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The purpose of this letter is to transmit to the (NRC) a revised BLN whitepaper entitled,
"Hydrologic Analysis Description," discussed in TVA's letter dated March 14, 2008 (Reference
2). The whitepaper was developed as an NRC reviewer aide for the probable maximum Flood
(PMF) calculation contained in the BLN application dated October 30, 2007 (Reference 1). The
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Enclosure 2 provides a table of extracted commitments made in the discussion portion of the
paper.

The information contained in Enclosure 1 will be referenced in some of the responses to the RAI
questions from letter dated July 3, 2008 (Reference 5), that will be transmitted under separate
cover.

If you should have any questions, please contact Phillip Ray at 1101 Market Street, LP5A,
Chattanooga, Tennessee 37402-2801, by telephone at (423) 751-7030, or via email at
pmray@tva.gov.
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Enclosure 1: Hydrologic Analysis Description, Rev 1
Enclosure 2: BLN Hydrologic Analysis Description - NRC Commitment Tracking Table

cc: See Page 3



Document Control Desk
Page 3
July 25, 2008

cc: (Enclosures)

J. P. Berger, EDF
J. M. Sebrosky, NRC/HQ
E. Cummins, Westinghouse
S. P. Frantz, Morgan Lewis
M. W. Gettler, FP&L
R. Grumbir, NuStart
P. S. Hastings, NuStart
P. Hinnenkamp, Entergy
M. C. Kray, NuStart
D. Lindgren, Westinghouse
G. D. Miller, PG&N
M. C. Nolan, Duke Energy
N. T. Simms, Duke Energy
G. A. Zinke, NuStart

cc: (w/o Enclosure)

B. C. Anderson, NRC/HQ
M.M. Comar, NRC/HQ
B. Hughes/NRC/HQ
R. G. Joshi, NRC/HQ
R. H. Kitchen, PGN
A. M. Monroe, SCE&G
C. R. Pierce, SNC
R. Reister, DOE/PM
L. Reyes, NRC/RII
T. Simms, NRC/HQ



Enclosure I - Hydrologic Analysis Description

Hydrologic Analysis Description
Revision I
July 2008



WHITE PAPER - TVA BLN HYDROLOGIC ANALYSIS Rev I

Bellefonte Nuclear Plant

White Paper - Hydrologic Analysis

Tennessee Valley Authority

Revision 0 - April 17, 2008

Revision I - July 25, 2008



WHITE PAPER - TVA BLN HYDROLOGIC ANALYSIS - Rev I

Executive Summary

The Tennessee Valley Authority (TVA) developed the method of analysis, procedures and
computer programs needed to determine the design basis flood levels for nuclear plant sites in
the 1970s. Determination of maximum flood levels included consideration of the most severe
flood conditions that can reasonably be predicted to occur at a site as a result of both severe
hydrometeorological conditions and seismic activity. This process was followed to meet criteria
set forth in Nuclear Regulatory Guide 1.59.

Early reviews of the process were completed with NRC staff in 1974 and again in 1978. These
reviews considered the hydrologic process/procedures followed to determine inflows to the TVA
reservoir system as well as the stream course model development and calibration used to route
flood events through the system. At that time there were no standard computer programs (codes)
available that would handle unsteady flow and dam failure analysis. As a result of this early
work and method development TVA developed a runoff and stream course modeling process for
the TVA reservoir system that provided the basis for currently licensed plants (Sequoyah
Nuclear Plant, Watts Bar Nuclear Plant and Browns Ferry Nuclear Plant). The Bellefonte
Nuclear Plant (BLN) Unit I and Unit 2 Final Safety Analysis Report (FSAR) was also based on
this process.

The BLN Unit 3 and Unit 4 Combined Operating License Application (COLA) was submitted
using data and analysis that was determined for the original BLN FSAR (Unit I and Unit 2) and
was documented in a 1998 reassessment. The 1998 reassessment of calculations was completed
to document the earlier work and to evaluate the impact of dam safety modifications that had
been completed by TVA. TVA's Dam Safety Program was initiated in 1982 to provide
consistency with Federal Guidelines for Dam Safety and similar efforts at other Federal agencies.
In 1998, the analysis process and documentation was brought under the nuclear quality assurance
process for the first time. Prior to this time the hydrologic analyses portion of the FSARs which
meet criteria set forth in Regulatory Guide 1.59 were developed by the Water Management
organization within TVA. While the Water Management organization operated under a quality
assurance process it was not at the same level of detail as that followed by nuclear quality
assurance.

The quality assurance audit conducted by NRC staff in early 2008 raised several documentation
questions related to past work regarding design basis flood level determinations because TVA's
nuclear organization was not able to readily produce supporting materials for the review. While
there is supporting data and analysis available to document the work, it is stored in file books and
on microfilm stored in both Knoxville and Chattanooga. The river system above the BLN site
includes a basin of nearly 24,000 square miles (Mi2 ) above the BLN site, with 21 TVA dams
located above it, 46 watershed sub-basins to determine inflows to the system and several hundred
miles of stream reaches. For such a system, routing the flood events necessary to determine the
controlling flood event, producing and documenting supporting data and analyzing this data is a
major task.

i
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There also is the need to update, validate and document the inputs and,computer codes to support
the BLN COLA. This White Paper describes (1) what the original codes computed, (2)
application of those codes to determine design basis flood levels for the plant sites, and (3) the
updates planned to further streamline and validate the computer code applications. TVA is
currently assimilating supporting data for both the runoff and the stream course model. The nine
(9) computer codes used in the reanalysis will be validated using current quality assurance
procedures. Each of the sub-basins for the runoff model will be checked and validated with
more recent storms where appropriate. The geometry used in the stream course model will be
updated as appropriate with current bathymetry data and calibrated with more recent flood events
such as the 2003 flood.

Once the runoff and stream course model is updated a reassessment of potential controlling flood
events will be simulated with elevation and discharge information determined for BLN. This
will include the controlling Probable Maximum Flood (PMF) and the postulated seismically
induced dam failure events. TVA will provide a comparison between information provided with
previous computer codes and the current validated codes.

TVA remains confident that the analyses and computer code meet the criteria set forth in
Regulatory Guide 1.59 (Appendix A replaced by American National Standards Institute
ANSI/ANS-2.8-1992) and is adequate to predict the expected PMF and seismically induced
flood levels at BLN.
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1. Purpose

The purpose of this White Paper is to describe the methodology, procedures, and programs
(computer codes) used to determine the design basis flood level at the Bellefonte Nuclear Plant
(BLN) site. This includes consideration of flooding from both severe hydrometeorological
conditions and seismic activity to meet the criteria set forth in Regulatory Guide 1.59, Appendix
A which has been replaced by American National Standards Institute (ANSI) ANSI/ANS-2.8-
1992. There are a total of nine computer codes used to develop the inputs and outputs that
produce elevation and discharge hydrographs at the BLN site. Eight of these codes provide input
either directly or indirectly to the Simulated Open Channel Hydraulic (SOCH) code, which was
used to determine elevation and discharge hydrographs at BLN. The eight input codes to SOCH
include: UNITGRPH, THIESSEN, FLDHYDRO, TRBROUTE, CHANROUT, DBREACH,
CONVEYANCE, and WEIGHTED WIDTH. For each code, there will be a discussion of its
purpose, inputs, outputs and calibration as appropriate. This White Paper will also describe the
overall application of these codes and the flood routing sequence required to determine elevation
and discharge hydrographs at BLN to meet criteria set forth in ANSI/ANS-2.8-1992.

2. Background

The Tennessee Valley Authority (TVA) was formed in 1933 as a multipurpose federal
corporation responsible for managing a range of programs in the Tennessee River Valley for the
use, conservation, and development of the water resources related to the Tennessee River. In
carrying out this mission, TVA operates a system of dams and reservoirs with associated
facilities, shown on Figure 1. As directed by the TVA Act, TVA uses this system to manage the
water resources of the Tennessee River for the purposes of navigation, flood control, power
production and consistent with those purposes, for a wide range of other public benefits.

BLN is located on the right (northwest) bank of Guntersville Reservoir at Tennessee River mile
(TRM) 391.5. The site comprises approximately 1,500 acres between the Town Creek
embayment and the Tennessee River, which is the major flooding source for the site. At the
BLN site, the Tennessee River drains an area of 23,340 square miles (mi2). The Tennessee River
drainage area for the entire basin is shown on Figure 2. Guntersville Dam is located downstream
of the site at TRM 349.0. The drainage area at Guntersville Dam is 24,450 mi 2.

The Tennessee River basin drainage area covers 40,910 mi 2 and is divided into two distinct
regions. One region is approximately 21,400 mi 2 upstream of Chattanooga, Tennessee, east of
the Cumberland Mountains; and the other is about 19,500 mi 2 downstream of Chattanooga. The
drainage area lies mostly in the state of Tennessee with parts in six other states-Kentucky,
Virginia, North Carolina, Georgia, Alabama, and Mississippi as shown on Figure 2.
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Figure 1. TVA's Water Control System
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Tennessee River System
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Figure 2. Tennessee River Basin Drainage Area

The eastern half of the Valley includes the slopes of the Blue Ridge and Great Smoky
Mountains, where an abundant growth of timber covers the ground. The watershed is about
65 percent forested with much of the mountainous areas being 100 percent forested. Figure 3
shows land cover for the watershed above Guntersville Dam based on available information
through 2001. The western half of the Valley is less rugged, with substantial areas of flat or
rolling land occurring in middle Tennessee and along the western edge.

. Tapoco

atershed
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Land Cover Eastern Tennessee Valley River Watershed
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Figure 3. Land Cover above Guntersville Dam

The total river fall from the maximum reservoir surface at Watauga Dam (highest elevation of
the reservoir system) to the minimum tailwater surface at Kentucky Dam (lowest elevation on
the system) is 1,675 feet in 828.6 miles. The Tennessee River has a fall of 515 feet in 579.9 river
miles from the top of the Fort Loudoun Dam spillway gates to the minimum tailwater elevation
at Kentucky Dam. The mainstream (Tennessee River) fall is gradual, except in the Muscle
Shoals area of Alabama, where a drop of 100 feet is found in a stretch of less than 20 miles.

The climate of the watershed is humid temperate. Mean annual rainfall over the Tennessee River
Basin amounts to about 51 inches, varying during the past 118 years of recordkeeping between a
low of 31 inches in 2007 and a high of 65 inches in 1973. The heaviest concentrations of rainfall
occur in certain mountainous areas along the headwaters of the tributaries, where mean annual
rainfall reaches over 90 inches. In portions of the French Broad, Clinch, and Holston Valleys,
the mean annual rainfall is as low as 40 inches.

Rainfall occurs relatively evenly throughout the year. The lowest monthly rainfall average is a
little less than 3.0 inches in October. The highest monthly average is about 5.2 inches in March,
followed by December, January, and February with an average of about 4.5 inches. The average
rainfall and runoff by month are shown on Figure 4 for the area above Chattanooga.
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Basin Mean Rainfall and Runoff Above Chattanooga by Month: 1890 - 2007
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Figure 4. Average Rainfall and Runoff
(Source - TVA data)

The major flood-producing storms at the BLN site are the result of winter frontal system events,
which occur in the months of January through early April. A review of historical floods in the
Tennessee Valley indicated that a high percentage of the storms were typically 9-day events
resulting from the movement of frontal systems across the region.

A primary purpose of the TVA water control system is flood reduction, as defined by the TVA
Act of 1933, with particular emphasis on reducing flood levels at Chattanooga. The BLN site is
located 72.7 miles below Chattanooga and benefits from this system and the watershed
configuration.

There are currently 21 reservoirs in the TVA system upstream from BLN, 15 of which have
substantial reserved flood detention capacity during the primary flood season. Table 1 provides
a list of available flood detention capacity for these 15 TVA projects above BLN. The remaining
seven (7) TVA projects have no reserved flood storage. In addition, there are six dams owned by
the Aluminum Company of America (ALCOA) that can contribute to flood reduction, but do not
have dependable reserved flood detention capacity.
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The flood detention capacity reserved in the TVA system varies seasonally, with the greatest
storage available during the January through March flood season. The system flood detention
capacity above BLN varies from 4.25 inches of runoff on January 1 to 4.14 inches of runoff on
March 15, decreasing to 1.27 inches of runoff during the summer and fall.

Table 1. Available Flood Detention Capacity

Project Flood Storage Flood Storage Flood Storage
January 1 March 15 Summer

(acre - feet) (acre - feet) (acre - feet)
Tributary
Boone 75,800 48,200 12,900
Chatuge 62,600 62,600 13,900
Cherokee 749,000 749,000 118,000
Douglas 1,080,000 1,020,000 238,000
Fontana 514,000 514,000 73,400
Hiwassee 206,000 206,000 35,000
Norris 1,113,000 1,113,000 512,000
Nottely 61,600 61,600 12,300
South Holston 253,000 220,000 106,000
Tellico 120,000 120,000 32,000
Watauga 153,000 153,000 109,000
Blue Ridge 68,600 49,500 13,100
Main River *

Fort Loudoun 111,000 111,000 30,000
Watts Bar 379,000 379,000 165,000
Chickamauga 345,000 345,000 115,000

Total 5,291,600 5,151,900 1,585,600
• Note - Nickajack (not shown) is run-of-river project with zero flood storage.

Reservoir operating guidelines are implemented as prescribed operating ranges of reservoir
levels throughout the year. TVA represents these guidelines in graphs called guide curves,
which show the reservoir levels for navigation, flood control, recreation, and other operating
objectives. Guide curves also depict the volume of water available to TVA for hydropower
generation and other beneficial uses.

Guide curves for mainstem and tributary reservoirs have different characteristics. Mainstemr
guide curves typically allow for a much smaller range of reservoir elevation change. Tributary
guide curves include a larger change in reservoir elevations over the annual cycle and usually
include a discretionary operating zone (the area between the flood guide and Minimum
Operations Guide [MOG]).
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Because guide curves specify certain periods for raising or lowering the reservoirs, they
substantially affect seasonal releases in tailwater areas downstream of the dams. Each project
has its own guide curve.

