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NPG CALCULATION VERIFICATION FORM

Calculation Identifier CDQ000020080003 Revision 1

Method of verification used:

1. Design Review

2. Alternate Calculation Verifi Date zooq

3. Qualification Test
Comments:

This calculation entitled, "Initial Dam Rating Curve, Boone," was verified by independent design review.
The process involved a critical review of the calculation to ensure that it is correct and complete, uses
appropriate methodologies, and achieves its intended purpose. The inputs were reviewed and determined
to be appropriate inputs for this calculation. The results of the calculation were reviewed and were found
to be reasonable and consistent with the inputs provided. Backup files and documents were consulted as
necessary to verify data and analysis details found in the calculation.

Detailed comments and editorial suggestions for the changes made in this revision were transmitted to the
author and reviewer by email along with a marked up copy of the calculation.

The methodology used to justify the operability of the gates is based solely on the conclusions of the
"Wafts Bar Dam - Flood and Earthquake Analysis on Radial Spillway Gates." Appendix A uses the same
assumptions, methodology, and approach developed in the Wafts Bar radial gate analysis to determine
the forces on the radial gates in a closed position with the forces on the gates in the maximum open
position. This appendix does not assert that a structural analysis has been performed beyond that found
in the Wafts Bar radial gate calculation.

(Note: The design verification of this calculation revision is for the total calculation, not just the changes
made in the revision. This complete re-verificationis performed to disposition PER 203951 as described
in the Calculation Revision Log on Page 3).
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1.0 Purpose

Headwater rating curves for twenty dams located on the Tennessee River and its tributaries above the
existing Bellefonte Nuclear facility are required as inputs to TVA's SOCH and TRBROUTE models
which perform flood-routing calculations. The headwater rating curves for each dam provide total dam
discharge as a function of headwater elevation. This calculation determines the headwater rating curve
for Boone Dam.

TVA developed methods of analysis, procedures, and computer programs for determining design basis
flood levels for nuclear plant sites in the 1970's. Determination of maximum flood levels included
consideration of the most severe flood conditions that may be reasonably predicted to occur at a site as a
result of both severe hydrometerological conditions and seismic activity. This process was followed to
meet Nuclear Regulatory Guide 1.59. At that time, there were no computer programs 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.
This process provided a basis for currently licensed plants (Sequoyah Nuclear Plant, Watts Bar Nuclear
Plant, and Browns Ferry Nuclear Plant). The Bellefonte Nuclear Plant (BLN) Units 1 & 2 Final Safety
Analysis Report (FSAR) was also based on this process.

BLN Unit 3 & 4 Combined Operating License Application (COLA) was submitted using data and
analysis that was determined for the original BLN FSAR (Unit 1 and Unit 2) and was documented in a
1998 reassessment. In 1998, the analysis process and documentation was brought under the nuclear
quality assurance process for the first time. A quality assurance audit conducted by NRC staff in early
2007 raised several questions related to past work regarding design basis flood level determinations. This
calculation supports a portion of the effort to improve the design basis documentation.

Preparation of all calculations supporting nuclear development and licensing are subject to TVA NPG
Standard Department Procedure NEDP-2. This standard dictates the process in which calculations are
prepared, checked, verified, stored and cross referenced in a goal to provide the highest quality nuclear
design input and output possible.

Drawings 10N200 and 10W201 (References 2.1 and 2.2) provide plan and elevation views of Boone
Dam. For headwaters in the normal operating range, discharge is passed through the sluice, turbines or
the spillway. The spillway consists of five spillway bays, each with a radial (tainter) gate to control
discharge. If, as during a probable maximum flood (PMF) event, headwater rises above the normal
operating range, discharge may pass also over the dam nonoverflow section, the tops of the open spillway
gates and the tops of the spillway piers.
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2.0 References

2.1 TVA Boone Project drawing 10N200 R8, "General Plan, Elevation & Sections."
2.2 TVA Boone Project drawing 10W201 R8, "General Plan, Elevation & Sections."
2.3 TVA Boone Project drawing 54W200 R3, "Radial Gates Arrangement."
2.4 TVA Boone Project drawing 54N201 Rl, "Radial Gates Structural Details - Sheet 1."
2.5 TVA Boone Project drawing 54N202 RI, "Radial Gates Structural Details - Sheet 2."
2.6 "Boone Dam Spillway and Sluice Discharge Tables," River Operations, Tennessee Valley Authority,

March 2004, TVA EDMS accession no. L58081211803.
2.7 "Hydraulic Design Criteria," USACE (U. S. Army Engineer Waterways Experiment Station),

Eighteenth issue, Vicksburg, MS, 1988.
2.8 Handbook of Hydraulics, E. F. Brater and H. W. King, Sixth Ed., McGraw Hill, 1976.
2.9 "Hydraulic Design Criteria," USACE (U. S. Army Engineer Waterways Experiment Station),

Eighteenth issue, Hydraulic Design Chart 711 (HDC 711).
2.10 "Boone Project Hydraulic Model Studies," TVA Division of Water Control Planning, Hydraulic

