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1.1 

1.0 Introduction 

During February 2008, the U.S. Nuclear Regulatory Commission (NRC) staff conducted an 
inspection at the Bellefonte Nuclear Station (BLN) operated by the Tennessee Valley Authority (TVA).  
The purpose of the inspection was to verify that quality assurance (QA) processes and procedures were 
effectively implemented with regard to the Simulated Open Channel Hydraulics (SOCH) model for the 
BLN combined operating license application (COLA) of Units 3 and 4.  The SOCH model was used to 
calculate the design-basis flood presented in the BLN Safety Analysis Report, Section 2.4.3, "Probable 
Maximum Flood on Streams and Rivers," and Section 2.4.4, "Potential Dam Failures."  However, the 
verification and validation of the SOCH model and all the design data inputs to the SOCH model, 
including the supporting FORTRAN programs used as a basis for the BLN COLA, were not available for 
review. 

The NRC staff expressed concern that the significance of the BLN issues on the design basis had not 
been analyzed at other operating units, one of which is the Sequoyah Nuclear Plant (SQN).  NRC staff 
requested a copy of the BLN’s operability/functionality evaluation.  The licensee forwarded the original 
corrective action document (problem evaluation report) and a functionality assessment.  The NRC staff 
identified that the licensee relied on the same QA controls that were not followed at BLN in support of 
establishing the acceptability of this condition on the operating units.   

The NRC staff are assessing whether the changes to the Tennessee River watershed and operation of 
associated dams have adversely affected the original site flood protection measures for safety-related and 
important-to-safety structures, systems, and components in the SQN operating units.  NRC contracted 
with Pacific Northwest National Laboratory (PNNL) to assist the NRC staff in determining a best 
estimate of the maximum water surface elevation (MWSE) at the TVA's SQN site in order to determine 
the significance of the Tennessee River watershed's configuration modifications and their impact on the 
operability determination at both units.   

For the review of the BLN COLA, PNNL developed a confirmatory model of the Tennessee River 
(Breithaupt, et al 2010; the BLN study), which focused on the BLN site, but which also included the SQN 
site.  For the analysis of MWSE at the SQN site, PNNL staff use the confirmatory model from the BLN 
study.  Following the methodology described in the BLN study, Tasks 1 and 2 of the SQN analysis are 
listed below. 

1.1 Task 1 

This task uses the existing Hydrologic Engineering Center Hydrologic Modeling System (HEC-
HMS) model developed for the BLN study to estimate the discharge hydrograph in the TVA basin 
upstream of the SQN site for the following two scenarios with the evaluation of the results from those 
scenarios: 

a) A 7,980 mi2 optimally placed probable maximum precipitation (PMP) storm that produces 
the greatest basin aggregate depth of precipitation upstream of the SQN site.  Assume 
precipitation losses of 0 percent and 10 percent. 
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b) A 21,400-mi2 optimally placed PMP storm that produces the greatest basin aggregate depth 
of precipitation upstream of the SQN site.  Assume precipitation losses of 0 percent and 10 
percent 

c) Identify and compare the two discharge hydrographs developed in scenarios a) and b) above.   

1.2 Task 2 

This task uses the existing Hydrologic Engineering Center River Analysis System (HEC-RAS) model 
developed for the BLN study to estimate the MWSE (probable maximum flood [PMF] plus coincident 
wind-waves and run-up) at the SQN site.   
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2.0 Summary of Work Performed 

2.1 Task 1a 

Three PMP storm patterns are recommended by Hydrometeorological Report (HMR) 41 (WB 1965) 
for the Tennessee River watershed.  HMR 41 recommends that only one of these storms, 7,980 mi2 in 
size, be moved along its long axis within the watershed.  HMR 41 also recommends that another storm, 
21,400 mi2 in size, be centered at two places within the Tennessee River watershed—these two locations 
are called the upstream and downstream centering of the 21,400-mi2 PMP storms, respectively. 

Figure 2.1 shows the Tennessee River watershed upstream of the Guntersville Dam, which 
encompasses the domain of the confirmatory model developed by PNNL for the BLN study.  Two sets of 
subbasins are shown—the first set contains all subbasins outlined in red and the second set contains all 
subbasins outlined in green.  In the BLN study, the location of the 7,980-mi2 PMP storm was optimized 
such that the basin-aggregate precipitation falling on the first set of subbasins was maximized.  The first 
set of subbasins consists of those that are located upstream of Fort Loudoun and Tellico Dams.  The 
objective in the BLN study was to maximize the precipitation falling in the Tennessee River watershed 
upstream of Fort Loudoun and Tellico Dams.  This assumes the possibility of failure of Ft. Loudoun and 
Tellico Dams.  In the present study, the second set of subbasins is included in the analysis because the 
objective now is to maximize the basin-aggregate precipitation falling upstream of the SQN site.  The two 
sets of subbasins used in the optimization consist of 30 individual subbasins and are referred to as the 
“optimization set of subbasins” for the rest of this report. 

HMR 41 recommends that the 7,980-mi2 PMP storm can be moved along its long axis of the 
Tennessee River basin.  In a geographical information system (GIS) analysis, PNNL staff placed the 
center of the 7,980-mi2 PMP storm at 13 different, equally-spaced positions along the long axis of the 
storm.  For each of the 7,980-mi2 PMP storm centerings, basin-aggregate precipitation depths for all 
subbasins in the optimization set of subbasins were calculated.  The 7,980-mi2 PMP storm centering that 
resulted in maximum aggregate precipitation over the optimization set of subbasins remained unchanged 
from that used in the BLN study. 