These project-specific guide curves are based on original project allocations and subsequent
modifications, many years of historical flows, flood season conditions, and experience with
project and reservoir system operations. Reservoir operations based on the guide curves
maintain project storage volume available for flood control within the watershed at any given
time of year, as well as the amount of stored water needed to meet other purposes such as year-
round navigation, power generation, reservoir recreation, water quality, waste assimilation, and
other environmental resource considerations. Figures 5 and 6 show generic tributary and
mainstem reservoir guide curves.

TVA operating guidelines must be flexible enough to respond to unusual or extreme
circumstances in the system that are beyond TVA's control. The most important of these is
variation in rainfall and runoff, at times resulting in low inflow conditions (droughts) or high
inflow conditions (floods) that substantially increase the difficulty in meeting the multiple needs
of the system.

The tributary reservoirs provide a significant portion of the system's flood storage; their
reservoir pool levels may vary substantially over the annual cycle.

To achieve multiple reservoir system elevations, the guide curve must include operational
flexibility. Managing the tributary reservoir levels within a discretionary operating zone creates
this flexibility. The lower limit of this zone is the MOG. When a reservoir is at or below its
MOG, only minimum flows are released.

The upper limit of the discretionary operating zone is the flood guide. Reservoir levels generally
are not allowed to exceed this limit because the flood guide controls the minimum amount of
flood storage available in a reservoir. By limiting reservoir elevations to a level equal to or
lower than the flood guide, TVA is assured that flood storage necessary to minimize flood risk is
available for use. Occasionally, temporary fill to higher levels occurs when high flows are
regulated, and lower levels may occur for power generation emergencies.
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The generic guide curve for a mainstem reservoir (Figure 6) shows that the schedules for
drawdown and fill are somewhat similar to those for a tributary reservoir. The drawdown for a
mainstem reservoir is generally much smaller than that for a tributary reservoir because of the
difference in reservoir characteristics. All mainstem projects have a seasonal fluctuation zone,
which is followed to the extent practicable.

* January-March. Reservoir elevations are lowest from January through late March,
the period of highest runoff and flood risk, as shown on Figure 5. Pools are
maintained within a 1- to 2-foot winter operating zone to the extent possible, except
when regulating high flows. The bottom of this winter regulating zone is the lowest
elevation to which the reservoir is drawn while still meeting minimum navigation
depth requirements.

* April. From late March through the middle of April, reservoir elevations are raised
to the summer pool level as runoff and system demands allow.

* Mid-April through Late Summer. Reservoirs are maintained at summer operating
levels until seasonal drawdown begins. Normal operation includes a band of
reservoir fluctuations, called the summer operating zone. Fluctuations of reservoir
levels in this zone are used for power generation; and for mosquito control operations
on Chickamauga, Guntersville, Wheeler, and Pickwick Reservoirs.

Occasionally, temporary fills to higher levels occur when high flows are regulated,
and lower levels may occur for power generation emergencies.

* Fall Drawdown. Reservoir elevations are lowered to the winter operating level
beginning at various dates through summer and fall.

Reservoir operational changes have been made to the Tennessee River system over the years. In
1971, significant changes were made to the operating policy of ten tributary reservoirs, including
raising the January 1 flood guide level and adding a flood regulating zone above these levels at
eight of the projects and increasing the normal minimum level at nine of the projects. These
changes were implemented to provide a better probability of filling these reservoirs to desirable
summer levels on a more regular annual basis. From 1971 until the Lake Improvement Plan
implementation in 1991, no widespread changes were made to the operating policies of major
TVA reservoirs.

During this period (1971-1991), TVA continued to receive requests for policy changes primarily
from individuals and lake user groups wanting extended summer pool levels and slower fall
drawdown and, to a lesser extent, an earlier spring fill and higher winter levels. TVA's
Reservoir Resources Reevaluation Program periodically reviewed these requests and
occasionally performed analyses to determine the impacts of suggested policy changes.
Although several suggested policy changes were evaluated, most were discarded because they
resulted in adverse impacts to other primary TVA reservoir operating objectives. Two changes
implemented as a result of this program were raising the January 1 flood guide elevations at
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Fontana and Normandy Reservoirs by 24 feet and 5 feet, respectively. March 15 flood guide
elevations at these projects remained unchanged.

In the late 1980s, in response to continued public requests for policy changes coupled with
impacts of four extremely dry hydrologic years, TVA initiated the Lake Improvement Program
study, addressing the extent to which reservoir operating objectives other than navigation, flood
control and power production could be enhanced with insignificant adverse impact on these
primary operating objectives. As a result of this study, which included extensive public input,
changes were made in 1991 to the operating policy for 10 major tributary projects to delay
unrestricted annual drawdown until after July 31, to implement minimum flow releases at many
projects, and to increase dissolved oxygen concentrations in the releases from 16 dams.
Additional operating guidelines were implemented to reduce the amount of drawdown below
flood guide elevations, and flood guides were implemented for June and July at several tributary
projects, largely as a result of June flooding which occurred in 1989. Implementation of the
latter changes reduced the duration of extremely high tributary levels during the summer. No
previously existing flood guide elevations were increased at any tributary or main river project.

After one or two drier than normal years in the 1990s, public sentiment again increased for TVA
to further revise the operating policy. The majority of the public sentiment again expressed a
desire to maintain summer reservoir levels for an extended amount of time (through Labor Day
or later), to reduce the amplitude of the winter drawdown, and to fill the reservoirs earlier in the
spring. In 2001, TVA began its most comprehensive analyses ever, the Reservoir Operations
Study (ROS), to review all of the purposes for which the reservoir system was operated,
recognizing that the needs and values of the Tennessee Valley region and its people change over
time. In 2004, the TVA Board of Directors approved changes to the reservoir operating policy.
Consistent with the operating policies expressed in the TVA Act, these changes established a
balance of reservoir system operating objectives that produced a mix of benefits more responsive
to the values expressed by the public during the ROS. These changes included enhancing
recreational opportunities while avoiding unacceptable effects on flood risk, water quality, and
TVA power system costs. The winter flood guide was raised on 11 reservoirs; but, based on
extensive analyses, these changes did not increase flood risk at downstream locations for floods
of magnitudes up to and including the 500-year recurrence interval events. PMF levels at TVA's
operating nuclear plants were also evaluated during the ROS and determined to be unaffected.
Other changes included extending summer levels at four main river projects, providing
additional recreational releases at selected dams, and establishing balancing guides to more
equitably distribute necessary summer drawdown among the various tributary reservoirs.

A generic guide curve for tributary projects is shown on Figure 7 which reflects changes made to
tributary project guide curves as a result of the ROS. The primary differences between the
guides curve shown on Figure 5 and that shown on Figure 7 are the formalization of the Flood
Guide throughout the year, and replacing the minimum operating guide (MOG) by the balancing
guide.
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As a result of the ROS, drawdown for the following tributary reservoirs is restricted for the
period from June 1 through Labor Day; Blue Ridge, Chatuge, Cherokee, Douglas, Fontana,
Nottely, Hiwassee, Norris, South Holston, and Watauga. The objective is to maintain these
tributary reservoirs as close to their flood guides as possible during this period. The only reason
water will be withdrawn from the listed projects, except as necessary to recover flood storage
allocation, will be to meet downstream flow requirements which can be for the individual
projects (such as recreation schedule commitments or tailwater minimum flow requirements) or
for system minimum flow requirements (such as the minimum flow requirements from
Chickamauga).

To meet the weekly average flows from Chickamauga in most years, it will be necessary to
withdraw water from storage at the 10 tributary storage projects to supplement the natural
Chickamauga inflow, the individual projects minimum flows, and the recreation flows. This
withdrawal will be in accordance with the balancing guides. The objective will be to withdraw
water in a way that will balance the tributary reservoir elevations relative to each other. If one
project is near its flood guide and another project is 50% of the way between its flood guide and
balancing guide, water should be withdrawn from these reservoirs so that they end up at the same
relative distance between their flood guides and balancing guides. When water must be
withdrawn from the tributaries to meet minimum flows, the tributary balancing ratios will be
used to determine how the water is withdrawn and from where.

Top of Gates :__

Primark balancing guide
(summe.r elevat,,n)----------- -------- ..-- -------------------------------------------------------. . -----. . .. .

-- -- ------ --- --------

•_ _: Pr• llaninv g ,
guide (winter elevation)j

Seconlary balahcing guijle

Jan Feb Mar Apr May Jun Jul IAu I Sep I Oct I NovIDec

Figure 7. Generic ROS Guide Curve for Tributary Projects
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Appendix A provides the guide curves for each of the tributary and mainstem reservoirs above
BLN. The 80% bounds, flood guide, balancing guide, top of gates, spillway crest, and projected
ROS medians are shown for the tributary projects where applicable. For the mainstem projects,
the maximum and minimum elevations, median, and top of gates are shown. There are no 80%
bounds or balancing guides for the mainstem projects.

Flood control above BLN is provided principally by the 12 tributary reservoirs. Tellico Dam
located on the Little Tennessee River is counted as a tributary project, although because of a
canal connection with Fort Loudoun Reservoir, it also functions as a mainstem dam. On March
15, near the end of the flood season, these tributary reservoirs provide a minimum of 4,316,900
acre-feet of detention capacity, equivalent to 3.47 inches of runoff on the 23,340 mi 2 drainage
area above BLN. This is about 84% of the total flood storage available above Nickajack
Reservoir (Nickajack has no flood storage). The three main river reservoirs - Fort Loudoun,
Watts Bar and Chickamauga - provide an additional 835,000 acre-feet of flood storage, which is
equivalent to 0.67 inch of runoff making a total of 5,151,900 acre-feet of detention capacity,
equivalent to 4.14 inches of runoff above BLN.

The reservoir system and its operation is an important element in understanding the studies
conducted to determine maximum elevation and discharge hydrographs at the BLN site.
Computer codes were used to develop, calibrate, and verify the runoff and stream course models
needed to compute elevations and discharges at the BLN site. These computer codes will be
described in this White Paper and will be used to simulate a series of flood events through the
reservoir system. Computer codes used in the original analysis were single purpose codes for a
main frame computer.

3. Summary of Computer Codes

Computer Code Description
UNITGRPH Computes unit hydrograph for each sub area from historical flood

data.
THIESSEN Determines weighting factors for average basin rainfall.
FLDHYDRO Determines inflow from unit hydrographs and rainfall
TRBROUTE Routing of hydrograph from one point to another using different

routing procedures
CHANROUT Determines routing method coefficients
DBREACH Determines earth embankment failure time based on soil type and

period of overtopping during a flood
CONVEYANCE Determines cross sectional area (A) and composite hydraulic

radius (R213) for SOCH geometry
WEIGHTED WIDTH Determines equivalent weighted width (B) to account for

reservoir volume in SOCH geometry
SOCH One dimensional unsteady flow model that computes elevation,

discharge, and average velocity at selected locations.
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4. Runoff and Stream Course Models

The drainage area for the runoff model used to determine Tennessee River flood hydrographs at
BLN (Unitl and Unit 2 FSAR) originally included 50 unit areas and covered the total watershed
above Guntersville Dam, which is located downstream of BLN. For the update and verification,
the runoff model will be divided into 46 unit areas. One change results from replacing 10 small
unit areas (unit areas 27 - 31 which comprised 5 areas and unit area 32 which consisted of 5
small areas for a total of 10) between Norris Dam and Melton Hill Dam with one unit area, 27.
This change is made to replace the synthetic unit hydrographs for the small areas involved with a
single natural unit hydrograph. The other change involves dividing unit area 44 into two units,
44A and 44B. This is done to accommodate an adjunct to the SOCH model to include the lower
Hiwassee River up to the Charleston gage at Hiwassee River mile 18.9. Unit hydrographs as
determined by the UNITGRPH code will be used to compute flows from unit areas. The unit
area flows determined by the flood hydrograph code (FLDHYDRO) will be combined with
appropriate time sequencing or channel routing procedures using the TRBROUTE code to
compute inflows into the most upstream reservoirs which in turn will be routed through the
reservoirs using the TRBROUTE code. Resulting outflows will be combined with additional
local inflows and carried downstream using appropriate time sequencing or routing procedures
(TRBROUTE code), including unsteady flow routing (SOCH code). Figure 8 shows unit areas
of the watershed upstream from Guntersville Dam.
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Figure 8. Watershed Unit Areas

4.1 Runoff Model

The watershed runoff model has evolved over many years. It has been used by TVA for siting
nuclear plants and for dam safety studies. The UNITGRPH code was used to develop unit
hydrographs for each area. Maximum historical floods were used to develop the unit
hydrographs for the unit areas where this information was available. The historic flood
information was obtained from (1) recording stream gages, (2) tributary dam headwater
elevation, discharge, and storage relationships which permitted calculation of the flood and
(3) estimates on ungaged watersheds where historic flood information upstream and downstream
of the watershed was available to make estimates.

For those unit areas where flood hydrographs were not available, synthetic unit hydrographs
were developed. These synthetic unit hydrographs were developed based on relationships from
similar watersheds relating the unit hydrograph peak flow to the drainage area size and time to
peak in terms of watershed slope and length developed from unit hydrograph parameters
computed where discharge data was available.
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The unit hydrograph is a simple linear model which, under natural conditions, cannot perfectly
satisfy the basic assumptions inherent in the model. However, when the hydrologic data to be
used are carefully selected, the results obtained by the unit hydrograph model are generally
acceptable for practical purposes. The historical floods used in developing the unit hydrographs
were large out of bank events throughout the channels in the basin. Use of the runoff model is
considered to be adequate to predict Probable Maximum Flood (PMF) flows. This conclusion is
based in part upon studies by others (References 1, 2, and 3) and unpublished work by TVA that
indicates the assumption of linearity in unit hydrographs is valid when they are developed from
large, out of bank floods produced by major storms. These unit hydrographs will duplicate such
storms.