Data Branch, Technical Monograph No. 74, 1954, TVA Research Library call no. 999.6278 T2985b.
2.11 "Rating Curves for Flow over Drum Gates," Joseph N. Bradley, Paper No. 2677, Transactions of the

American Society of Civil Engineers, vol. 119, pp. 403-433, 1954.
2.12 Open Channel Flow, Sec. 2.7, F. M. Henderson,Macmillan, New York, 1966.
2.13 Bellefonte Nuclear Plant FSAR, Units 1 and 2, Section 2.4.3.3, page 2.4-16.
2.14 TVA Boone Project drawing 10W203 R8, "Principal Features of Design - Sheet 1."
2.15 TVA BooneProject drawing 10N204 R4, "Principal Features of Design - Sheet 2."
2.16 TVA Boone Project drawing 21N207 R2, "Concrete Blocks 17 & 18 Outline."
2.17 TVA Boone Project drawing 21E210.Rl, "Concrete Raising Top of Dam- Blocks 1 Thru 5, Outline

and Reinforcement."
2.18 TVA Boone Project drawing 22E210 R3, "Raising Top of Dam Plan, Sections & Details And Misc

Cone Details."
2.19 TVA Boone Project drawing 46N401 R2, "Powerhouse, Architectural Elevations."
2.20 TVA Boone Project drawing 46N407 R3, "Powerhouse, Architectural Lobby EL 1302 & Stair 14

Plan & Elevations."
2.21 TVA Boone Project drawing 47K901-1 RO, "Powerhouse Unit 1, Operating Characteristics of 26400

KW Generating Unit."
2.22 TVA Boone Project drawing 47K901-2 RO, "Powerhouse Unit 2, Operating Characteristics of 25000

KW Generating Unit."
2.23 TVA Boone Project drawing 47K901-3 RO, "Powerhouse Unit 3, Operating Characteristics of 25000

KW Generating Unit."
2.24 TVA calculation NUCGENCEBCDQ00002000800 10, "Dam Rating Curve, Fort Patrick Henry."
2.25 TVA 2009: "Basis for Dam Spillway Gate/Outlet Open Configuration for Flood Analyses", May 291

2009 (EDMS No. L58 090529 800) I
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3.0 Assumptions & Methodolo2y

The headwater rating curve developed in this calculation will be used in simulations of probable maximum flood
events. Consequently, the rating curve has been calculated above the normal headwater operating range of the
dam.

3.1 Assumptions

3.1.1 Assumption: There is no discharge from the sluice.
Technical Justification: TVA standard operation policy requires that the spillway gates at Boone Dam be
operated as specified in the Boone Dam Spillway and Sluice Discharge Tables (Attachment 2). Pages 1 and
32 of the instructions include the following statement, "The sluice and spillway must not be operated at the
same time." Therefore there is no discharge from the sluice included for the rating curve. As indicated by
the sluice discharge table, even with the sluice gate at the maximum opening, the difference in total
discharge would be relatively small.

3.1.2 Assumption: The tailwater rating curve provided as Attachment 1 reasonably predicts the tailwater
elevation for the range of discharge required for the headwater rating curve.
Technical Justification: The tailwater rating curve was generated by the TVA Flood Risk section. This
tailwater rating curve is used by TVA during actual flood events as input for river management decisions
and is the best available source of tailwater elevation data. The tailwater elevation for the maximum
discharge determined in this calculation (312,690 cfs) is El 1318. This elevation is significantly lower than
the elevation of the spillway crest and the other locations of discharge over the dam. The tailwater
elevation could be considerably higher and still not affect discharge. (See Sections 6.6 and 6.7, pages 32
and 33.)

3.1.3 Assumption: All spillway gates will be set to the maximum openings specified in the spillway discharge
tables.
Technical Justification: See "Basis for Dam Spillway Gate/Outlet Open Configuration for Flood
Analyses" (Reference 2.25) for technical justification.

3.1.4 Assumption: The maximum headwater elevation considered in the dam rating curve is 1408.5 feet, the
top of the east embankment.
Technical Justification: The maximum headwater considered for the dam rating curve is based on very
conservative estimations of the maximum PMF elevation at the dam. Previous simulations have
indicated that the dam is not overtopped during a PMF event. A headwater elevation of 1408.5 is a
reasonable upper limit for this dam rating curve. If the SOCH/TRBROUTE analysis identifies PMF
elevations higher than 1408.5 feet, this issue will be identified by the analyst and a revision of this,
calculation will be required.

3.1.5 Assumption: All spillway gates will remain operable in the closed position and in the maximum opened
position as specified in the spillway discharge tables.
Technical Justification: The radial gates will remain operable in the maximum opened position based on
the findings of the "Watts Bar Dam - Flood and Earthquake Analysis on Radial Spillway Gates"
(Reference Al). Appendix A uses the same assumptions, methodology, and approach as the Watts Bar
radial gate analysis to compare forces on the gates in a closed position with forces on the gates in the
maximum open position to provide technical justification for the gates to remain operable in the maximum
open position during a PMF.