Figure 2.2 shows the effects of moving the 7,980-mi2 PMP storm along its long axis.  The plot shows 
the aggregate precipitation depths on the optimization set of subbasins with the PMP storm centered at the 
13 different locations.  For the BLN study, it was determined that position 8 was the optimal location for 
the 7,980-mi2 PMP storm, with a basin-aggregate 72-hour PMP depth of 16.98 in. over the optimization 
set of subbasins. 

The drainage area for estimation the PMF hydrographs at the SQN site consists of 41 subbasins:  
those numbered 1-27, 33-43, 44A, 44B, and 45 (see Figure 2.1).  This drainage area is referred to as the 
“SQN Basin” for the rest of this report.  The basin-aggregate precipitation depth over the SQN Basin for 
the optimized location (position 8) of the 7,980-mi2 PMP storm is determined to be 16.0 in.  The 
corresponding basin-aggregate precipitation depth with a 10-percent precipitation loss is determined to be 
14.4 in. 
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Figure 2.1.  Tennessee River Watershed Above Guntersville Dam.  The part of the watershed above SQN includes all subbasins above 

Chickamauga Dam.  The subbasins outlined in red were previously used to optimize the location of the 7,980-mi2 PMP storm for the 
BLN study.  In the present study, the subbasins outlined in green were also used to optimize the location of the 7,980-mi2 PMP storm. 
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Figure 2.2.  Basin-Aggregate Precipitation Depth on the Optimization Set of Subbasins as a Function of 

Different Centering Locations of the 7,980-mi2 PMP Storm 

2.2 Task 1b 

Because the recommended location of the 21,400-mi2 PMP storm is fixed at one of two alternate 
locations, PNNL staff calculated the basin-aggregate precipitation depth using the same GIS analysis 
approach described above. 

For the upstream centering of the 21,400-mi2 PMP storm, the basin-aggregate precipitation depth over 
the SQN Basin is determined to be 15.4 in., and the corresponding basin-aggregate precipitation depth 
with a 10-percent loss is determined to be 13.9 in. 

For the downstream centering of the 21,400-mi2 PMP storm, the basin-aggregate precipitation depth 
over the SQN Basin is determined to be 16.4 in., and the corresponding basin-aggregate precipitation 
depth with a 10-percent loss is determined to be 14.8 in. 

2.3 Task 1c 

PNNL staff used the HEC-HMS model developed for the BLN study to estimate the runoff and 
discharge hydrographs for the SQN Basin.  The input for each subbasin included a 9-day or 216-hour 
PMP precipitation that includes a sequence of a 3-day storm equivalent to a 40 percent PMP depth, a 3-
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day dry period (no precipitation), and a 3-day PMP storm.  A sample 216-hour PMP storm is shown in 
Figure 2.3. 

 

 
Figure 2.3.  Sample 9-day or 216-hour Precipitation Event Used as Input in the HEC-HMS Model 

PNNL staff used peaked Snyder unit hydrographs identical to those used in the BLN study as the 
rainfall-runoff transformation for the subbasins.  The analysis used two precipitation loss scenarios.  For 
the first scenario, PNNL staff assumed no rainfall losses.  In the HEC-HMS model, PNNL staff 
implemented this approach by specifying no initial loss and a continuing loss rate of zero inches per hour.  
This loss scenario would maximize the runoff from the PMP storm and therefore would result in a higher 
water-surface elevation in the streams. 

For the second scenario, PNNL staff used a 10-percent precipitation loss rate, assuming the loss rate 
to be uniform across all subbasins in the SQN Basin and an initial precipitation loss of zero.  The 
estimated total rainfall loss for each subbasin was 10-percent of its total PMP depth.  Because the HEC-
HMS model allows for a precipitation loss only during periods with non-zero rainfall, the loss rate for 
each subbasin was estimated by equally distributing the total precipitation loss estimated above among all 
non-zero precipitation time periods. 

PNNL staff ran the HEC-HMS model to compute the discharge hydrographs for all subbasins of the 
SQN Basin for the six scenarios (three PMP storm patterns multiplied by the two precipitation loss 
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scenarios) listed in Table 2.1.  The model routed tributary hydrographs in the same manner used for the 
BLN study, that is, by lag-time routing.  PNNL staff extracted hydrographs at selected locations within 
the SQN Basin from the HEC-HMS output for the Task 2 analysis.  PNNL staff extracted hydrographs at 
the locations listed in Table 2.2. 

Table 2.1.  Basin-Aggregate 72-Hour Precipitation Depth (in.) over the SQN Basin Corresponding to 
Various PMP Storms in the Tennessee River Watershed 

Precipitation 
Loss Scenario 

7,980-mi2 
PMP Storm 

21,400-mi2 
Upstream-Centered PMP Storm 

21,400-mi2 
Downstream-Centered PMP Storm 

No Loss 16.0 15.4 16.4 
10-Percent Loss 14.4 13.9 14.8 

Table 2.2.  Selected Locations for Extraction of PMF Discharges for Input to the HEC-RAS Model 

HEC-RAS TRM or 
River Station 

HEC-RAS Model 
(Reach Name) Subbasin Flow 

HEC-HMS 
Model 

TRM 654.55 TN-R-Loudoun-1 Flow from subbasins 1, 2, 3, 4, 5, 6, 
7, 8, 9, 10, 11, 12, 13, 14, 15, and 16 

Junction 5 

River station (637) Little River Flow from subbasin 17 Subbasin-17 
River station (601) Tellico River Flow from subbasins 19, 20, 21, 22, 

and 23 
Reach-18 

TRM 607.89 and TRM 639.8 TN-R-Loudoun-1 and 
TN-R-Loudoun-2 

Flow from subbasin 18 Subbasin-18 

River stations (599.6, 600.2, 
and 600.6) 