4.1.1 Unit Hydrographs

A unit hydrograph, with a volume of one inch of runoff, for each unit area where historical flood
information was available, was developed using the UNITGRPH code from an analysis of two or
more of the largest floods of record. The historic flood flows used came directly from stream
gages or were computed from reservoir headwater and discharge records. Reverse reservoir
routing was used to calculate flood inflows at the tributary reservoirs from reservoir headwater
elevation and discharge records. Flood flows for ungaged areas where discharge data was
available upstream and downstream of the ungaged area were determined using routing
procedures, which included time sequencing, channel routing (CHANROUT and TRBROUTE
code), or unsteady flow routing (SOCH code). Examples of calculating flood flows for ungaged
areas are shown schematically on Figures 9, 10, and 11. Average basin rainfall and its time
distribution were determined from rainfall records using the Thiessen method.

The UNITGRPH code, which makes use of matrix algebra to determine the best fit unit graph
from a single or a series of complex floods using statistical curve fitting techniques, was used to
determine the unit hydrograph (Reference 4). Verification of the adopted unit hydrograph for
each unit area was made for its ability to duplicate historic floods.

An example of the unit hydrograph developed for the 468 mi 2 watershed above Watauga Dam is
shown on Figure 12. The two large floods of March 1963 and March 1965 were used in the unit
hydrograph development. Single-unit hydrographs were developed for each flood. A composite
unit hydrograph was developed from both floods using the UNITGRPH code. The composite
unit hydrograph was adopted and checked for its ability to duplicate historical floods. It was
used to duplicate the 1963, 1965, and the March 1973 floods at Watauga Dam. The inflow
hydrographs at the dam were computed from observed headwater elevation and discharge data
using the relationship I = 0 + AS. The verification of the three floods is shown on Figures 13,
14, and 15, respectively.

The procedure defined above was used to calibrate and verify each of the original 50 unit areas
that make up the river basin above BLN. An updated verification of the unit hydrographs will be
made by use of the HEC-HMS code with more recent flood events as appropriate. An
explanation will be provided for any differences identified between the original work and the
updated unit hydrographs.
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Intervening Area-Lag Routing

South Holston Dam

OSH

Watauga Dam

ow

Boone Dam

'B= O+AS

Discharge11 = IB - [OSH and Ow lag routed to Boone]

Figure 9. Flood Discharge Calculation
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Intervening Area-Channel Routing

Asheville Stream Gage

Newport Stream Gage

Discharge2 = DNEw - DASHE routed to Newport

Figure 10. Flood Discharge Calculation
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Intervening Areas-SOCH

SAreal18
I Stream Gage

Fort Loudoun Dam

Maryville
Intervening areas = unit area 17 and 18

Downstream boundary - Fort Loudoun headwater elevations

Upstream Inputs:

Run I - Holston and French Broad Rivers gaged discharge at Knoxville and estimated discharge for the Little River at the
mouth and Fort Loudoun local. This run provided the stage at the mouth of Little River.

Run 2 - Little River gage discharges at the Maryville gage and the stage hydrograph (obtained in Run 1) at the mouth of Little
River was run on a SOCH Model developed for the Little River arm to obtain discharges at the mouth of Little River
(unit area 17).

Run 3 - The discharge at the mouth of Little River was then run on the main river SOCH to obtain the discharge on Fort
Loudoun local (unit area 18).

Figure 11. Flood Discharge Calculation
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Unit Area 10 - Area Above Watauga Dam
Unit Hydrograph
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Figure 12. Example Unit Hydrograph Area above Watauga Dam
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Unit Area 10 - Area Above Watauga Dam
Unit Hydrograph Duplication of 1963 Rood
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Figure 13. 1963 Flood Unit Hydrograph Area above Watauga Dam
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Unit Area 10 - Area Above Watauga Dam
Unit Hydrograph Duplication of 1965 Rood
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Figure 14. 1965 Flood Unit Hydrograph Area above Watauga Dam
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Unit Area 10 - Area Above Watauga Dam
Unit Hydrograph Duplication of 1973 Rood
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Figure 15. 1973 Flood Unit Hydrograph Area above Watauga Dam
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4.1.2 Flood Hydroraphs

4.1.2.1 Historic Floods

The unit hydrographs were used to compute flows from each of the 50 unit areas using the
FLDHYDRO code. The flows were then combined with the TRBROUTE code with time
sequencing or Muskingum channel routing procedures to compute inflows into upstream
tributary reservoirs. The Goodrich semi-graphical method and flat pool storage assumptions
were used to route the flows through the tributary reservoirs. The semi-graphical method was
used in the original studies to manually route through the reservoirs (Reference 5). Figure 16
provides the equations for the routing method. The resulting outflows, together with additional
local inflows at selected locations, were input to the stream course unsteady flow model (SOCH
code) used on the main river.

Tributary routings were made assuming flat-pool storage conditions.

1- 0 = dSdt

Or, more commonly as1-0- t

Where I =
0=
S=

T=

11 + 12

2

inflow rate
outflow rate
storage volume
routing period

01 + t

2

(A
'I-

U
6

2t + 0 (cfs)
tS2 -S 1

11 + 12 + (2S 1 -- 0 1 ) =

t

2S2 + 02

t

Figure 16. Goodrich Reservoir Routing

The historic floods of March 1963 and March 1973 were used to verify the runoff model. An
example of how the flows were combined above Douglas Dam, which is an input point to the
SOCH model is shown schematically on Figure 17. Computed flows from the six unit areas
above Douglas Dam were combined by Muskingum or lag routing using the TRBROUTE code
to obtain inflows into the reservoir. The Muskingum routing method involved an iterative
process to determine routing coefficients; thus lag routing was used in most cases and was
considered conservative. The lag routing would translate the hydrograph to the point of interest
downstream with no attenuation. The combined flows were compared to the inflow hydrograph
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at Douglas Dam computed from observed headwater elevation and discharge data using the
relationship I = 0 + AS. The verification for the March 1963 and March 1973 floods at Douglas
Dam is shown on Figures 18 and 19, respectively. The verification at Cherokee Dam, an input
point to SOCH, is also provided. The computed flows from the seven unit areas above Cherokee
Dam were combined as shown schematically on Figure 20. Figures 21 and 22 show the
verification at Cherokee Dam for the March 1963 and March 1973 floods, respectively.

Area 4

Embreeville

Area 5 River

Am•
Douglas Dam Area 6

Sub areas
1. French Broad River at Asheville, 945 sq-mi

2. French Broad River, Newport to Asheville, 913 sq-mi

3. Pigeon River at Newport, 666 sq-mi

4. Nolichucky River at Embreeville, 805 sq-mi

5. Nolichucky local, 378 sq-mi

6. Douglas local, 832 sq-mi

i Broad River

River

River

Asheville

Area 3 Area 1

O Stream Gaging Stations

Figure 17. Flow Schematic - Flows Combined Above Douglas Dam
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March 1963 Flood -Douglas Dam
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Figure 18. March 1963 Flood, Douglas Dam
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March 1973 Flood - Douglas Dam
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Figure 19. March 1973 Flood, Douglas Dam
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Unit Areas

9. South Holston Dam, 703 square miles

10. Watauga Dam, 468 square miles

11. Boone local, 669 square miles

12. Fort Patrick Henry Dam, 63 square miles

13. North Fork Holston River near Gate City, 672 square miles

14. Holston River at Surgoinsville, 299 square miles

15. Cherokee local below Surgoinsville, 554 square miles

Gate

Surgoinsville

Cherokee Dam Fort Patrick Henry Wr.

Boone Dam

South Holston Dam

Watauga Dam

Area 1

Note: All unit area flows were lag routed and all reservoir discharges were computed
by holding observed headwater elevations.

S Stream Gage

Figure 20. Flow Schematic - Flows Combined Above Cherokee Dam
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March 1963 Flood - Cherokee Dam
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Figure 2 1. March 1963 Flood, Cherokee Dam
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March 1973 Flood - Cherokee Dam
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Figure 22. March 1973 Flood, Cherokee Dam
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4.1.2.2 Probable Maximum Flood (PMF)

The criteria set forth in ANSI/ANS-2.8-1992 were followed in determining the PMF. The PMF
is defined as a hypothetical flood (peak discharge, volume, and hydrograph shape) that is
considered to be the most severe reasonably possible, based on comprehensive
hydrometeorological application of probable maximum precipitation and other hydrologic
factors favorable for maximum flood runoff such as sequential storms and snowmelt.

A PMF computation involves selection of a sequence of meteorological and hydrologic events.
These include the principal storm rainfall, antecedent storm rainfall, time and areal distribution
of rainfall, infiltration loss rates, and the hydrograph determination. The PMF was determined
from consideration of potentially critical areal and seasonal variations of probable maximum
precipitation (PMP) on the watershed above BLN.

4.1.2.2.1 Probable Maximum Precipitation (PMP)

For the Tennessee Valley region, studies by TVA have shown that major floods are typically
caused by a pair of storms with a 3-day dry interval between them. For the Tennessee Valley
region, antecedent storm rainfall depths vary from 15 to 50 percent of PMP depending on storm
duration, location and size of watershed, and season of occurrence.

PMP was defined for TVA by the U.S. Weather Bureau in Hydrometeorological Report (HMR)
No. 41 (Reference 6). This report defines depth-area-duration characteristics, seasonal
variations, and antecedent storm potentials.

Two storms with three possible isohyetal patterns (map showing contours of equal precipitation)
and seasonal variations described in HMR Report No. 41 were examined to determine which
would produce maximum flood levels at BLN. One storm would produce PMP depths on the
21,400 mi 2 watershed above Chattanooga. Two potentially critical isohyetal patterns are
presented in HMR Report No. 41 for this storm. The storm critical to this study is a March storm
with the "downstream pattern" shown on Figure 23 along with the maximum 6-hour storm
depths. Figure 24 shows the total rainfall amounts for the 72-hour storm. Figure 25 shows the
"upstream pattern" with the 72-hour storm amounts.

Another storm described in HMR Report No. 41 would produce PMP depths on a 7,980 mi 2

watershed centered in the Tennessee Valley below the major tributary dams. The isohyetal
pattern for the 7,980 mi2 storm is shown on Figure 26 along with the total 72-hour storm depths.
The pattern is not orographically fixed and can be moved parallel to the long axis northeast and
southwest along the Tennessee Valley. The storm was centered below the major tributary dams
at Bulls Gap, Tennessee, 50 miles northeast of Knoxville.

Potential storm amounts differing by seasons were analyzed in sufficient number to conclude
that the March storms would be the controlling events. In addition different storm centerings
were investigated to conclude that the most critical position was used.
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Figure 23. 21,400 Mi2 Storm (Downstream Center) - 6-Hour Totals
(Source USWB HMR No. 41, 1965)
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Figure 24. 21,400 Mi2 Storm (Downstream Center) - 72-Hour Totals
(Source USWB HMR No. 41, 1965)
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Figure 25. 21,400 Mi2 Storm (Upstream Center) -72-Hour Totals

33 of 107



WHITE PAPER - TVA BLN HYDROLOGIC ANALYSIS - Rev 1

Figure 26. 7,980 Mi2 Storm - 72-Hour Totals
(Source USWB HMR No. 41, 1965)

Both the 21,400 mi2 and 7,980 mi2 storms were 9-day events. A 3-day antecedent storm was
postulated to occur 3 days prior to the 3-day PMP storm in all PMF determinations. Depths
equivalent to 40 percent of the main storm were used for the antecedent storms in both the
21,400 and 7,980 mi 2 storms with uniform areal distribution as recommended in HMR Report
No. 41.

A standard time distribution pattern was adopted for the storms based upon major observed
storms transposable to the Tennessee Valley and distributions used by other Federal agencies.
The adopted distribution is shown on Figure 27. Studies made to define warning times for the
flood protection plans at Watts Bar Nuclear Plant (WBN) and Sequoyah Nuclear Plant (SQN)
upstream show that alternatively placing the maximum 24-hour precipitation on the first, second,
or third day results in comparable flood levels at the BLN site.
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Rainfall - Inches
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Figure 27. Rainfall Time Distribution
(Source BLN Unit I and Unit 2 FSAR)

4.1.2.2.2 Precipitation Losses

Precipitation losses are estimated with multivariable relationships used in the day-to-day
operation of the TVA system. These relationships, developed from a study of storm and flood
records, relate the amount of precipitation excess (and hence the precipitation loss) to the
rainfall, the week of the year, an antecedent precipitation index (API), and geographic location
(References 7 and 8). Figure 28 shows the six runoff regions for the Tennessee River watershed.
An API versus a runoff index (RI) has been determined for each of the six regions for each week
of the year. Figure 29 shows these relationships for weeks 2-11 and week 12, the season of the
controlling probable maximum storm at BLN. Figure 30 shows portions of the API, rainfall-
runoff tables which provide an example of how the surface runoff (precipitation excess) is
determined. The relationships are such that the loss subtraction from rainfall to compute
precipitation excess is greatest at the start of the storm and decreases to no subtraction in extreme
storms. Precipitation losses become zero in the early part of the BLN PMF as shown on
Figure 27.
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Figure 28. Runoff Regions
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Week 2 - 11 (January 8 - March 18) Week 12 (March 19 - 25)

Runoff API Runoff PI Runoff
Index East North Northeast South Southeast West Index East North Northeast South Southeast West Index

38 38 38
37 37 37
36 36 2 9 36
35 7 35 8 24 35
34 3 21 34 14 1 38 34
33 9 1 8 36 33 21 4 8 52 33

32 15 4 14 51 32 11 28 8 14 67 32
31 12 22 7 25 66 31 30 35 12 25 83 31
30 32 28 11 37 81 30 54 41 17 37 12 97 30
29 58 35 16 48 12 97 29 84 50 23 48 40 110 29
28 93 42 22 58 38 115 28 123 60 29 58 69 134 28
27 141 52 28 74 68 135 27 173 72 37 74 102 154 27
26 209 66 36 92 104 159 26 237 88 45 92 138 182 26
25 287 85 47 115 150 188 25 312 111 56 115 187 211 25
24 368 112 63 152 207 226 24 390 143 72 152 247 254 24
23 483 148 86' 220 275 283 23 476 190 98 280 324 318 23
22 500 218 128 320 360 382 22 500 285 166 320 413 424 22
21 300 275 465 460 500 21 470 345 465 500 500 21
20 500 500 500 500 20 500 500 500 20

Figure 29. Runoff Index vs. API

For this study, median moisture conditions as determined from past records were used to
determine the API at the start of the storm sequence. Because the antecedent storm is so large,
variations in adopted initial moisture conditions will not affect the precipitation excess computed
for the main storm. The precipitation loss in the critical probable maximum storm is 2.24 inches,
amounting to 35 percent of rainfall, for the 3-day antecedent storm and 1.76 inches, 11 percent of
rainfall, for the 3-day main storm. These compare with observed precipitation losses of
2.9 inches in the 1973 flood. Table 2 displays the API, rain, and precipitation excess for each of
the 50 subwatersheds of the hydrologic model.
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Example: API = 2.09. Flooding occurred in week 16 in southern region.
1. Enter Table ý with API = 2.09; this results in a runoff index of 25.
2. Enter Table 2 with runoff index = 25 to determine runoff from rainfall-in the example runoff is .70 inches from a rainfall of 2.06 inches.
3. Table 3 provides groundwater runoff.

