavior at site-specific locations, such as
BFN. In part, this is due to the fact that BETTER is limited to a two-dimensional, laterally
averaged formulation containing advection processes governed solely by mass-balance. In
contrast, the local hydrothermal behavior of the reservoir at BFN is heavily influenced by three-
dimensional, momentum-dominated processes. This is particularly true in the summer, when
significant temporal and spatial interactions occur as a result of peaking operations, stratification,
and main channel-overbank diversity. Under these conditions, results from the BETTER model
could not be used to predict, in an absolute manner, the ROS-related temperature upstream of
BFN. However, since BETTER does account for the basic mechanisms for reservoir heat
transfer, it was considered adequate as a scaling tool to examine the potential magnitude of
change in ambient temperature due to the ROS operating policy.

Examples of the computed running 24-hour average river temperature upstream of BFN obtained
by BETTER are shown in Figure 11. The results are for 1993 and include the temperature based
on the ROS releases and the temperature based on historical releases. The temperatures are for
the reach of Wheeler Reservoir containing BFN Station 4. The historical data for Station 4 is
provided for comparison. All temperatures are for a depth of 5 feet, corresponding to the depth
specified in the BFN NPDES permit for compliance with the instream temperature limits. Note
that the running 24-hour average temperature is scrutinized in the analysis because the operation
of cooling towers and plant derates are triggered by temperature variations at this scale. As
shown, the computed temperature using BETTER with historical flows reproduces the general
seasonal patterns measured at Station 4, and in many cases shorter-term variations caused by
passing weather systems (e.g., temperature excursions lasting one or two weeks). But whereas
the model reproduces the overall time-scale of temperature variations, it often does not do the
same for the magnitude. Of most importance are the summer months. As shown in Figure 11,
and found in nearly all of the years examined, the BETTER model consistently overpredicts the
river temperature in the summer. Thus, if used in the BFN hydrothermal model, the temperature
obtained by BETTER would significantly overpredict the expected amount of energy losses due
to cooling tower operation and unit derates.
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Figure 11. Computed and Measured River Temperature Upstream of BFN for 1993

Comparing now the BETTER results using the ROS releases with those using historical releases,
the computed 24-hour average river temperatures for the two cases are only slightly different. A
detailed examination of the results show that on the average, the running 24-hour average river
temperature upstream of BFN with the ROS releases would be only of magnitude 0.2°F warmer
than that with historical releases (i.e., at the 5-foot depth). The same is also found to be true for
the hourly river temperature. This scale of change falls within the level of uncertainty of the
BETTER model, as well as the accuracy of the instrumentation currently used to measure the
instream temperatures (e.g., £0.5°F). As a result, it is anticipated that changes in river flow
brought about by the ROS will have only a minor impact on the running 24-hour average
temperature upstream of BFN. Under these conditions, the best estimate of the upstream
temperature to be used in the hydrothermal model is considered to be that represented by the
historical measurements at Station 4 from 1985 to 2004 (i.e., without modifications). The basic
statistical properties of the upstream temperature for each summer of the simulation period are
given in Table 2. Note that these properties are for Station 4 at a depth of 5 feet.
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Table 2. 24-Hour Average BFN Upstream River Temperature for June, July, and August

Year Min | Avg | Max
M1 0o ) CH

1985 76.5 | 82.0 | 86.2
1986 764 | 83.6 ] 88.9
1987 798 | 84.1 | 86.9
1988 753 | 827 | 874
1989 744 ] 798 | 852
1990 739 | 832 | 868
1991 794 | 844 | 885
1992 719 | 80.5 | 8.3
1993 743 | 84.2 | 90.0
1994 74.8 | 82.0 | 858
1995 766 | 840 | 886
1996 757 | 826 | 86.6
1997 688 | 803 | 88.2
1998 776 | 83.7 | 87.0
1999 75.7 § 836 ] 89.3
2000 77.2 ]| 838 | 880
2001 73.1 § 82.1 | 8.2
2002 749 | 842 | 883
2003 722 | 815 | 866
2004 780 | 822 | 863
1985-2004 | 688 | 827 | 90.0

Note: Temperature from measurcements at a
depth of § feet at BFN Station 4

As discussed in more detail later, the mixing zone module for the hydrothermal model includes
the impact of stratification in the ambient flow. Thus, the full temperature profile from Station 4
was used in the BFN simulations. Provided in Figure 12 is an example of the diunal variation in
the Station 4 temperature for the summer of 1993, showing data for all sensor depths. It also is
emphasized that by using historical data for the upstream temperature, the primary impact of the
ROS-related changes in river flow will be realized in the BFN hydrothermal model solely by the
dilution of the plant waste heat in the diffuser mixing zone.

Upstream River Flow

A one-dimensional hydraulic model of Wheeler Reservoir provides computations of the time
history of river flow and water surface elevation at BFN. The model implements a time-explicit
predictor-corrector discretization originally applied to compressible flows (MacCormack, 1969).
The MacCormack scheme is applied to the one-dimensional open channel continuity and
dynamic equations,
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The slope of the energy grade line is computed from the Manning equation by

2
5= ®)
(1.486AR2/ 3)2

where n is the roughness coefficient.