Tellico River Flow from subbasin 24 Subbasin-24 

TRM 570.05 and TRM 582.96 TN-R-Wattsbar1 Flow from subbasin 25 Subbasin-25 
River station (567.2) Clinch River 1 Flow from subbasins 26, 27, and 33 Reach-38 
River station (566.8) Emory River Flow from subbasin 35 Subbasin-35 
River station (566.96) Clinch River1 Flow from subbasin 34 Subbasin-34 
River station (566.56) Clinch River2 Flow from subbasin 36 Subbasin-36 
River stations (533 and 545.2) White Creek and Piney 

River 
Flow from subbasin 37 Subbasin-37 

River station (500.5) Hiwassee Flow from subbasins 38, 39, 40, 41, 
42, 43, and 44A 

Junction 27 

River station (500.24) Hiwassee Flow from subbasin 44B Subbasin-44B 
TRM (473.05, 485.61, and 
512.26) 

TN-R-Wattsbar4, TN-R-
Chicka2, and TN-R-
Chicka3 

Flow from subbasin 45 Subbasin-45 

TRM = Tennessee River mile 

Figure 2.4 shows the hydrographs for the six PMP storms and precipitation loss scenarios at the outlet 
of the SQN Basin (the outlet of subbasin 45, see Figure 2.1 and Table 2.2), which is equivalent to 
discharge from Chickamauga Reservoir.  The SQN site is located approximately 7 mi northeast of this 
location.  Therefore, the discharges near the SQN site would be slightly different from those shown in 
Figure 2.3.  For the purpose of MWSE evaluation, PNNL staff computed the discharges at the SQN site 
from the HEC-RAS analysis presented in Task 2, which includes the effects of dams and other structures.  
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Table 2.3 shows the estimated peak discharges from Task 1 at the outlet of the SQN Basin.  The 
maximum peak discharge of 2,624,376 cfs, among the six scenarios, came from the 21,400-mi2, 
downstream-centered PMP storm for the no-loss case 190 hours after the start of the 216-hour PMP 
storm. 

 
Table 2.3.  Estimated HEC-HMS Peak Discharges (cfs) below the SQN Site 

Precipitation Loss 
Scenario 

7,980-mi2 
PMP Storm 

21,400-mi2 
Upstream-Centered PMP Storm 

21,400-mi2 
Downstream-Centered PMP Storm 

No Loss 2,478,135 2,411,360 2,624,376 
10-Percent Loss 2,359,363 2,291,909 2,502,431 
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Figure 2.4.  HEC-HMS Simulated Discharge Hydrographs at the Outlet of the SQN Basin 
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2.4 Task 2 

The purpose of Task 2 is to estimate the MWSE at the SQN during the PMF.  To this end, PNNL 
staff used the existing HEC-RAS model from the BLN study for the modeling analysis at the SQN site.  
The HEC-RAS model includes the following dams on the main Tennessee River (Figure 2.5): 

• Ft. Loudoun 
• Tellico 
• Watts Bar 
• Chickamauga 
• Nickajack 
• Guntersville 
• Wheeler 

Wheeler Dam and Reservoir were included in the HEC-RAS model to account for tailwater effects 
that could influence discharge from Guntersville Dam.  The SQN site is located on Chickamauga 
Reservoir approximately 12 mi north of Chattanooga, Tennessee (Figure 2.5).  In addition to the dams, 
other structures included in the HEC-RAS model are the lateral dikes near Tellico and Watts Bar Dams 
and an overflow from Dallas Bay in Chickamauga Reservoir.  The Dallas Bay overflow is included as 
lateral weir in the HEC-RAS model, though the configuration of the overflow is uncertain. 

Task 1 examined the PMP storm patterns with the objective of determining the critical pattern for the 
SQN site.  The 21,400-mi2 downstream PMP storm produced the maximum basin-aggregated depth 
upstream of the SQN site of 16.4 in. (assuming no-precipitation loss).  For the 7,980-mi2-PMP storm, the 
selection is complicated by the possibility of breaching and failure of dams upstream of the SQN site, 
including Ft. Loudoun, Tellico, and Watts Bar Dams.  Hence, it was necessary to consider the following 
two centering positions for the 7,980-mi2 PMP storm.   

• Position 8 (at -83.1297degrees latitude and 36.2125 degrees longitude), which produces the 
greatest PMP depth upstream of Ft. Loudoun-Tellico Dams, with a depth of 16.4 in. 

• Position 6 (at -83.4788 degrees latitude and 36.0447 degrees longitude), which produces the 
greatest PMP depth upstream of the SQN site, with a depth of 16.0 in. 

For Task 1, PNNL staff produced discharge hydrographs from the HEC-HMS hydrologic model 
using the selected PMP storms.  PNNL staff input these hydrographs to the HEC-RAS model.  The input 
hydrographs consists of the antecedent storm, a dry period, and the main PMF storm.  For the purposes of 
the HEC-RAS model analysis, the hydrographs were extended to include a steady inflow before the 
antecedent storm and after the main PMF storm.  The extension prior to the antecedent storm allowed the 
development of a relatively steady flow (and initial reservoir elevation) in the HEC-RAS model prior to 
the storm events.  The extension after the main PMP storm allowed the system to recover, so that the final  
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Figure 2.5.  Site Map with Locations of Dams and the SQN Site (labeled as Sequoyah) 
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result was used as the restart condition providing smooth initial conditions.  Therefore, the startup was a 
two-step process:  1) generate a restart file using the specified boundary inflows and the coarsely 
specified initial inflows to produce an initial model run, and 2) use the restart file to specify the initial 
conditions.  This approach produces relatively smooth water-surface gradients and eliminates the spurious 
variations in flow and elevation that otherwise occur at the outset of the HEC-RAS model analysis 
stemming from coarsely specified initial conditions. 