Figure 30. Example of API, Rain - Runoff Relationships
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Table 2. Probable Maximum Storm Rainfall and Precipitation Excess

Anbcedent Storm

t.Ut Rain P
Area Area i Inches

1 French Broad Rver at AheviIle 6.44 299

2 French Broad Rver, Newlor to hAsIlle 6.44 4.04

3 Pgeon River at Nh 6.44 4.04

4 Noliduiy Rver at EnBTtelle 6.44 4.04

5 Nblidcy local, En1revlIe to NIlidch y Da[n 6.44 4.04

6 Doujas Dam local 6.44 4.86

7 Utile Rgeon Rver at Sevier\ille 6.44 4.04

8 French Broad Riveilocal 6.44 4.19

9 South I-lston Da 6.44 4.52

10 VVA Dam 6.44 4.04

11 Boonelocal 6.44 4.04

12 Fort PatcHed• ry Da[n 6.44 4.86

13 North Fork Holston Rver near Gte aity 6.44 4.86

14 H-olston RverA at Surgslle below Fort Patick Hiry Dam aid CGae Cty 6.44 4.86

15 Cheoke local belwSurprlle 6.44 4.86

16 Holston River local, Cheroee Dan to KnM Ilie gage 6.44 4.52

17 Utfle RveratA miuh 6.44 4.04

18 Fart Liu local 6.44 4.04

19 Uttle Teessee Rver at e re 6.44 299

20 taa Darm 6.44 299

21 Tudkasegee Rver at Bryson aty 6.44 299

22 Fontana local 6.44 299

23 Uttle Taennesev Rver local, FRntan Dar[ito ilho[ee Dam 6.44 299

IMan tormn
Rain aam

Inches Inches

17.40 14.72

18.50 16.51

19.30 17.31

15.10 13.11

15.50 13.51

17.10 15.88

20.90 18.91

18.60 16.81

1230 10.70

13.3D 11.31

14.10 12-11

14.40 13.18

1230 11.08

14.60 13.38

15.80 14.58

17.10 15.50

21.50 19.51

17.60 15.61

21.20 18.52

21.50 18.82

19.10 16.42

20.70 18.02

24.00 21.32
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Table 2 (Continued). Probable Maximum Storm Rainfall and Precipitation Excess

Unit
Area

24

25

26

27c

33

34

35

36

37

38

39

40

41

42

43
44d

45

46

47

48

49

50

Area

Little Tennessee River local, Chilhowee Dam to Tellico Dam
Watts Bar local above Clinch River

Norris Dam

Melton Hill local

Clinch River local above Mile 16

Poplar Creek at mouth

Emory River at mouth

Clinch River local, mouth to Mile 16

Watts Bar local below Clinch River

Chatuge Dam

Nottely Dam

Hiwassee River local below Chatuge and Nottely

Apalachia local

Blue Ridge Dam

Ocoee 1 local, Ocoeel to Blue Ridge Dam

Lower Hiwassee

Chickamauga local

South Chickamauga Creek near Chattanooga

Nickajack local

Sequatchie River at Whitwell

Guntersville North local

Guntersville South local

Average above Guntersville Dam

Antecedent Storm

Rain p..
Inches Inches

6.44 4.04

6.44 4.04

6.44 4.86

6.44 4.56

6.44 4.52

6.44 4.52

6.44 4.52

6.44 4.52

6.44 4.52

6.44 2.99

6.44 2.99

6.44 2.99

6.44 2.99

6.44 2.99

6.44 4.04

6.44 4.19

6.44 4.52

6.44 4.35

6.44 4.52

6.44 4.52

6.44 4.52

6.44 4.52

6.44 4.20

Main Storm

Rain peb

Inches Inches

21.00 01

15.80 13.81

13.80 12.58

15.48 14.07

15.30 13.89

14.90 13.49

13.10 11.69

14.90 13.49

14.40 12.99

21.40 18.72

19.10 16.42

18.90 16.22

17.90 15.22

22.10 19.42

18.30 16.31

15.20 13.41

14.50 13.09

12.30 10.89

11.70 10,29

9.80 8.39

9.80 8.39

9.80 8.39

15.56 13.80

a. Adopted API prior to antecedent storm, 1.0 inch.
b. Computed API prior to main storm, 3.65 inches.

c. Replaces original Unit Areas 27-32.
d. Lower Hiwassee local to be divided into two Unit Areas-44A and 44.

4.2 Stream Course Model

4.2.1 Cross-Sectional Data

The cross-sectional data for mainstem and tributary rivers used to develop the SOCH model
geometry input were taken from silt range data, pre-reservoir topography, actual field surveys,
USGS Topographic Maps, or a combination of these sources. The sections were taken on
consistent spacing for a given river reach since the model, at the time, required equal spacing of
cross sections. However, the spacing can now be varied depending on available data and cross
section spacing required for model stability. The model is considered stable when the
combination of cross section spacing and time step satisfy Equation (4) in Section 4.2.4. A
typical cross section is shown on Figure 31. Table 3 provides a list of sections used for each
river reach in the SOCH code. There are several configurations of these cross-sectional data
required to model the entire river system which will be covered in the flood routing sequence
section of this paper.
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Table 3. Cross-Sectional Data by River Reach/Segment

River River Reach Number of Sections AX (feet)*
Holston (To Cherokee) 0.00- 52.31 27 10623.36
French Broad (To Douglas) 0.00 - 32.32 33 5332.85
Tennessee (Fort Loudon) 602.3 - 652.22 25 10982.4
Little Tennessee 0.00-32.53 33 5301.83
Tennessee (Watts Bar) 568.23 - 602.3 17 11243.00
Tennessee (Watts Bar) 529.9 - 568.23 19 11243.00
Clinch (To Melton Hill) 0.00-23.1 23 5544.00
Clinch (Melton Hill to Norris) 23.1 - 79.8 55 5544.00
Tennessee (Chickamauga) 471.00 - 529.90 29 11107.00
North Chick/Dallas Bay 0.00 -12.9 21 5280.00
Hiwassee River 0.00- 18.90 19 5280.00
Tennessee (Nickajack) 424.70 - 471.00 23 11112.00
Tennessee (Guntersville) 349.00 - 424.70 37 11102.67

*Distance in feet between cross sections.

A typical set up is shown on Figure 31 for the model of Fort
projects Cherokee and Douglas.

Loudoun Reservoir up to tributary

Once the cross sections were extracted from the source(s) and plotted they were taken to the field
for verification by an experienced engineer. In the field, the engineer would (1) segment the
section, (2) estimate the Manning (n) values for the channel and overbanks, (3) determine the
section to be representative of the flow area for one-half of the reach upstream and downstream
of the section, (4) evaluate effective flow areas for passage of flood water (topographic review in
the office before hand), (5) review aerial photography where available, and (6) adjust the
sections as necessary to account for blockage/obstructions in the overbank areas. The analysis
did not include bridges/structures as these were judged to have little, if any, impact on flood
flows in the magnitude of interest.

This procedure was followed for development of cross sections where calibration against historic
events was going to be performed. This included the Tennessee River reservoirs from
Guntersville through Fort Loudoun to Tennessee River mile 652.22 (confluence of French Broad
and Holston Rivers), and the Clinch River to Norris Dam. For the tributary projects like Norris,
Cherokee, Douglas, Fontana, and Hiwassee, the SOCH model for the reservoir and tributary
reaches were set up to allow computation of the outflow hydrograph as a result of the postulated
seismically induced dam failure during the ¼ PMF or 25-year flood events. Thus, these tributary
models were not calibrated to the same level of detail as those on the Tennessee River where
specific peak discharge and elevation data were going to be required.

41 of 107



WHITE PAPER - TVA BLN HYDROLOGIC ANALYSIS - Rev I

After the field review of the cross sections was completed, the data were input to the step
backwater/HEC2 program. The step backwater/HEC2 model was then calibrated using available
historic data from reservoir stage records and/or observed high water marks. Final adjustments
to the cross sections and Manning n values were made during this process to obtain the best
possible calibration to the historic flood events.

Douglas Mile 32.32
Cherokee Mile 52.31

tOverbank-- ýChann e Overbarký

Segment 1 Segment 3
/ • Segment 2

33 Cross Sections .

2CrsSetosDX 5332.85 Feet ~ .09 n = .03 n =0.12
DX 10623.36 Feet

"Junction Mile
652.22 - Channel Bottom

25 Cross Sections Typical Cross Section

DX 10982.40

Fort Loudoun Mile 602.3

Fort Loudoun SOCH Model

Figure 31. Typical Cross Section and Model Set-Up for Fort Loudoun Reservoir

Using the calibrated backwater/HEC2 model, a series of steady flow profiles were computed for
the range of flows from 100,000 to 1,500,000 cfs. The starting levels for these steady flows were
based on the headwater rating curve at each dam and the Manning n values were held constant.
There was no reduction in Manning n values for high flows/increased depth. This process
resulted in a set of cross sections for the stream reach, adjusted Manning n values (channel and
overbank), steady flow profiles, and a tailwater rating curve at each project. The cross sections
and Manning n values became input to the Conveyance Program, which determined parameters
used in the SOCH code geometry table. The steady flow profiles and tailwater rating curve were
then used to calibrate the SOCH model. The SOCH Code Verification section of this paper
provides a discussion of the verification process.

4.2.2 CONVEYANCE Code

The CONVEYANCE code was developed to determine the cross-sectional area and the
composite hydraulic radius (R2/3) by elevation for a given segmented cross section. A typical
cross section with three segments is shown on Figure 31.

The data points to describe the cross section were taken directly from a plot of the section or
from the step backwater/HEC2 computation input. The number of points used to describe each
section varies and is based on the minimum needed to accurately define the flow area. The
number of segments in the cross sections will vary and depends on changes in the Manning n
values across the section and over one-half reach in either direction as determined by field
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inspection. The Conveyance Program computes the cross-sectional area and composite R 213 for
user-specified elevations (generally from 5- to 20-foot intervals) starting at the channel bottom.
The Conveyance is computed for each segment of the cross section by the equation shown on
Figure 32. The total cross-sectional area, A, and total conveyance, Ct, is the sum of the
segments. A composite R213 is determined at each elevation step by the following equation with
Manning's n referenced to the channel n:

R2/3 = Ct (n)/1.49(A)

ICONVEYANCE PROGRAM SCHEMATIC I

Segment I Segment 2 Segment 3

n =0.0g LevelI3 n =0.03 n=01
•"-- ~Level 2 .,

Level I

C = Conveyance
C = 1.4g/n(AR 2 f3 ) __-- /

n = Manning's

Figure 32. Typical Conveyance Cross Section

The output of the Conveyance Program will be cross-sectional area, A, and composite, R2/3 for
user-specified elevations. These outputs make up three of the four elements of the geometric
table (elevation, cross-sectional area, composite R2/3, and B) that the SOCH program uses to
define each cross section. The geometric table for each cross section is made up of 21 vertical
steps, starting at intervals at or below the channel bottom, which include: elevation, area, R2/3,
and B. The SOCH program interpolates values for these parameters from the geometry table
based on elevation. A spreadsheet verification of this code for a typical cross section is shown in
Appendix B.

4.2.3 Weihhted Width (B) Code

The fourth component for the SOCH geometry table is B. This is a parameter used to account
for reservoir storage. The surface area between cross sections for a series of elevations was
determined from topographic maps as shown on Figure 33. Storage in any off-channel areas or
tributaries was accounted for by these surface area determinations. The elevations were selected
to define the overbank and tributary areas over the range of expected flood depths. Using the
surface area by elevation data as input to the Weighted Width program, an equivalent B was
determined for each cross section such that the total volume for a reservoir could be determined.
Once B was determined for each cross section, the total volume of the reservoir was computed
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by the program and a comparison made against the total reservoir volume curve published for the
project. If there was a difference, a correction factor was applied to bring the computed volume
into agreement with the measured total volume. Once this step was completed, the B in the
SOCH geometry table is set for the model.

JETERMINATI[]N OF WEIGHTED WIDTH

INTERIOR POINTS

L
, /

N

1.