A significant feature of the MacCormack discretization scheme is the use of forward and
backward differencing of the spatial derivatives in the predictor and corrector steps, respectively,
to yield second-order spatial accuracy (Fletcher, 1991; Chaudry, 1987). The forward and
backward differencing is switched between the predictor and corrector pseudo-steps from one
real-time step to the next to promote numerical stability (Ferrick and Waldrop, 1977).

Eight 9.25-mile computational reaches make up the discretized domain for Wheeler Reservoir.
The flow and water surface elevation time series from the computational node at Tennessee
River Mile 293.5, approximately one-half mile downstream of the diffuser, are assumed to be
representative of those at the plant intake and diffuser. The model employs a constant time step
of 20 minutes; however, boundary condition data are supplied in the form of hourly inflow and
water surface elevation time series at GUH and hourly outflow time series at WEH. The flows at
the boundaries are assumed to remain constant between hourly readings.

When the model is used to provide flows for simulation of ambient and mixed temperatures at
BFN, no local inflows to Wheeler Reservoir are specified. The absence of local inflow inputs to
the model leads to a discrepancy in the computed water surface elevations along the reservoir,
which is most significant at WEH. The discrepancy is corrected at midnight of each day by
adding a constant value, equal to the discrepancy at WEH at midnight, to the water surface
elevation at each node of the computational domain.

The basic statistical properties of the computed river flow obtained by the one-dimensional
model are given in Table 3 for each summer of the simulation period. Shown in Figure 13 is an
example of the running 24-hour average river flow for 1993. The difference between high
weekday flows and low weekend flows is apparent. Shown in Figure 14 is an example of the
computed hourly flow for a 10-day period in late July of the same year, emphasizing the diurnal
variation due to peaking operations. Note that in the early morning hours, the model predicts
hourly flows at BFN close to 20,000 cfs in the upstream direction. In all of these results it is
emphasized that that the releases from GUH and WEH, also provided in Figure 13 and
Figure 14, correspond to values derived from the ROS operating policy.
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Table 3. 24-Hour Average River Flow at BFN for June, July, and August

Year Min Avg Max
(1000 cfs) | (1000 cfs) (1000 cfs)
1985 12.2 23.6 46.9
1986 6.9 17.0 29.8
1987 13.3 23.2 36.6
1988 12.7 20.2 324
1989 14.9 82.3 236.3
1990 14.0 26.8 44.6
1991 14.5 31.6 47.7
1992 13.9 33.1 60.0
1993 12.9 213 32.9
1994 15.6 41.1 67.6
1995 11.2 21.3 39.9
1996 13.4 322 53.7
1997 16.2 49.5 143.9
1998 12.8 35.3 101.6
1999 13.3 30.6 84.4
2000 9.5 21.8 33.1
2001 12.4 28.3 51.4
2002 10.9 20.2 31.6
2003 21.2 50.4 98.9
2004 14.1 354 82.8
1985-2004 6.9 323 236.3

Note: Estimated river flows based on the ROS operating policy.
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Altogether, the transient behavior of the BFN mixing zone creates a significant source of
uncertainty for the plant intake temperature. Again, this primarily is the case for low-flow
periods in the summer when significant variations in temperature occur throughout the region of
influence of the plant. TVA currently does not have a model that, with computational ease,
effectively mimics all the complexities of the withdrawal zone to estimate the plant intake
temperature. Under these conditions, in the present study, the BFN hydrothermal model
incorporates a withdrawal zone module that simply assumes the intake temperature to be the
same as the bottom river temperature upstream of the plant. In general, this assumption is
considered fitting except perhaps during low-flow events, when Qr/Qgrn drops below 2 or 3 for
an extended period of time. Recognizing this to occasionally be the case, sensitivity studies,
discussed later in this report, were performed to examine the impact of elevated intake
temperature during low-flow events.

Ambient Module

BFN water temperature Station 4 is located almost four miles upstream of the plant. Under these
circumstances the question arises as to whether or not the temperature measurements from
Station 4 provide a satisfactory estimate of the ambient conditions to be used for evaluating the
dilution of the plant thermal effluent in the mixing zone. Actually, the same question also
applies for the bottom temperature to be used for the plant intake.

It would seem at first glance that heating and mixing processes between Station 4 and the plant
could significantly change the character of the water column. To determine to what extent this
may be true, comparisons were made between the temperature measured at Station 4 and that
measured at Station 1, which is located about 0.5 mile downstream of the plant (e.g., see
Figure 7). This was accomplished by examining data for year 1986, when all of the BFN units
were out of service, and thus not influencing the reservoir. A summary of the analysis is given in
Table 4. Comparisons were made for temperatures at the compliance depth (5 feet) and near the
river bottom. Both hourly and running 24-hour average data were examined. Plots of the
running 24-hour average temperatures are given for the summer months in Figure 15. In all
cases, th