2.5 PMF Analysis 

For the PMF analysis of the SQN site, PNNL staff modified HEC-RAS model for the current study 
based on recommendations from the BLN study, particularly regarding the gate operations during 
flooding.  During the present study for the SQN site, PNNL staff also found that the overflow from 
Chickamauga Reservoir via the Dallas Bay overflow was an important factor in controlling the MWSE at 
the SQN site.  The following sub-sections discuss the modifications to the HEC-RAS model.  

2.5.1 Modifications Made to the BLN Confirmatory Model 

The confirmatory model developed during the BLN study included simple rules for operation of the 
dams that either maintained the gates completely open or nearly closed.  This approach provided a means 
of checking the range of possible outcomes at the BLN site, but it did not provide a plausible scenario of 
the gate operations specified by TVA for actual floods.  Consequently, PNNL staff added gate rules to the 
input data set of the HEC-RAS model for the SQN study.  

During the course of the analysis, PNNL staff found that the rating curve of the overflow from 
Chickamauga Reservoir at Dallas Bay was different in the model from the BLN study than reported in 
TVA calculation packages.  PNNL staff modified the HEC-RAS inputs representing this overflow to 
reflect the information provided by in the calculation packages. 

2.5.1.1 Gate Operational Rules 

To incorporate dam gate operations (rules) during flooding, PNNL staff obtained the gate operations 
from the TVA (2008; the White Paper) and the TVA Flood Operational Guides (TVA 2009g) with 
supplemental data obtained from other available TVA calculation packages, including the following: 

• Ft. Loudoun Dam rating curve (TVA 2009a) 
• Tellico Dam rating curve (TVA 2009b) 
• Watts Bar Dam rating curve (TVA 2009c) 
• Chickamauga Dam rating curve (TVA 2009d) 
• Nickajack Dam rating curve (TVA 2009e) 
• Guntersville Dam rating curve (TVA 2009f) 
• Flood Operational Guides (TVA 2009g) 

In addition to a Fixed Rule set, the White Paper also refers to Improved Fixed Rules for operation 
during flooding; however, those rules were not available in either the White Paper or in the calculation 
packages provided by TVA.  Therefore, the PNNL-staff analysis relies on the Fixed Rules. 
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Operational rules generally specify targeted water-surface elevations that are held while the flow is in 
a specified range.  Then as the flood event proceeds, the rules specify how to vary the reservoir elevation 
up to a specified flow.  If the reservoir elevation exceeds the upper limit of the rules, as occurs under the 
PMF conditions, the rule holds the gates fully open, with the possibility that the dam may be overtopped.  
The rules also specify a recovery path to lower the reservoir pool elevation following a flood event; 
although in this analysis PNNL staff assumed that the recovery rules are encapsulated in the flood 
response rules.  Table 2.4 summarizes the Fixed Rules obtained from the White Paper used in the PNNL 
staff’s analysis.  

Table 2.4.  Summary of Gate Operational Rules for the Dams Based on the TVA White Paper (TVA 
2008).  The rules are composed of flow ranges and the target elevations for those ranges.  
Ft. Loudoun Dam includes intermediate targets.  For the purpose of this analysis, reservoir-
recovery following a flood smaller than the PMF is included in the rules.  Nickajack Dam is a 
run-of-the-river reservoir, so the rule is simply to maintain the elevation. 

Dam 
Flow Ranges and Target Elevations 

Pre-Flood Intermediate Rising Limb of Flood Post Flood 
Ft. Loudoun <50 kcfs 

807 ft 
>50 kcfs and <60 kcfs 

810 ft 
>60 kcfs 

815 ft 
After maximum PMF 

807 ft 
Tellico <390 kcfs at FL 

Gates fully closed 
NA >390 kcfs at FL 

Gates fully open 
>390 kcfs at FL 
Gates fully open 

Watts Bar <110 kcfs 
735 ft 

NA >110 kcfs 
745 ft 

After maximum PMF 
735 ft 

Chickamauga <155 kcfs 
675 ft 

NA >155 kcfs 
685.44 ft 

After maximum PMF 
675 ft 

Nickajack 632.5 ft 632.5 ft 632.5 ft 632.5 ft 
Guntersville <225 kcfs 

593 ft 
NA >225 kcfs 

595.44 ft 
After maximum PMF 

593 ft 
FL = Ft. Loudoun; NA = Not available. 

Appendix A provides an example set of operational rules used in the HEC-RAS analysis for Watts 
Bar Dam.  For the HEC-RAS analysis, the rules define the gate operations (opening or closing) prior to 
and after the maximum elevation for the PMF event.  This approach simplified the inclusion of recovery 
of the reservoir following the main flood event.  Figure 2.6 shows an example rule curve from the White 
Paper for Watts Bar Dam, with a comparison of the headwater-discharge rating curve from the HEC-RAS 
model.  In general, there is good agreement between the curves.  Note that the TVA rule curve is a 
specification, and not output from the analysis documented in the SQN Final Safety Analysis Report 
(FSAR), while the HEC-RAS model uses the specifications given in Table 2.4 and produces the output 
seen in Figure 2.6.   