I
I

" - (R
(404

Figure 33. Weighted Width Schematic

A complete narrative for
spreadsheet verification.

the weighted width code is found in Appendix C, along with Excel

4.2.4 SOCH Code

The mathematical model for unsteady flow in open channels is assumed to be one-dimensional in
the sense that the flow characteristics such as depth and velocity are considered to vary only in
the longitudinal (x) direction and with time. The channel geometry is three-dimensional.
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The following items are consequences of the one-dimensional assumption:
1. The velocity is uniform across the cross section, so that the water particles in a moving

section remain in that section.
2. The transverse water surface is a horizontal line in any cross section.
3. The axis of the river can be considered to be a straight line.

In the development of the mathematical model, the following assumptions are also made:
I . The flow is gradually varied so that the vertical acceleration of the water particles may

be neglected, and that the pressure distribution in any cross section is hydrostatic.
2. The bottom slope of the channel is small.
3. The resistance coefficient, as determined for uniform turbulent flow at any given

channel cross section, is the same for the given water surface elevation and mean
velocity regardless of whether the flow is uniform or nonuniform, steady or unsteady.

4. The mass density p is a constant, i.e., no stratification exists.

The two equations of unsteady flow, the continuity equation (1) and the equation of motion (2),
are:

a(AV) + B ah q 0
ax at

gah + V a V + av + gSf + q V=O (2)
a x a x a A

in which A flow area; V = mean velocity; x = distance; B = surface width; h = water surface
elevation; t time; q = lateral local inflow per unit distance and time; g = the gravitational
constant; and Sf = the energy gradient given by:

Sf . n 2 V IVI (3)
2.21 R 471

in which n = Manning's and R = the hydraulic radius. The term aAlax in the expanded form of
Equation (1) can be expressed as a function of ah/ax. Therefore, these equations make up a
system of two nonlinear, first order, first degree partial differential equations with two
independent variables x and t, and with two unknowns h and V. No analytical solutions to this
system of equations exist. However, they may be solved numerically by writing them in finite
difference form.

In finite difference methods, the differential equation is replaced by an approximating difference
equation, and the continuous region in which the solution is desired is replaced by a set of
discrete points called a net as shown on Figure 34. At the time, a variety of net schemes for
approximating the differential equations of unsteady flow had been studied by various
investigators. A characteristic computation net has several apparent advantages over other
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schemes, particularly in the stability and convergence of the solution and in optimization of net
size. However, this computation scheme has the disadvantage that the net points in the x-t plane
are determined as the computation proceeds. It is therefore necessary to compute x and t in
addition to h and V, and to use an interpolation procedure if it is desired to obtain results at
regular or specific distance and time intervals. The main advantage of fixed-net schemes is that
the net points in the x-t plane can be selected prior to computation, so that only h and V need to
be computed. The major disadvantage of most explicit fixed-net computation schemes is the
difficulty in finding a net size that will give a stable and convergent solution. Based on basic
studies of many different explicit fixed-net schemes, a centered difference scheme proposed by
Stoker (Reference 9 ) was found sufficiently stable and convergent for the unsteady flow
computations if the relation

-A) At

- • 2.21R 413  (4)

is satisfied, in which At = the time interval and Ax = the distance interval in Equation (4).

F

S-- 1 I ..

3 F

2- - F.E

ELEVATION C -T

11 12 13 14

Figure 34. Net Scheme and Channel Geometry

In the solution of the partial differential equations of unsteady flow, it is necessary to specify
boundary and initial conditions. Boundary conditions are conditions specified at fixed values of
x at various times. Initial conditions are conditions specified at fixed values of time at various
spatial locations.

The boundary conditions may be given as discharge or water surface elevation versus time, or as
a stage-discharge relationship. A steady-flow profile, a flat pool-zero flow profile or a transient
flow profile from previous computations may be used as the initial conditions. The initial
conditions provide an elevation and discharge for each cross section in the reach.
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In addition to boundary and initial conditions, input data on -local inflows, channel geometry, and
Manning's n-must be prescribed. From these input data, the SOCH code determines flows, mean
velocities, and water surface elevations at any number of desired locations and times for the
channel reach under study.

A typical reservoir or river link geometric representation is shown schematically on Figure 34.
As this figure illustrates, the mathematical model approximates the actual channel geometry by a
series of adjacent prisms. Channel geometry data are determined by interpolation from a 21-step
geometry table for each cross section that is in the form of elevation, area, W", and B. Off-
channel storage in a reach, i.e., embayments or tributaries, is accounted for in the mathematical
model by adjusting the B width in the equation of continuity to give the correct volume in the
reach. B is generally different from the cross section top width upon which the cross-sectional
area and hydraulic radius are based.

Inflows to the model generated by the FLDHYDRO code can be entered as point source or
distributed locals over a reach length Ax depending on how they were developed. A more
detailed description of the inflows to the SOCH model is covered in the Flood Hydrograph
section.

Typically, TVA has used a computational time interval At ranging from 10 seconds to
2.5 minutes, with a longitudinal spacing of net points Ax ranging from 0.1 to 2.5 miles. The
initial model set-up procedure included testing the cross section spacing and time step to obtain a
stable/convergent model result. This process ensures that Equation (4) is satisfied. Typically
during this process, if the combinations of cross section spacing and/or time step do not satisfy
Equation (4), the model will not run or if it does in some cases a mathematical instability occurs
which will terminate the calculations. Once the cross section spacing and time step were
established, further testing with additional cross sections and/or reduced time step did not result
in any change in the computed values.

The SOCH code has evolved since it was first developed in the late 1960s (Reference 10). There
is very little documentation on code changes that were made between its initial application and
the SOCH90 code (PC Version). However, most of the code changes related to how input and/or
output to the code would be handled to streamline its use. The basic computation scheme was
not modified as a result of these changes. For any code change made there were test runs to
ensure duplication of previous results.

A comparison of the headwater and discharge from Fort Loudoun Dam during the' 21,400 Mi2

Storm is shown on Figure 35. This clearly shows for this case there is no difference in the
computed results between the SOCH88 code and the SOCH90 PC version. Further comparative
analyses between the two versions of the codes will be completed during the update and
verification process.
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Fort Loudoun SOCH88 vs. SOCHPC Run Comparison -- 21400 PMF
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Figure 35. Comparison of SOCH88 and SOCH90 PC Version

4.2.5 SOCH Code Verification (Steady-State HEC2 Prodfies/Historic Floods)

The calibration of the SOCH model for the mainstem reservoir was an iterative process
completed in two steps: (1) comparison of SOCH vs. steady-state elevation profiles along the
length of the reservoir for flows ranging from 100,000 to 1,500,000 cfs and the tailwater rating
curve at the upstream dam and (2) duplication of historic floods. The inputs to the SOCH model
at this point include: (1) conveyance and (2) B code outputs which make-up the four parameters
elevation, cross sectional area, R 2 3, and B in the 21-step geometry table for each cross section.
The steady state SOCH model outputs are then calibrated to the standard step/HEC-RAS (or
HEC2) backwater profiles for the flow range from 100,000 to 1,500,000 cfs. This is
accomplished by adjusting the Manning's n values in the SOCH model to achieve a satisfactory
replication of the steady-state profiles.
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The initial set of Manning n values for use in the SOCH code are the channel n's taken from the
calibrated HEC2 computations. These Manning n values were then adjusted in the SOCH model
as appropriate to produce the best agreement with the elevation profiles for all flow ranges. The
final SOCH-adjusted Manning n values from this process were then used in step two to calibrate
the largest historic floods in that reservoir (typically two (sometimes more) historic floods in
each reservoir). On Figure 36 a comparison of the steady flow step backwater profiles and the
profiles computed by the SOCH model is shown.

To verify the SOCH model against historic events such as the 1967 and 1973 flood events,
several pieces of actual observed data had to be collected. For the flood period of study,
typically about two weeks, data included (1) observed discharge and tailwater elevation data at
the upstream project, (2) observed elevations for all gage recorders along the length of the
reservoir, and (3) observed discharge and headwater elevation data at the downstream project.
The inflows along the reservoir were determined from the calibrated runoff model (FLDHYDRO
code) and provided as local inflows to the SOCH model.

A simulation run for the flood event (1967, 1973, etc.) using the SOCH model was then made
using the observed discharge at the upstream boundary, local inflows from the runoff model, and
observed discharge at the downstream boundary. A comparison of the observed data (elevation
and discharge) and that computed by the SOCH code for five stage locations is shown on
Figure 37 for Guntersville Reservoir for the March 1973 flood. The verification of the 1967
flood in Watts Bar Reservoir is shown on Figure 38.
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Guntersville Reservoir Flood Profiles
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Figure 36. Comparison Profile Plot
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Figure 38. March 1967 Flood Calibration - Watts Bar Reservoir

If the computed elevations for the SOCH code did not show good agreement with the observed
historic data, all inputs to SOCH were checked for accuracy. If no input errors were found then
the Manning n values in the SOCH model would be adjusted to obtain the best match possible to
the historic data. At this point, the steady-state step backwater profiles would be rerun using the
SOCH model with the Manning n values as modified by the historic event calibration.
Depending on the magnitude of any changes at a given location, a final set of Manning n values
would be determined for that reservoir that was based on an iterative process between the best fit
of the historic flood events and the steady flow step backwater profile calibration.

Once the geometric tables were fixed, the Manning n values calibrated and the runoff model
verification complete, the runoff and stream course model was then considered to be verified and
ready for use in simulating any combination of design storms, seismic failure events, or normal
operation studies.
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The SOCH model has also been applied to several unsteady flow problems with very good
agreement with observed data. Figure 39 shows application of the SOCH model in Nickajack
Reservoir to a special turbine operation where the velocity at Moccasin Bend (TRM 458.4) was
computed by the model and measured in the field for verification. During this operation, only
observed data at the boundaries was used with minimum local inflows along the reservoir.
Figure 40 shows application of the SOCH model below Barkley Dam on the Cumberland River
to define the impact on elevations at selected locations that would result from turbine operations.

To calibrate the runoff and stream course model a more recent event (the 2003 flood) will be
used during the update process to compare predicted values against observed data in Watts Bar,
Chickamauga, Nickajack and Guntersville reservoirs.

4.2.6 SOCH Code Computer Run Sequence - 21,400 Mi2 PMF

To better understand the SOCH code computer runs required to compute the elevation and
discharge at BLN the following Figures 41 to 54 define the run sequence by reservoir set-up. At
this point, the inputs to the SOCH code include the following data and information:

* Geometric table for each cross section and stream reach (input from Conveyance and
Weighted Width codes)

" Final calibrated Manning's n values

* Inflow hydrographs at the boundaries and local inflows generated by the FLDHYDRO
code (inputs from UNITGRPH, TRBROUTE, CHANROUT)

" Fixed rule curves and headwater rating curves at the downstream boundary

* All data input to the SOCH code with initial conditions defined for the river reach
(elevation and discharge specified for each cross section)

• If the earth embankments are over topped and judged to fail, the time of failure will be
determined by DBREACH code

* Outputs from SOCH code include elevation and discharge data at each dam and at any
major point of interest i.e., nuclear plant sites

The computer runs will follow the fixed rule operation during the antecedent storm and the 3-day
dry period, and then during the main storm follow the appropriate before-failure or after failure
rating curves at each dam as appropriate.
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Main Storm
1. To Fill Curve at Fort Loudoun

2. Filling Curve to Spillway Capacity
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Fort Loudoun Reservoir to
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Figure 41. Run Sequence, Fort Loudoun
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Figure 42. Run Sequence, Tellico Reservoir/Fort Loudoun Canal
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Figure 43. Run Sequence, Fort Loudoun/Tellico Reservoirs
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Figure 44. Fort Loudoun Fixed Rule

The run sequence for Fort Loudoun will follow the fixed rule shown on Figure 44. The run
sequence shown on Figures 41 and 43 are consistent with this rule curve. The operation of
Tellico is simple in that the spillway gates are not opened until spillway capacity at Fort
Loudoun is reached (headwater elevation 815 and discharge of 390,350 cfs). As a flood
develops the operation at Fort Loudoun, as the downstream boundary in SOCH, will follow the
numbers shown on Figure 44 as defined below:

Run (1) Hold elevation 807 at Fort Loudoun until the discharge equals 50,000 cfs and the
discharge at Tellico is zero.
Run (2) Hold discharge at 60,000 cfs at Fort Loudoun until the headwater reaches elevation 810
and the discharge at Tellico is zero.
Run (3) Follow the rating curve at Fort Loudoun until the headwater reaches gate top elevation
815 and the discharge at Tellico is zero. If gate top elevation is not reached hold crest discharge
until reservoir elevation returns to normal or secondary flood develops.
Run (4) If gate top elevation 815 is reached continue to hold that elevation to spillway capacity
or until the discharge recedes to the empty rate of 120,000 cfs and the discharge at Tellico is
zero.
Run (5) Hold discharge at 120,000 cfs at Fort Loudoun to return pool to normal, if possible, and
the discharge at Tellico is zero. As main storm develops continue discharging 120,000 cfs until
the reservoir fills to elevation 813.5.
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Run (6) Follow the rating curve (elevation 813.5 to 815.0) at Fort Loudoun to spillway capacity
390,350 cfs (red spillway curve intersects black line) and the discharge at Tellico is zero.

Once the flood has developed during the early part of the main storm to the point that Fort
Loudoun is at full spillway capacity at elevation 815, the spillway gates at Tellico will be opened
to spillway capacity in two hours. At that point the discharge from Fort Loudoun and Tellico
will be controlled by the spillway rating curve for each project. If the embankments are not
overtopped during the main storm, the flood routing will follow the spillway rating curves until
the discharge at Fort Loudoun decreases to spillway capacity at elevation 815. At that time, the
spillway gates at Tellico will be closed in two hours. Flood recovery at Fort Loudoun will then
follow Run (6) and Run (5) steps until the pool is returned to normal elevation 807.