Figure 2.7 shows the headwater and tailwater rating curves for Watts Bar and Chickamauga Dams 
from the HEC-RAS analysis.  The headwater rating curve for Chickamauga Dam shows a loop at the 
higher flows indicating the tailwater elevations affect the discharge from the dam and the consequently 
the water-surface elevations upstream of the dam.  Watts Bar Dam does not show a similar looped 
headwater rating curve, indicating that tailwater elevations do not affect the discharge.   
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TVA White Paper Rule Curve      HEC-RAS Rating Curve Response 

 
Figure 2.6.  Rule Curve for Watts Bar Dam as Provided in the TVA White Paper (TVA 2008) and Compared to the HEC-RAS-Generated Rating 
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Watts Bar Dam        Chickamauga Dam 

 
Figure 2.7.  HEC-RAS Model Rating Curve Responses for Watts Bar and Chickamauga Dams.  The plots illustrate whether there is an effect from 

the tailwater on headwater discharge, which produces a loop-rating curve.  No effect on headwater discharge occurs for Watts Bar 
Dam, while Chickamauga Dam does show an interaction especially at the largest flows.  
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2.5.1.2 Dallas Bay Overflow Rating Curve 

Dallas Bay is located on Chickamauga Reservoir approximately 4 mi downstream of the SQN site.  
According to the TVA (2009d), the minimum elevation for the Dallas Bay rating curves is 698 ft.  When 
water-surface elevations exceed this minimum value, Dallas Bay will overflow into the Lick Branch and 
the North Fork Chickamauga Creek (Figure 2.8).  During an overflow event from Dallas Bay, the 
overflow discharge joins the main river downstream of Chickamauga Dam at the confluence of the North 
Fork Chickamauga Creek and the Tennessee River. 

TVA (2009d) provides a cross section of the Dallas Bay overflow and the headwater-discharge curve.  
PNNL staff incorporated the TVA cross section into the HEC-RAS model by using it to define a lateral 
weir that represents the overflow configuration.  To match the headwater-discharge curve reported by 
TVA (2009d), PNNL staff adjusted the lateral weir coefficient (Cd), determined that a value of 0.7 
provided the closest match (Figure 2.9), and used this value for all subsequent analyses.  Because of the 
close proximity of the Dallas Bay overflow section to the SQN site, the characteristic of the overflow 
could produce a pronounced effect on MWSE at the SQN site.   

 
Figure 2.8.  Site Map of Chickamauga Reservoir Showing the Locations of the SQN Site, Dallas Bay, 

and Chickamauga Dam 
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Figure 2.9.  Comparison of Rating Curves for the Dallas Bay Overflow from TVA (2009d) to that 

Obtained from the HEC-RAS Model.  A discharge coefficient of 0.7 for the HEC-RAS 
lateral weir representing the overflow structure was found to provide a reasonable agreement 
with the TVA rating curve data.  

2.5.2 PMF Scenarios  

PNNL staff examined several scenarios during the PMF analysis at the SQN site including the 
following: 

• 7,980-mi2-PMP storm versus 21,400-mi2-PMP storm 

• No-precipitation loss versus 10-percent global precipitation loss 

• Recent dam safety modifications (no sandbaskets versus with sandbaskets) 

The first comparison comes from the Task 1 results.  The second comparison is included because the 
SQN FSAR reports an average 11 percent precipitation loss.  The third comparison is included to consider 
the recent safety modifications to Ft. Loudoun, Tellico, and Watts Bar Dams. 

For these scenarios, the potential for dam failure was included only for dams upstream of the SQN 
site, that is, Ft. Loudoun, Tellico, and Watts Bar Dams.  At downstream dams, Chickamauga, Nickajack, 
and Guntersville Dams were set not to fail when overtopped, which would produce greater backwater 
effects than if failure occurred.  This approach provides a conservative estimate of PMF water-surface 
elevation at the SQN site. 
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Table 2.5 and Table 2.6 provide the HEC-RAS model setup, inputs, and results for MWSE and 
discharge, as available from the SQN FSAR analysis and from the staff’s HEC-RAS model setup.  
Table 2.5 provides information for the no-precipitation-loss scenarios, while Table 2.6 provides 
information for precipitation-loss scenarios.   

The SQN FSAR states that the 21,400-mi2 downstream pattern was critical for the analysis of the 
PMF at the SQN site.  The SQN FSAR also states that the Ft. Loudoun, Tellico, and Watts Bar Dams 
would safely pass the PMF, suggesting that these dams did not overtop and fail in the SQN FSAR 
analysis.  The corresponding scenario that PNNL staff compared with the SQN FSAR results is the 
21,400-mi2 downstream pattern, 10-percent global precipitation loss, and no sandbaskets (corresponding 
to Table 2.6, column 5).  This scenario was chosen for its similarity to the FSAR analysis. 

Table 2.6 indicates that the PNNL staff’s HEC-RAS analysis produced a failure of Tellico Dam 
during the main PMF, while the SQN FSAR analysis apparently did not include failure of any of the 
dams.  The PNNL staff’s analysis produced a maximum discharge at the SQN site of 1,466,769 cfs, 
which is larger than the 1,236,000 cfs reported in the SQN FSAR.  However, the maximum elevation at 
the SQN site from the PNNL staff’s HEC-RAS analysis was 718.08 ft compared with the reported SQN 
FSAR result of 719.6 ft.  The PNNL staff’s analysis had a flow concurrent with the maximum elevation 
of 1,444,553 cfs.  The maximum flow occurred prior to the MWSE due to the dynamic properties of the 
flood wave, which produces a looped rating curve during flooding (NOAA 1998).  As an additional 
comparison, the corresponding no-precipitation-loss scenario for the 21,400-mi2 downstream-centered 
PMP storm with no sandbaskets (Table 2.5, column 5) produced a maximum PMF discharge of 1,851,597 
cfs and a maximum elevation of 722.64 ft.  

Because of the uncertainty about the actual operational rules used in the FSAR analysis, PNNL staff 
examined an alternative operational guide set (TVA 2009g) that uses slightly different target elevations 
and ranges of discharges to evaluate the sensitivity to operations.  Table 2.7 summarizes the rules.  This 
alternative rule set includes an additional intermediate rule for Chickamauga Dam.  Use of this alternative 
rule set produced a maximum elevation of 718.18 ft (with a concurrent flow of 1,447,585 cfs) and a 
maximum flow of 1,469,177 cfs.  This is slightly larger than estimated using the White Paper operational 
guide, which was 718.08 ft.  The alternative rule set produced a failure of Tellico Dam but not of any 
other dams.  Hence, the HEC-RAS model appears to be somewhat insensitive to the operational rules, at 
least within the set of available operational rules.  

Figure 2.10 presents the water-surface elevation response for the whole analysis period (antecedent 
and PMF) at the Watts Bar and Chickamauga Dams and the SQN site (HEC-RAS station 485.61) for the 
10-percent precipitation-loss scenarios.  The Watts Bar and Chickamauga Dams are upstream and 
downstream of the SQN site, respectively.  All the locations in Figure 2.10 responded to the PMF in a 
similar manner due to the very high discharges during the event, with the water-surface elevations 
exceeding the tops of the gates and overtopping portions of the dams.  At Watts Bar Dam, the water-
surface response during the antecedent storm is simply an increase to 745 ft, which is held until the PMF 
produces the large increases in the water-surface elevation.  In contrast, the water surface at Chickamauga 
Dam shows a response to the antecedent storm that PNNL staff attribute to the influence of the tailwater 
on discharge.  The water-surface elevations are slightly higher at the SQN site than at Chickamauga Dam 
and have a relatively smooth variation during the analysis period.   
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Table 2.5. No-Precipitation Loss Model Setup, Characteristic Inputs, and Results for the PNNL Staff’s HEC-RAS Model Analysis of the SQN 
Site.  Note there was no analysis reported in the SQN FSAR with a zero precipitation loss.  The shaded column indicates that scenario 
is compared to those in Table 2.6.   

Source of Analysis 

Scenarios 
(1) (2) (3) (4) (5) 

SQN FSAR PNNL PNNL PNNL PNNL 

Dam Safety Measures 

SQN FSAR has no 
analysis available 

with 
no-precipitation 

loss 

Sandbaskets(a) Sandbaskets(a) No sandbaskets(a) No sandbaskets(a) 
Date of Analysis October 2010 October 2010 October 2010 October 2010 
Critical Storm Pattern 7,980 mi2 position 6 21,400 mi2 downstream 7,980 mi2 position 6 &8(b) 21,400 mi2 downstream 
Configuration of Dallas Bay 
Overflow to Lick Branch 

TVA Calculation 
Package 0006 

TVA Calculation 
Package 0006 

TVA Calculation 
Package 0006 

TVA Calculation 
Package 0006 

Gate Discharge Coefficient 3.0/0.8 3.0/0.8 3.0/0.8 3.0/0.8 
Dams Breached None None Ft. Loudoun  

(positions 6 & 8) 
Tellico 
Ft. Loudoun(c) 
Watts Bar 

Maximum PMF Flow at 
SQN 

1,408,621 cfs 1,577,763 cfs 1,531,474 cfs/  
1,470,536 cfs 

1,851,597 cfs 

Maximum PMF Elevation at 
SQN(d) 

717.50 ft 719.70 ft 719.04 ft/718.24 ft 722.64 ft 

(a) Sandbaskets installed during 2009 on earthen embankments of Ft. Loudoun, Tellico, and Watts Bar Dams. 
(b) Position 8 was included for the 7,980-mi2 case in which one of the upstream dams breaches, because it includes greater precipitation upstream of the Ft. 

Loudoun-Tellico Dams than for the position 6 case. 
(c) Breach formation time set to 1.15 hour for model stability.  Other dams were set to a 1-hour breach formation time. 
(d) Elevation at the cross section located just upstream of the SQN site at station 485.61. 
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Table 2.6  With-Precipitation Loss Model Setup, Characteristic Inputs, and Results from the SQN FSAR Analysis and for the HEC-RAS Model 
Setup for the SQN Site.  Shaded columns indicate which scenarios are compared with the one in Table 2.5.  The wind-wave effects on 
maximum elevation are included from the SQN FSAR analysis and the HEC-RAS model. 

Source of Analysis 

Scenarios 

(1) (2) (3) (4) (5) 

SQN FSAR PNNL PNNL PNNL PNNL 

Dam Safety Measures Prior to 2008 Sandbaskets(a) Sandbaskets(a) No sandbaskets(a) No sandbaskets(a) 

Date of Analysis Prior to 2008 October 2010 October 2010 October 2010 October 2010 

Critical Storm Pattern 21,400 mi2 downstream 7,980 mi2 position 6 21,400 mi2 downstream 7,980 mi2 position 6 21,400 mi2 downstream 

Configuration of Dallas 
Bay Overflow to Lick 
Branch 

Unknown TVA Calculation 
Package 0006 

TVA Calculation 
Package 0006 

TVA Calculation 
Package 0006 

TVA Calculation 
Package 0006 

Gate Discharge Coefficient Unknown 3.0/0.8 3.0/0.8 3.0/0.8 3.0/0.8 

Precipitation Losses 11 percent 10 percent global 10 percent global 10 percent global 10 percent global 

Dams Breached None None None None Tellico 

Maximum PMF  
Flow at SQN 

1,236,000 cfs 1,321,763 cfs 1,416,729 cfs 1,321,763 cfs 1,466,769 cfs 

Maximum PMF 
Elevation at SQN 

719.6 ft 716.12 ft(b) 717.46 ft(b) 716.12 ft(b) 718.08 ft(b) 