The SOCH code has the capability to follow the run sequence described above as a part of a
single run by prescribing the boundary changes at the start of the run simulation. There are times
when the simulation will have to be interrupted to change boundary conditions, such as that
required when a given elevation or discharge is reached or postulated failure of a structure
occurs. When a change in the boundary condition is required, a starting line from the previous
simulation can be saved for use in initiating the next simulation period with a new boundary
condition prescribed.
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Melton Hill until spillway capacity is
reached.
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3. If failure occurs follow the after failure
rating curve at Melton Hill

servoir

Figure 45. Run Sequence, Melton Hill Reservoir
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Figure 46. Run Sequence, Watts Bar Reservoir/Clinch River Arm
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Figure 47. Run Sequence, Watts Bar/Fort Loudoun Reservoirs
(Clinch River as Point Inflow to Obtain Combined Inflow at Fort Loudoun/Tellico)

Fort Loudoun/Tellico Mile 602.3

Melton Hill Mile 23.1

23 Cross Sections

DX 5544

17 Cross Sections

DX 5544

Junction Mile 568.23

19 Cross Sections

DX 11243
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Figure 48. Run Sequence, Watts Bar Reservoir/Cinch River Arm
(Use Fort Loudoun/Tellico Combined Inflow with Clinch River)
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The run sequence for Watts Bar will follow the fixed rule shown on Figure 49. The run
sequence shown on Figure 46 and 47 are consistent with this rule curve. As a flood develops the
operation at Watts Bar, as the downstream boundary in SOCH, will follow the numbers shown
on Figure 49 as defined below:

Run (1) Hold elevation 735 at Watts Bar until the discharge equals 110,000 cfs.
Run (2) Hold discharge at 110,000 cfs at Watts Bar until the headwater reaches elevation 740.
Run (3) Follow the rating curve at Watts Bar to gate top elevation 745. If gate top is not reached,
hold crest discharge until the reservoir headwater elevation returns to normal or a secondary
flood develops.
Run (4) If gate top elevation 745 is reached, hold that elevation to spillway capacity or until the
discharge recedes to the empty rate of 190,000 cfs.
Run (5) Hold discharge at 190,000 cfs at Watts Bar to return pool to normal, if possible. As the
main storm develops continue, discharging 190,000 cfs until the reservoir fills to elevation 743.5.
Run (6) Follow the rating curve (elevation 743.5 to 745.0) at Watts Bar to spillway capacity
560,290 cfs (red spillway curve intersects black line).
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Once the flood has developed during the early part of the main storm to the point that Watts Bar
is at ftill spillway capacity at elevation 745, the discharge will be controlled by the spillway
rating curve. If the embankments are not overtopped during the main storm, the flood routing
will follow the spillway rating curves until the discharge at Watts Bar decreases to spillway
capacity at elevation 745. Flood recovery at Watts Bar will then follow Run (6) and Run (5)
steps until the pool is returned to normal elevation 735.

The SOCH code has the capability to follow the run sequence described above as a part of a
single run by prescribing the boundary changes at the start of the run simulation. There are times
when the simulation will have to be interrupted to change boundary conditions, such as that
required when the headwater elevation or discharge reaches a given point or postulated failure of
the structure occurs. When a change in the boundary condition is required, a starting line from
the initial simulation can be saved for use in initiating the next simulation period with a new
boundary condition prescribed.
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Figure 50. Run Sequence, Chickamauga Reservoir
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Figure 51. Chickamauga Fixed Rule

The run sequence for Chickamauga will follow the fixed rule shown on Figure 5 1. The run
sequence shown on Figure 50 is consistent with this rule curve. As a flood develops, the
operation at Chickamauga, as the downstream boundary in SOCH, will follow the numbers
shown on Figure 51 as defined below:

Run (1) Hold elevation 675 at Chickamauga until the discharge equals 155,000 cfs.
Run (2) Hold discharge at 155,000 cfs at Chickamauga until the headwater reaches elevation
677.
Run (3) Follow the rating curve at Chickamauga to gate top elevation 685.44. If gate top is not
reached, hold crest discharge until the reservoir headwater elevation returns to normal or a
secondary flood develops.
Run (4) If gate top elevation 685.44 is reached, hold that elevation to spillway capacity or until
the discharge recedes to the empty rate of 240,000 cfs.
Run (5) Hold discharge at 240,000 cfs at Chickamauga to return pool to normal, if possible. As
the main storm develops continue discharging 240,000 cfs until the reservoir fills to elevation
684.
Run (6) Follow the rating curve (elevation 684 to 685.44) at Chickamauga to spillway capacity
434,028 cfs (red spillway curve intersects black line).
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Once the flood has developed during the early part of the main storm to the point that
Chickamauga is at full spillway capacity at elevation 685.44, the discharge will be controlled by
the spillway rating curve. If the embankment is not overtopped during the main storm, the flood
routing will follow the spillway rating curves until the discharge at Chickamauga decreases to
spillway capacity at elevation 685.44. Flood recovery at Chickamauga will then follow Run (6)
and Run (5) steps until the pool is returned to normal elevation 675.

The SOCH code has the capability to follow the run sequence described above as a part of a
single run by prescribing the boundary changes at the start of the run simulation. There are times
when the simulation will have to be interrupted to change boundary conditions, such as that
required when the headwater elevation or discharge reaches a given point or postulated failure of
the structure occurs. When a change in the boundary condition is required, a starting line from
the previous simulation can be saved for use in initiating the next simulation period with a new
boundary condition prescribed.
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Figure 52. Run Sequence, Nickajack Reservoir
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Figure 53. Run Sequence, Guntersville Reservoir
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Figure 54. Guntersville Fixed Rule

The run sequence for Guntersville will follow the fixed rule shown on Figure 54. The run
sequence shown on Figure 53 is consistent with this rule curve. As a flood develops the
operation at Guntersville, as the downstream boundary in SOCH, will follow the numbers shown
on Figure 54 as defined below:

Run (1) Hold elevation 593 at Guntersville until the discharge equals 225,000 cfs.
Run (2) Hold discharge at 225,000 cfs at Guntersville until the headwater reaches elevation 595.
Run (3) Follow the rating curve at Guntersville to gate top elevation 595.44. If gate top is not
reached, hold crest discharge until the reservoir headwater elevation returns to normal or a
secondary flood develops.
Run (4) If gate top elevation 595.44 is reached, hold that elevation to spillway capacity or until
the discharge recedes to the empty rate of 320,000 cfs.
Run (5) Hold discharge at 320,000 cfs at Guntersville to return pool to normal, if possible. As
the main storm develops, continue discharging 320,000 cfs until the reservoir fills to elevation
595.
Run (6) Follow the rating curve (elevation 595 to 595.44) at Guntersville to spillway capacity
512,984 cfs (red spillway curve intersects black line).
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Once the flood has developed during the early part of the main storin to the point that
Guntersville is at full spillway capacity at elevation 595.44, the discharge will be controlled by
the spillway rating curve. If the embankment is not overtopped during the main storm, the flood
routing will follow the spillway rating curves until the discharge at Guntersville decreases to
spillway capacity at elevation 595.44. Flood recovery at Guntersville will then follow Run (6)
and Run (5) steps until the pool is returned to normal elevation 593.

The SOCH code has the capability to follow the run sequence described above as a part of a
single run by prescribing the boundary changes at the start of the run simulation. There are times
when the simulation will have to be interrupted to change boundary conditions, such as that
required when the headwater elevation or discharge reaches a given point or postulated failure of
the structure occurs. When a change in the boundary condition is required, a starting line from
the previous simulation can be saved for use in initiating the next simulation period with a new
boundary condition prescribed.
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5. Reservoir Routing

5.1 Reservoir Operating Rule (Improved Fixed Rules)

Reservoirs were operated according to guides for flood operation, known as improved fixed
rules, in routing the candidate storms to determine the controlling events. Figures 44, 49, 5 1, and
54, above, define the original fixed rules used to determine the design basis flood levels at BLN
for Fort Loudoun, Watts Bar, Chickamauga, and Guntersville dams, respectively. These rules
were followed in the SOCH code as the prescribed downstream boundary to allow the flood
routing to simulate expected reservoir operations. Because Nickajack reservoir has no storage,
the rule is very simple in that the headwater is held constant until spillway capacity is reached
and then the discharge is controlled by the spillway rating curve. The updated flood simulations
will follow revised fixed rules developed as part of the River Operations Study (ROS - 2004).
An example of the revised fixed rule for Watts Bar reservoir is shown on Figure 55. Figure 56
shows the operation guide for Douglas Dam, a tributary dam. There is a fixed rule guide for
each project that is followed for the flood routing sequence.

5.2 Project Rating Curves

The spillway discharge ratings for TVA's dams, which are based on test results from scale
models, are published. These ratings cover the complete range of expected operating conditions.
However, for use in determining the PMF, the discharge ratings had to be extended to higher
headwater elevations. The discharge for these higher elevations was computed using standard
hydraulic equations (weir, orifice, etc.). The rating curves include total flow through the
spillway, sluices, and over nonoverflow portions of the dam when overtopped. The discharge
ratings are being revised and updated as appropriate.

The reservoir routings through Chickamauga Dam were made before the recent modifications to
construct a new lock. The new lock will eliminate five spillway bays. The new spillway
discharge rating with the five bays removed is shown on Figure 57. The original rating curve
(existing project before any modifications) used in the original routings is also shown.

5.3 Reservoir Operation

Median initial reservoir elevations were used at the start of the storm sequence used to define the
PMF to be consistent with statistical experience and to avoid unreasonable combinations of
extreme events. As a result, 53 percent of the total reserved system flood detention capacity was
occupied at the start of the main flood based on SOCH code output. Studies made by TVA for
the Watts Bar and Sequoyah Nuclear Plants have shown that the initial reservoir levels would not
have a significant effect on maximum flood discharges and elevations at the plant site because
spillway capacities, and hence uncontrolled conditions, are reached early in the flood.
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Normal reservoir operating processes were used in the antecedent storm. This included use of
turbine and sluice discharge in the tributary reservoirs. Turbine discharges are not used in the
main river reservoirs after large flood flows develop because head differentials are too small.
Flood operating processes were used in the main storm. Turbine discharge was not used in either
the tributary or main river dams during the main storm. All spillway gates were determined to be
operable without failures during the flood. Gate crews would be called to respective dams
during or before the first hours of the main storm when access would not be a problem. Normal
practice of having gate crews remain at the dams during major floods would be followed. Gates
on main river dams would be fully raised, thus requiring no additional operations, by the last day
of the main storm which is before the structures and access roads would be inundated.

A review made by TVA as part of the Dam Safety Emergency Action Planning process in the
early 1990s indicated that at many projects access routes could become inundated and
impassable during extreme flood situations. To ensure TVA staff have access to the dams during
such events, other means of transportation can be utilized including boat and helicopter access
through TVA police or through local Emergency Management Agency (EMA) contacts. TVA
has established working relationships with EMA's adjacent to and downstream of TVA dams for
flood forecast notification, evacuation planning and general support.

TVA also has an agreement with the United States Army Corps of Engineers (USACE) to make
staff available to support gate operation at the main river dams. The USACE has responsibility
for operation of locks at TVA projects. As a result, the agreement allows their staff to support
TVA personnel with gate operations on main river dams on an as-needed basis. TVA and
USACE staff have also conducted joint training exercises to define responsibilities and to ensure
safety procedures are followed.
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5.3.1 Embankment Breachin2 (DBREACH Code)

In the 1998 reanalysis which addressed dam safety modifications, only the west saddle dike at
Watts Bar Dam and the north embankment at Nickajack Dam would be overtopped and
breached. At Nickajack Dam, the north embankment would fail down to the roller-compacted
concrete overflow controlled section with top at elevation 634. These were the only failures.
Chickamauga Dam, 79.5 miles upstream from the plant, would be overtopped but was assumed
not to fail. This assumption was based upon the dam safety modification originally proposed for
Chickamauga Dam to prevent failure from overtopping. Failure of Chickamauga Dam would
increase flood levels at Bellefonte, but the increase would be small (dam safety studies showed
that with both Watts Bar and Chickamauga failures, the flood level at BLN would be increased.
only 0.4 foot). The new lock now under construction is the only modification to be made at
Chickamauga Dam. The dam will be overtopped and the earth embankments will be postulated
to fail in the updated BLN PMF calculations.

The adopted relationship to compute the rate of erosion in an earth dam failure is that developed
by the Bureau of Reclamation in connection with its safety of dams program (Reference 11).
The expression relates the volume of eroded fill material to the volume of water flowing through
the breach. The equation is:

Qso _ Ke-X
Qwater

Where

Qsoij = Volume of soil eroded in each time period

Qwater = Volume of water discharged each time period

K Constant of proportionality, 1 for the soil and discharge relationships in this study

e = Base of natural logarithm system

X = b tan O'd

H
Where

b = Base length of overflow channel at any given time

H = Hydraulic head at any given time

•'d = Developed angle of friction of soil material.

A conservative value of 13 degrees (developed angle of friction) was adopted for materials in the
dams investigated.
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The DBREACH code is used only to obtain an estimate of the time of failure of an earth
embankment when overtopped. An instantaneous disappearance of the assumed failure section
is postulated to occur at the calculated failure time. This is a conservative assumption as the
actual failure would occur over some period of time.

Solving the equation, which is computerized (DBREACH code), involves a trial and error
procedure over short depth and time increments. In the program, depth changes of 0.1 foot or
less are used to keep time increments to less than one second during rapid failure and up to about
350 seconds prior to breaching.

The solution of an earth embankment breach begins by solving the erosion equation using a
headwater elevation hydrograph assuming no failure, as provided by SOCH model outputs.
Erosion is postulated to occur across the entire earth section and to start at the downstream edge
when headwater elevations reached a selected depth above the dam top elevation. Subsequently,
when erosion reaches the upstream edge of the embankment, breaching and rapid lowering of the
embankment begins. Thereafter, computations include headwater adjustments for increased
reservoir outflow resulting from the breach.

Figure 58 is a general plan and section of the west saddle dike at Watts Bar Dam. Erosion
calculations to determine time of failure were made for the dike. The computed erosion rate and
estimated time of failure are shown on Figure 59. The failure is calculated to occur at
2000 hours on March 24 when the dike is overtopped about 3 hours to a maximum depth of
about 2 feet. The failure was assumed to be a complete washout of the 1300-foot-long dike,
down to about elevation 750. An instantaneous disappearance was postulated to occur at the
calculated failure time. Similar erosion calculations were made to determine the failure time of
the north embankment at Nickajack Dam. An instantaneous disappearance of the north
embankment was also postulated to occur at the calculated failure time.

The time of failure as determined by DBREACH was used as an input to the SOCH reservoir
routing. At the time of failure, the SOCH routing would shift to an after failure rating curve.
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6. Maximum Water Level Determination

6.1 Probable Maximum Flood

The flood event producing the maximum plant site level was determined to be the 21,400 mi 2

storm. The maximum flood elevation was computed to be 623.8. Elevations were computed
concurrently with discharges for the site using the unsteady flow reservoir model (SOCH code).
This is 1.0 foot lower than elevation 624.8 documented in the Final Safety Analysis Report
(FSAR - Bellefonte U l/U2). The FSAR elevation includes the failure of Guntersville Dam (pre-
dam safety modifications). The lower elevation is a net result of the dam safety modifications
TVA has made beginning in 1982. Table 4 provides information regarding the dam safety
modifications that have been made starting at Guntersville dam and for those projects upstream.

A schematic of the runoff and stream course model for the Fort Loudoun Reservoir is shown on
Figure 60.

7 unit areas above Cherokee \•
Dam (areas 9-15)

Cherokee Dam (input fro-m'i
runoff model)

Local (area 16)

Local (area 18)

/ 6 unit areas above Douglas Dam
(areas 1- 6)

Douglas Dam (input from runoff
model)

?eet _Little Pigeon River (area 7)

River (area 17)

Fort Loudoun Dam

Figure 60. Schematic of Inputs to Runoff and Stream Course Model - Fort Loudoun
Reservoir
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Table 4. Dam Safety Modifications (Hydrologic)
Above Guntersville Dam

Dam *Dam Modification Year Modifications
Completed

Main River Dams
Fort Loudoun - Tellico Fort Loudoun Dam was raised 3.25 feet with 1989

a concrete wall to elevation 833.25. A
2000-foot uncontrolled spillway with crest at
elevation 817 was added at Tellico Dam.

Watts Bar Embankment was raised 10 feet with 1997
earthfill/concrete wall to elevation 767.

Nickajack South embankment was raised 5 feet with 1992
earthfill/concrete wall to elevation 657. A
1900-foot roller-compacted concrete overflow
dam with top at elevation 634 was added
below the north embankment. _

Guntersville Embankments were raised 7.5 feet with 1996
earthfill and concrete walls to elevation 617.5.

Tributary Dams
Blue Ridge Three additional spillway bays were added in 1995

1982. Embankment was raised 7 feet with
earthfill/concrete wall to elevation 1713, and
a 295-foot uncontrolled spillway with crest at
elevation 1691 was added in 1995.

Boone Embankment was raised 8.5 feet with earthfill 1984
to elevation 1408.5

Chatuge Embankment was raised 6.5 feet with earthfill 1986
to elevation 1946.5.

Cherokee A portion (600 feet) of the nonoverflow dam 1982
was raised 7.75 feet to elevation 1089.75.

Douglas A portion of the nonoverflow dam was raised 1988
13.5 feet to elevation 1022.5, and eight saddle
dams were raised 6.5 feet with earthfill to
elevation 1023.5

Nottely Embankment was raised 13.5 feet with 1988
rockfill to elevation 1807.5.

Watauga Embankment was raised 10 feet with rockfill 1983
to elevation 2012.

Fontana Dam post-tensioned. 1988
Melton Hill Dam post-tensioned. 1988

* These dam safety modifications enable these projects to safely pass the PMF.
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6.2 Potential Dam Failures (Seismically Induced)

The procedures described in ANSI/ANS-2.8-1992 were followed when evaluating potential
flood levels from seismically induced dam failures.

There are 21 major dams above BLN. These were examined individually and in groups as
documented in the Sequoyah Nuclear Plant FSAR (Reference 12) to determine if dam failure
might result from a seismic event and if so, if such a failure concurrent with storm runoff create
maximum flood levels at the plant. Dam locations with respect to the plant site are shown on
Figure 1.

Two situations were examined for the seismic failure analysis, consistent with ANSI/ANS-2.8-
1992:

1. Determination of the water level at the plant during one-half the PMF with full reservoirs
if its crest were augmented by flood waves from the postulated failure of upstream dams
during an Operating Basis Earthquake (OBE).

2. Determination of the water level at the plant during a 25-year flood with full reservoirs if
its crest were augmented by flood waves from the postulated failure of upstream dams
during a Safe Shutdown Earthquake (SSE).

The SQN FSAR fully describes the investigation of potential single and multiple failures of the
dams upstream of Chickamauga Dam during the two postulated seismic and flood conditions.
The postulated failure conditions and assumptions for BLN are identical to those described for
SQN. The events referred to in the SQN FSAR were examined using Bellefonte flood
conditions. As an example, results of the structural analysis ,for the OBE plus V2 PMF for Norris
Dam is shown on Figure 61. The postulated failure condition at Norris for this event which
shows the location of the debris pile is shown on Figure 62.

Potentially critical seismic events involving dam failure upstream of the plant were evaluated for
the BLN Unit 1 and Unit 2 FSAR. This was done prior to the dam safety modifications.
Postulated events included:

OBE Failures with 1A PMF
1. Norris
2. Cherokee - Douglas
3. Fontana - Hiwassee - Apalachia - Blue Ridge

SSE Failures with 25-year Flood
4. Norris - Cherokee - Douglas
5. Norris - Douglas - Fort Loudoun - Tellico
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In addition to the mainstem SOCH model used for routing the PMF, adjunct models to SOCH
were developed and used to route the floods from postulated seismically induced dam failures of
tributary dams. These included unsteady flow SOCH models for Norris, Cherokee, Douglas and
Fontana Reservoirs and an unsteady flow model developed during TVA's dam safety studies to
route the Hiwassee, Apalachia, and Blue Ridge failures.

In addition rating curves for failed conditions had to be determined. Figure 63 shows rating
curves computed manually for OBE and SSE failures of Norris Dam. On this figure are also
shown the lab model ratings which agree well with the manual computations.

The event producing the maximum flood level from seismically induced dam failures at
Bellefonte was originally determined to be the postulated simultaneous failure of Fontana,
Hiwassee, Apalachia, and Blue Ridge dams in the OBE coincident with ½ the PMF. The
resulting flood level at BLN was determined to be 615.1 and is documented in the Bellefonte U 1
and U2 FSAR. In the 1998 reanalysis for dam safety modifications, the seismically induced dam
failure flood routings were only computed down to Chickamauga Dam. During the update and
verification process, flood routings for all potentially critical seismic events will be computed
down to Guntersville Dam to determine flood levels at BLN.
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7. Update and Verification of Runoff and Stream Course Models

The following steps are being taken to update and verify the inputs to the computer codes used
by TVA to determine maximum elevations at the BLN site.

" River cross-sectional geometry data used in the SOCH code are being checked for
accuracy and being updated where appropriate by current bathymetry data. The source of
this information is the U.S. Army Corps of Engineers (USACE) Inland Electronic
Navigation Charts program. New bathymetry data is available for Guntersville,
Nickajack, Chickamauga, Watts Bar, Fort Loudoun, and Melton Hill Reservoirs from this
source..

* If significant changes are noted as a result of the updated bathymetry data, the SOCH
geometric tables will be updated. The SOCH code will be recalibrated and verified to
updated steady-state step backwater profiles for the affected reservoirs. This will include
calibration of the 2003 flood against observed data in Watts Bar, Chickamauga,
Nickajack, and Guntersville Reservoirs.

* Unit hydrographs developed by TVA for the 46 sub-basins above BLN are being
independently verified by using more recent storm data, where appropriate, and by use of
the HEC-HMS computer code. Where the unit hydrographs differ, the basis for change
will be documented.

" The updated unit hydrographs will be used to generate new design storm inflows, which
will be verified by use of the HEC-HMS code.

" Reservoir operating guides, spillway rating curves, and reservoir volumes are being
reviewed, checked, and updated as appropriate.

" The updated runoff and stream course models will be used to compute PMF and seismic
event flood levels at BLN using documented and validated data and computer codes.

Appendix D includes copies of selected project drawings, project schematics, and aerial photo
views, which should facilitate a better understanding of project features and their locations.
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8. Summary and Conclusions

The runoff and stream course model codes developed and used in the original studies by TVA to
determine maximum elevations and discharges at BLN were run on a main frame computer.
Some of the computer codes used in the runoff model were single purpose. The SOCH code
used for the stream course model has been updated to a PC version. The single-purpose codes
used in the runoff model have been modified to handle multiple operations, and additional codes
have been added to facilitate some calculations that originally were done manually. These are
also PC versions. These nine computer codes (UNITGRPH, FLDHYDRO, TRBROUTE,
CHANROUT, DBREACH, CONVEYANCE, WEIGHTED WIDTH, THIESSEN, and SOCH)
will be documented. TVA is confident that there will be good agreement with previous work,
which will validate that, given a consistent set of inputs, the PC codes will duplicate results
obtained from previous versions of the codes.

In addition, all input data (cross-sectional data, unit hydrographs, flood hydrographs, project
discharge rating curves, reservoir operating guides, etc.) will be independently reviewed and
updated where necessary and flood levels will be computed using the updated data. TVA is
confident, with updates and verification of the runoff and stream course model developed by
TVA to determine maximum elevations and discharges at BLN will meet criteria set forth in
ANSI/ANS-2.8-1992.
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Appendix A - Guide Curves for Tributary and Mainstem Reservoir above BLN
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Hiwassee

Rev 1

[
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Note - The light gray area shows the maximum and minimum levels for the period 1945 -
2007. The solid line is the median for the period. There are no 80% bounds or balancing
guides for the mainstem projects.
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Note - The light gray area shows the maximum and minimum levels for the period 1945 -
2007. The solid line is the median for the period. There are no 80% bounds or balancing
guides for the mainstem projects.
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Note - The light gray area shows the maximum and minimum levels for the period 1945 -
2007. The solid line is the median for the period. There are no 80% bounds or balancing
guides for the mainstem projects.
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Appendix B - Conveyance Code Details and Excel Verification
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CONVEYANCE INPUT DATA ORDER

Rev I

1
1

1
40

RIVER MI 52.31
-2501 1
-1045 1
-740 1
-620 1
-375 2
-135 2

0 2
405 3
0.1 0.033

0
3
1

1110
1000
925

921.6
920.4
920.4
921.6
1000

0.1

RIVER MI 52.31
919 3

1
.9 5 0.033
1

-2501
-981
-730
-595
-330
-134

11
500

1
1
1

2
2
3
3

1060
980

921.8
920.9
920.8
921.4
924.6
1020

-2500
-840
-720
-540
-275

-95
39

1000

1
1
1

2
2
2
3
3

1060
960
922

920.4
921.4
921.8
941.5
1040

-2000
-781
-715
-480
-215

-60
45

1700

1
1

2
2
2
3
3

1040
948.9
921.5

919
919.1
921.9
945.5
1060

-1845
-775
-700
-440
-170

-30
285

1700

1
1
1

2
2
2
3
3

1020
942.5
921.5
920.6
919.5
921.1

980
1110
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TITLE q

RIVER MI 52.31
If value is I thenI ,"///"

geometry with If v
conveyance is w

output to a add
searate fi le

IP4 IB IN

INPUT DATA (MODIFIED)

General title up to 40
characters

alue is 1 then
idth value is
ded to output
emt file

If value is I then
each segment has

a variable N
No. of

segments for No. of computational
:urrent cross elevations

section

1 1 0
Section name i No. of

up to 5 I natural
characters ground c

long points

A¸
SEC NG

1 40Cross section

description up to 20

Characters

TOT
RIVER MI 52.31

If value is 1 then
include segment i's

contribution to
conveyance

LS(1) LS(2)
1 1

NSA
3

A wok NSTEP

919 39

4 Composite crss
INTV ENN /section Manning's N

5 0.033 value

SLowest elevation]jof cross section

If value is I1then

include segment 2's
contribution to

conveyance !

A-
LS(3)

Computational
elevation interval

If value is 1 then

include segment 3's
contribution to

conveyance I
[aua Natural 1
ground Segment ground
statvation 1I

W 0 Aý
S(i)

-2501
-2501
-2500

1000
1700
1700

SA(i)
1
1
1

G(i)
1110
1060
1060

3
3
3

1040
1060
1110

Segment i's Segment 2's Segment 3Ts
Manning's NI Manning's N Manning's N

value value value

A A
UN(1) UN(2) UN(3)

0.1 0.033 0.1
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COMPUTATIONS (DESCRIPTIONS)

________Sums
41

H = 1 2 3 segmentnos.