(a) Sandbaskets installed on earthen embankments of Ft. Loudoun, Tellico, and Watts Bar Dams (2009). 
(b) Elevation at the cross section located just upstream of the SQN site at station 485.61. 
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Table 2.7.  Flood Operational Rules from TVA (2009g) for the Mid-March Guides 

Dam 

Flow Ranges and Target Elevations 

Pre-Flood Intermediate Rising Limb of Flood Post-Flood 

Ft. Loudoun <50 kcfs 
808 ft 

>50 kcfs and <98.75 kcfs 
813 ft 

>98.75 kcfs 
817 ft 

After maximum PMF 
808 ft 

Tellico <815 ft 
0 kcfs 

>815 ft and <817 
30 kcfs 

>817 
Gates fully open 

After maximum PMF 
815 ft 

Watts Bar <45 kcfs 
736 ft 

>45 kcfs and <80 kcfs 
741 ft 

>80 kcfs 
747 ft 

After maximum PMF 
736 ft 

Chickamauga <45 kcfs 
676 ft 

(1) >45 kcfs and <85 kcfs 
679 ft 

(2) >85 kcfs and <145 kcfs 
685.44 ft 

>145 kcfs 
687 ft 

After maximum PMF 
676 ft 

Nickajack 632.5 ft 632.5 ft 632.5 ft 632.5 ft 

Guntersville <50 kcfs 
593.3 ft 

>50 kcfs  and <200 kcfs 
595.35 ft 

>200 kcfs 
596 ft 

After maximum PMF 
593.3 ft 

 

 
Figure 2.10. Simulated Water-Surface Elevation Response at the Watts Bar and Chickamauga Dams and 

at the SQN Site.  Results are from the HEC-RAS scenario for the 21,400-mi2 downstream 
pattern, 10-percent precipitation loss, and no sandbaskets (Scenario 5 of Table 2.6).  
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Figure 2.11 presents the hydrographs for the whole analysis period (antecedent and PMF) at the Watts 
Bar and Chickamauga Dams and the SQN site (HEC-RAS station 485.61) for the 10-percent 
precipitation-loss scenarios.  During the PMF period, the SQN station has the greatest discharge because 
it received additional flow entering Chickamauga Reservoir downstream of Watts Bar Dam and the loss 
of flow via Dallas Bay occurred downstream of the SQN station and upstream of Chickamauga Dam.  
Rapid changes in gate openings following the antecedent and PMF events caused the transient variations 
in discharge following the antecedent and PMF periods.  For Watts Bar Dam, the spike in flow during the 
antecedent event occurred because of the holding of water until the water-surface elevation reached 745 
ft, after which the gates rapidly opened.  For Chickamauga Dam, PNNL staff attributed the drop in flow 
during the antecedent storm to the influence of the tailwater on discharge. 

 
Figure 2.11. Simulated Hydrographs at the Watts Bar and Chickamauga Dams and at the SQN Site.  

Results are from the HEC-RAS scenario for the 21,400-mi2 downstream pattern, 
10-percent precipitation loss, and no sandbaskets (Scenario 5 of Table 2.6).  Note the 
maximum discharge at the SQN site is greater than at the Watts Bar and Chickamauga 
Dams because of additional inflows upstream of the SQN site and outflow from Dallas 
Bay downstream of the SQN site.  Transient shocks in the flow following the antecedent 
and PMF periods are due to rapid changes in the gate openings. 

Figure 2.12 presents the MWSE profile for the PMF with the locations indicated for the main dams 
along the Tennessee River, Dallas Bay, and the SQN site.  The tailwater effect at Chickamauga Dam 
appears as a relatively small change in elevation from upstream to downstream of the dam.  (Dams 
downstream of Chickamauga Dam also had tailwater effects on discharge.) 
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Figure 2.12. Maximum PMF Water-Surface Elevation Profile from the HEC-RAS Analysis.  Results 

are from the HEC-RAS scenario for the 21,400-mi2 downstream pattern, 10-percent 
precipitation loss, and no sandbaskets (Scenario 5 of Table 2.6).   

2.6 Wind-Wave Analysis 

PNNL staff estimated wind-wave activity at the SQN site by combining the PMF stillwater elevation 
with the estimated effect of the probable maximum wind (PMW).  An important input for this analysis is 
the maximum fetch length along which the wind blows towards the site (Figure 2.13).  The SQN FSAR 
reports the maximum fetch as 1.7 mi; however, Figure 2.13 shows that the fetch distance along a similar 
line is 4.1 mi.  This is an apparent error in measurement of the fetch length in the SQN FSAR.  The SQN 
FSAR reports that the estimated increase in MWSE due to wind-wave activity is 2.8 ft.  Therefore, the 
combined PMF and wind-wave induced water-surface elevation is 722.4 ft. 

PNNL staff conducted a wind-wave analysis based on the U.S. Army Corps of Engineers’ 
(USACE’s) coastal engineering manual (CEM) using the CEM 2.0 PE software (USACE 2006) and the 
PNNL-staff-determined values of the fetch length and wind speed.  PNNL staff estimated a 2-year wind 
speed of 50 mph based on guidance provided by the American Nuclear Society (ANS 1992).  Using the 
4.1-mi fetch, PNNL staff computed the wave runup to be 2.71 ft, and the wave setup to be 0.08 ft, for a 
total increase of 2.79 ft.  Combined with the PMF stillwater elevation of 718.08 ft from the PNNL staff’s 
PMF scenario most similar to the SQN FSAR scenario, the PMW produces a maximum elevation of 
720.87 ft (Table 2.8).  For the no-precipitation-loss scenario, the maximum elevation including wind-
wave effects is 725.5 ft (Table 2.8). 
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Figure 2.13.  PNNL Staff Estimated Maximum Wind Fetch for the SQN Site 
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Table 2.8.  Comparison of MWSEs at the SQN site for the PMF and Wind-Wave Activity 

Analysis 
Source of Analysis 

SQN FSAR PNNL Staff PNNL Staff 
Precipitation Loss 11 percent (average) 0 percent 10 percent (global) 
Maximum PMF Elevation  719.6 ft 722.64 ft 718.08 ft 
Maximum Elevation  
Including Wind-Wave Activity 

722.4 ft 725.5 ft 720.9 ft 
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3.0 Summary and Conclusions 

The Task 1 analysis determined that the 21,400-mi2 downstream centered PMP storm was the critical 
pattern for the SQN site.  For the 7,980-mi2 PMP storm pattern, both the positions 6 and 8 were found to 
be critical depending on the assumption of upstream dam failure.  Assuming the failure of Ft. Loudoun 
and Tellico Dams, position 8 (-83.1297degrees latitude and 36.2125 degrees longitude) was the critical 
7,980-mi2-PMP storm; while with no dam failure position 6 (-83.4788 degrees latitude and 36.0447 
degrees longitude) was the critical 7,980-mi2-PMP storm.  Discharge hydrographs for the three patterns 
were produced for each of the precipitation-loss scenarios (zero loss and 10-percent loss) giving six sets 
of hydrographs. 

The Task 2 analysis used the HEC-RAS model previously developed for BLN study.  The Task 2 
analysis approach was to make a comparison using a model setup similar to that used by the TVA in the 
SQN FSAR, though other scenarios examined include the recent dam safety modifications and 
no-precipitation loss.  PNNL staff modified the previously developed HEC-RAS model from the BLN 
study to account for operational rules at the TVA dams.  During the course of the analysis, PNNL staff 
found that the influence of overflow from Dallas Bay in Chickamauga Reservoir on water levels at the 
SQN site was significant.  Consequently, the available cross section and rating curve representing the 
Dallas Bay overflow section were included in the HEC-RAS model.   

PNNL staff examined several scenarios that considered safety modifications made to the dams in 
2009, in which TVA installed sandbaskets on earthen embankment portions of three dams (Ft. Loudoun, 
Tellico, and Watts Bar).  The scenarios also considered precipitation losses and the PMP storm, with the 
discharge hydrographs obtained from Task 1.  The primary scenario that PNNL staff used for comparison 
with the SQN FSAR results is the one for the 21,400-mi2 downstream pattern, a 10-percent global 
precipitation loss, and no sandbaskets.  PNNL staff also considered the corresponding scenario with 
no-precipitation loss to evaluate a more conservative assumption of runoff generation.  Wind-wave effects 
on PMF stillwater elevation were also estimated. 

PNNL staff found in their analysis that the maximum PMF stillwater elevations were as follows: 

• 10-percent precipitation loss = 718.1 ft 

• no-precipitation loss = 722.6 ft 

The SQN FSAR reported a maximum PMF elevation of 719.6 ft. 

Including the wind-wind effects on the maximum elevation, PNNL staff findings were as follows: 

• 10-percent precipitation loss = 720.9 ft 

• no-precipitation loss = 725.5 ft 

The SQN FSAR reported a maximum elevation of 722.4 ft. 
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Example Set of Operation Rules from Watts Bar Dam 
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Appendix 
 

Example Set of Operation Rules from Watts Bar Dam 

A.1 Definitions: 
 
'Current Simulation Hour' = Hour of Simulation (at beginning of the each time step) 
'Current Watts Bar Elevation' = Water Surface Elevation (at station 530.06 upstream of Watts Bar Dam at 
the current time step) 
'Current Watts Bar Gate Opening' = Dam Gate Opening (at station 530, Watts Bar Dam station, at the 
current time step) 
'Current Flow' = River Flow (at station 530.06 upstream of Watts Bar Dam at the current time step) 
 

A.2 Rule Set (called for each time step of the simulation): 
 
If ('Current Simulation Hour' ≤ 354, the hour of the PMF maximum at Watts Bar Dam), then 
 
     If ('Current Flow' < 110,000 cfs) And ('Current Watts Bar Elev' < 736 ft) Then 
          If ('Current Watts Bar Elevation' ≤ 735 ft) Then 
               Gate Opening = 'Current Watts Bar Gate Opening' - 0.1 ft 
          Else If (' Current Watts Bar Elevation ' > 735 ft) Then 
               Gate Opening = 'Current Watts Bar Gate Opening' + 0.1 ft 
          End If 
     Else If ('Current Flow' > 110,000 cfs) Then 
          If ('Current Watts Bar Elevation' ≤ 745 ft) Then 
               Gate Opening = 'Current Watts Bar Gate Opening' - 0.1 ft 
          Else If ('Current Watts Bar Elevation' > 745 ft) Then 
               Gate Opening = 'Current Watts Bar Gate Opening' + 0.1 ft 
          End If 
     End If 
 
If ('Current Simulation Hour' > 354, the hour of the PMF maximum at Watts Bar Dam) Then 
     If ('Current Watts Bar Elevation' ≤ 735 ft) Then 
          Gate Opening = 'Current Watts Bar Gate Opening' - 0.5 ft  
              (an incremental change of 0.5 ft is used to reduce an undershoot) 
     Else If ('Current Watts Bar Elevation' > 735 ft) Then 
          Gate Opening = 'Current Watts Bar Gate Opening' + 0.5 ft  
              (an incremental change of 0.5 ft is used to reduce an undershoot) 
     End If 
End If 
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