N(H) = 0.1 0.033 3 Segment N's

A(H) = 201965.8 103815.6 145504.6 451286.0 Totalcrosssecionalarea

B(H)= 1961.0 551.0 1689.0 4201.0 ITotal surface width

WP(H) = 2024.9 551.9 1750.8 4327.6 Tota We perimeter

RS(H) = 99.74 188.09 83.11 I~egment hydraulic radii

RS23(H) = 21.51 32.83 19.04 Segment hydraulic radii to the 2/3 power

K(H) = 64721742 153879218 1376261 219977221 mentconveyance: (1.49/ N*R2/ 3 *A

FN(H) = 0.1 0.033 3 FTotat conveyance_ _

IERC(H) = 29.4% 70.0% 0.6% Segments% of conveyancej

i]Composite hydraulic radius to the 2/3 power:
Change this RH23 = 10.80 N*SUMK/(SUMA*1"49) _ J

elevation to make 7H 2108
recalculations RH = 35.47 Composite hydraulic radius

______RP23= 22.158

PN = 0.068

Current Elevation_= 1109
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Natural ONatural _gi lOii l
groun no ground_____
i on elevation Original Original Original Original Original Original Original Original Orig Original Original Original Originall Original Original

pgI¢ 1109 11091 1109 1109 1109 11091 1109 1109 11091 1109 1109 11091 11091 1109 1109
S(i) SA(i) G(i)I Height BaseF A(1) B(1 P(1) Heightl Base A(2) B(2)I P(2) Height Basel A(3) B(3) P(3)

I 1 1 _1 1 1 11 21 2 2 21 2 3 3 3 3 3
I 0.01 I I 0.0 I I 0.0

-2501 1 11101 49 0o 0.0 0.0 49.01 01 0 0.0 0.01 0.0 0 01 0.01 0.0 0.0
-2501 1 10601 0 1 49.0 1.0 50.0 0 0 0.0 0.0 0.0 0 0 0.0 0.0 0.0
-2500 1 10601 -20 500 29549.0 501.0 550.4 0 0 0.0 0.01 0.0 0 0 0.0 0.0 0.0
-2000 1 1040 -20 155 41794.0 656.0 706.7 0 0 0.0 0.0 0.0 0 0 .0 0.0 0.0
-1845 1 1020 -20 800 120994.0 1456.0 1506.9 0 0 0.0 0.0 0.0 0 0 0.0 0.0 0.0
-1045 1 1000 -20 64 128610.0 1520.0 1574.0 0 0 0.0 0.0 0.0 0 0 0.0 0.0 0.0
-981 1 980 -20 141 148209.0 1661.0 1716.4 0 0 0.0 0.0 0.0 0 0 0.0 0.0 0.0
-840 1 960 -11.1 59 157327.5 1720.0 1776.4 0 0 0.0 0.0 0.0 0 0 0.0 0.0 0.0
-781 1 948.9 -6.4 6 158307.3 1726.0 1785.2 0 0 0.0 0.0 0.0 0 0 0.0 0.0 0.0
-775 1 942.5 -17.5 35 164441.0 1761.0 1824.3 0 0 0.0 0.0 0.0 0 0 0.0 0.0 0.0
-740 1 9251 -3.2 10 166297.0 1771.0 1834.8 0 0 0.0 0.0 0.0 0 0 0.0 0.0 0.0
-730 1 921.8 0.2 10 168168.0 1781.0 1844.8 0 0 0.0 0.01 0.0 0 0 0.0 0.0 0.0
-720 1 922 -0.5 5 169104.3 1786.0 1849.9 0 0 0.01 0.01 0.0 0 0 0.0 0.0 0.0
-715 1 921.51 0 15 171916.8 1801.0 1864.9 0 0 0.0 0.0 0.0 0 01 0.0 0.0 0.0
-700 1 921.5 0.1 80 186912.8 1881.0 1944.9 0 0 0.0 0.0 0.0 0 01 0.0 0.0 0.0
-620 1 921.6 -0.7 25 191606.5 1906.0 1969.9 01 0 0.0 0.0 0.0 0 0 0.0 0.0 0.0
-595 1 920.9 -0.5 55 201965.8 1961.0 2024.9 01 0 0.0 0.0 0.0 0 0 0.0 0.0 0.0
-540 2 920.41 0 0 201965.8 1961.0 2024.9 -1.4 60 11358.0 60.01 60.0 0 01 0.0 0.0 0.0
-480 2 919 0 0 201965.8 1961.0 2024.9 1.6 40 18926.0 100.01 100.0 0 0 0.0 0.0 0.0
-440 2 920.6 0 0 201965.8 1961.0 2024.9 -0. 165.0 165. 0 0 0.0 0.0 0.0
-375 2 920.4 0 0 201965.8 1961.0 2024.9 45 39656.5 210.0 210.1 0 0 0.0 0.0 0.0
-330 2 920.81 0 0 201965.8 1961.0 2024.9 0.61 55 49991.0 265.01 265.1 0 01 0.01 0.0 0.0
-275 2 921.41 0 0 201965.8 1961.0 2024.9 -2.31 60 61316.0 325.01 325.1 0 01 0.0 0.0 0.0
-215 2 919.11 0 01 201965.8 1961.0 2024.91 0.41 45 69852.5 370.01 370.1 0 01 0.01 0.0 0.0

-170 2 919.51 0 01 201965.8 1961.0 2024.91 0.91 35 76469.3 405.01 405.1 0 01 0 0.0 0.0
-135 2 920.41 0 01 201965.8 1961.0 2024.91 11 1 76657.4 406.01 406.5 0 01 0.0 0.0 0.0
-134 2 921.41 0 01 201965.8 1961.0 2024.91 0.41 39 83966.0 445.01 445.5 0 01 0.0 0.0 0.0

-95 2 921.81 0 01 201965.8 1961.0 2024.91 0.1 35 90516.2 480.01 480.5 0 01 0.0 0.0 0.0
-60 2 921.91 0 01 201965.8 1961.0 2024.9 -0.81 30 96141.2 510.01 510.5 0 01 0.01 0.0 0.0
-30 2 921.11 0 0 201965.8 1961.0 2024.9 0.5 30 101770.7 540.01 540.5 0 01 0.0 0.0 0.0

0 2 921.6 0 0 201965.8 1961.0 2024.9 3 11 103815.6 551.0 551.9 0 08 0.0 0.0 0.0
11 3 924.6 0 0 201965.8 1961.0 2024.9 0 0 103815.6 551.0 551.9 16.9 28 4926.6 28.0 32.7
39 3 941.5 0 0 201965.8 1961.0 2024.9 0 0 103815.6 551.0 551.9 4 6 5919.6 34.0 39.9
45 3 945.5 0 0 201965.8 1961.0 2024.9 0 0 103815.6 551.0 551.9 34.5 240 41019.6 274.0 282.4

285 3 980 0 0 201965.8 1961.0 2024.9 0 0 103815.6 551.0 551.9 20 120 55299.6 394.0 404.0
405 3 10001 0 0 201965.8 1961.0 2024.9 0 0 103815.6 551.0 551.9 20 95 64704.6 489.0 501.1
500 3 10201 0 0 201965.8 1961.0 2024.9 0 0 103815.6 551.0 551.9 20 500 104204.6 989.0 1001.5

1000 3 10401 0 0 201965.8 1961.0 2024.9 0 0 103815.6 551.0 551.9 20 700 145504.6 1689,0 1701.8
1700 3 1060 01 0 201965.8 1961.0 2024.9 0l 0 103815.6 551.0 551.9 49 01 145504.6 1689.0 1750.8
1700 3 1110 1 1 2024.9 I 551.9 1 1 1750.8
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Appendix C - Weighted Width Details and Excel Verification
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DETERMINATION OF WEIGHTED WIDTH

INTERIOR POINTS

- -

- /
, /

I
I

R

Figure Al. Schematic Representation of Open Channel

Referring to Figure Al, above, the volume of water stored between cross sections L and R
located 2AX apart, V 2AX, at any instant of time and for any given water surface elevation may be
expressed by:

2Ax =o V+AV (1)

in which V o is a reference volume equal to the volume in the reach 2AX corresponding to the
minimum water surface elevation expected, and A V is the volume increment due to water levels
located Ah above the minimum water level. Equation 1 may be written as:

V2AX - V• =AV=B wAh 2AX (2)
where Bw is the weighted width and Ah is the water depth above minimum pool. Solving
Equation 2 for Bw gives:
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WA AsAh AsB- . . . . (3)
2AhAX 2AhAX 2AX

in which As is the mean water surface area in the reach 2AX and in the elevation interval Ah. As
may be computed from:

Ast + As2

A SI z (4)Z

where As, and As 2 are water surface areas corresponding to the bottom and top of the elevation
interval Ah, respectively. For fairly small elevation intervals, As, and As2 are practically equal.

The weighted width at interior points (Section M on Figure 1) may be expressed by:

BASED ON FLOW SECTIONS

STORAGE
+ BL+ 2 BM + BR + -"-,=W 4 + B s (5)

4

in which L, M, and R refer to sections at the upstream end, middle, and downstream end of the
reach 2AX, respectively, and subscript S refers to off-channel storage. Equation 3 may be
written as:

AM AT
Bw + (6)

2AX 2AX

where subscripts M and T refer to main channel and tributary, respectively. Comparing
Equations 5 and 6, one can write:

BL +2BM + B A
Bw= L M R + AT (7)

4 2AX

Equation 7 is the relation used in practice to get Bw at interior points.

Boundary Points

In this case, only two cross sections located AX apart are used. For left, or upstream, boundaries:

BL+BM AT
Bw L - (8)2 AX

and for downstream boundaries:

B + RAT

Bw-B M +BR + (9)2 AX
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Bw in Equation 7 is assumed to apply at the center of the reach 2AX, while Bw in Equations 8
and 9 is assumed to apply at the left or right end of the reach, respectively. After Bw is
computed for each desired water surface elevation at each net point, the total volume at any
elevation is computed from:

N-I

VTOTAL VO +y_ B A .IZAX (10)

where subscript NBL refers to net points on lines not having points at the boundaries, and N is
the number of net points on a line containing boundary points. The total volume is also
computed from:

N-I

VTOTAL OV + 1 BwNLAh "2AX+(Bw, L+Bw.)'Ah "AX (11)

in which subscript BL refers to net points on lines with points at the boundaries, and subscripts
LB and RB refer to the left and right boundaries, respectively. Results from equations 10 and 11
are compared to an elevation-volume relation, if available. If the computed total volume is
different from that given by the elevation-volume relation, a constant correction factor is applied
to all values of Bw to give the same volume as the relation. The constant correction factor is, in
general, different for each elevation involved. As an example, if the total volumes, at a certain
elevation, computed from Equations 10 and 11 were 10% larger and 5% smaller, respectively,
than the volumes from the volume-elevation curve, all values of Bw on non-boundary lines
would be multiplied by 0.9 and all values of Bw on boundary lines would be multiplied by 1.05,
thereby bringing the computed volumes into agreement with the measured total volume. It is
noted that the weighted width, Bw at the boundaries is not used in the unsteady flow calculations,
but is used when volumes are balanced.
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Appendix D - Selected Project Drawings, Schematics and Arial Photo Views
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March 2001 Hiwassee 8

FIGURE 4

DOWNSTREAM ELEVATION

UPSTREAM ELEVATION

SOCH simulations for the controlling seismic event are based on a Hiwassee flood level of 1515.8 feet.



March 2001 Hiwassee 10

FIGURE 6

AXIS O" DAM _Lpri E/1555.0
.--Roadwpy,

l £115375 /

*"" .1•526. 5-

---C"onduit Emergency
Gatle Storage
Chamber

8"Formed-`_
Change in slope, .-."I Drains -3 I -"'

El 135590-4 1 * r " j/35.0

\Ground Inspection Gallery ,-lp i .
--Slope /in 025

3" grout holesFonato 5"--0"-+0..

40" 4•'Drains'• -AXIS OF DAM

SECT/ON B-B <.-z. El /555.0

SECTIONS
Scale 0 50 IWFeet

. . . . . . "". "," " "L " ;I," : !; : 1



January 2004 Blue Ridge 5

Figure 1
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January 2004 Blue Ridge 6

Figure 2
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SECTION A-A

ISOCH simulations for the controlling seismic event are based on a Blue Ridge flood level of 1691 feet.



April 2001 Apalachia 9

FIGURE 5
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March 2002 Fontana 7

Figure 3
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March 2002 Fontana 8

Figure 4
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ISOCH simulations for the controlling seismic event are based on a Fontana flood level of 1710 feet.
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Enclosure 2- Hydrologic Analysis Description

BLN Hydrologic Analysis Description
NRC Commitment Tracking Table

July 25, 2008



Enclosure 2- Hydrologic Analysis Description

No. Commitment Source Due Date Status
c. 1 Further comparative analyses between the Whitepaper RO End of

two versions of the codes [SOCH88 vs. Page 34 Phase 1
SOCH90PC] will be completed during the 03/16/09
update and verification process.

c.2 Issue Revision 1 of the Whitepaper April 17th Letter July 25th Plan to update by July 25th, and incorporate
any comments from the workshop.

c.3 As part of the update and verification Whitepaper RO End of
process Chickamauga discharges with and Page 52 Phase 1
without dam failure (those that would 03/16/09
overtop the dam) will be computed past
BLN site.

c.4 During the update and verification process Whitepaper RO End of
all flood routings will be computed down to Page 60 Phase 1
Guntersville Dam which will allow 03/16/09
determination of flood levels at BLN.

c.5 River cross-sectional geometry data used in Whitepaper RO End of
the SOCH code are being checked for Page 62 Phase 1
accuracy and being updated where 03/16/09
appropriate by current bathymetry data.

c.6 The SOCH code will be recalibrated and Whitepaper RO End of
verified to updated steady-state step Page 62 Phase 1
backwater profiles for the affected 03/16/09
reservoirs. This will include calibration of
the 2003 flood against observed data in
Watts Bar, Chickamauga, Nickajack, and
Guntersville Reservoirs.



Enclosure 2
TVA letter dated July 25, 2008
BLN Hydrologic Analysis Description - NRC Commitment Tracking Table

No. Commitment Source Due Date Status
c.7 Unit hydrographs developed by TVA for the Whitepaper RO End of

45 sub-basins above BLN are being Page 62 Phase 1
independently verified by using more recent 03/16/09
storm data, where appropriate, and by use of
the HECI computer code. Where the unit
hydrographs differ, the basis for change will
be documented. The updated unit
hydrographs will be used to generate new
design storm inflows, which will be verified
by use of the HECI code.

c.8 The updated runoff and stream course Whitepaper RO End of
models will be used to compute PMF and Page 62 Phase 1
seismic event maximum flood levels at 03/16/09
BLN.

c.9 Reservoir operating guides and spillway Whitepaper RO End of
rating curves are being reviewed, checked Page 62 Phase 1
and updated as appropriate. 03/16/09
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