3.2 Unverified Assumptions

None.
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3.3 Methodology -- Discharge Equations

Discharges past the dam are computed as either "free" discharge or "orifice" discharge. Free discharge
refers to free surface overflow and is computed using a weir-type equation as follows (Reference 2.7
provides weir flow equations for overflow discharges):

Qr =CfLHc 1.

in which Qf = free discharge (cfs), Cf = free discharge coefficient (ft°5/sec -- may vary with HW), L =

length of overflowing section (ft), Hc = head on crest (ft) = HW - Z,, HW = headwater elevation (ft), and
Zc = top, or crest, elevation of overflowing section (ft). This equation need not be modified to account for
tailwater submergence because the tailwater does not rise high enough to affect the free discharges
computed for this headwater rating curve. See Section 6.7.

Flow over the nonoverflow section, the tops of the open spillway gates, and the tops of the spillway piers
is treated as free discharge. Flow over the spillway crest is treated as free discharge for headwater
elevations below H, = HLmin, the head at which the overflowing nappe first touches the bottoms of the
open gates (Ref. 2.24, Attachment A5). HLmin varies with gate opening, V, defined as the vertical distance
between the spillway crest and the bottom of the gate.

For headwater elevations above Hc = HLmin flow through the spillway gates is treated as orifice discharge.
Orifice discharge refers to flow passing through a contracted opening and is computed using an orifice-
type equation as follows (Reference 2.7, Hydraulic Design Chart 311-1):

Qg = CgGnLV2gHý -Hmp)

in which Qg = orifice discharge (cfs), Cg = orifice discharge coefficient (dimensionless -- varies with gate
opening and He), G, = effective gate opening = minimum distance between the' gate lip and the crest (ft),
g = acceleration of gravity, and Hmp = vertical distance between the mid-point of G, and the crest. This
equation is modified, if required, to account for tailwater submergence as follows:

Qgs = SgQg

in which Qgs = "corrected" orifice discharge (cfs) and Sg = tailwater submergence factor (dimensionless --

varies with d/H, and gate opening, G,).

The Boone spillway is identical to the Fort Patrick Henry spillway so that the spillway free discharge and
spillway orifice discharge coefficients are the same for both dams. See Section 6.3.
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3.4 Methodology -- Spillway Discharge Calculations

The discharge coefficient, Cf, for free discharge over a spillway crest varies with head, H, (References 2.7
and 2.8 both provide this kind of data). For the Boone spillway crest, the relationships HLmin(V) and
Cf(HC)are available from Fort Patrick Henry model test data (Ref. 2.24, Appendix A). The relationship
between orifice discharge coefficient, Cg, and head, H,, for each gate opening, V, is also available from
the model test data. The crest length, L, and crest elevation, Z•, are shown on TVA drawings (e.g.,
References 2.1 and 2.2). The parameters Gn and Hmp are determined from geometry (Ref. 2.24, Appendix
A).

The physical model used to measure spillway discharge included several bays and the piers between
them. Consequently, pier contraction effects are implicitly included in the discharge coefficients derived
from the model test data.

Under the assumption that all spillway gates are fully open, the two end bays (first and last) are the only
spillway bays subject to end contraction effects. These effects, which may reduce discharge through
these two bays by a few percent, are neglected in this calculation. Neglecting this minor effect has
negligible impact on the dam rating curve.

3.5 Methodology -- Discharge Coefficients

Values of the discharge coefficient, Cf, for flows over the nonoverflow section, the tops of the open
spillway gates, and the tops of the spillway piers, are estimated using Hydraulic Design Chart 711
(Reference 2.9 and page 26). Length, L, and crest elevation, Z,, in each case are determined from TVA
drawings (relevant drawings are defined as references).

The upper plot of HDC 711 (Reference 2.9) shows that Cf is about 2.65 for very broad crests (HI/B < 0.4
where H, - Hc and B = streamwise length of the crest) and gradually increases to 3.1, the maximum value
for a "broad-crested" weir, as HI/B increases to about 1.2. As HI/B increases above 1.2, Cf continues to
increase as the weir transitions from broad-crested to sharp-crested at about H1 /B = 2.0. Since the
estimation of discharge over the top of various sections of a dam is an approximation, small variations in
Cf with Hc and the effects of end contractions are neglected. A single representative value for Cf within
the range of its variation is used for all headwater elevations included in the rating. Neglecting minor
variations in Cf values and end contractions has negligible impact on the dam rating curve.
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4.0 Design Input

Sec Input Parameter Source Symbol Value
4.1 Acceleration of gravity

Common knowledge g 32.2 ft/sec

4.2 Spillway crest parameters
4.2.1 Crest length TVA Boone Project dwg 10W201 R8, L 175 feet

Downstream Elevation, 5 bays @ 35'
4.2.2 Crest elevation TVA Boone Project dwg 10N200 R8, Z1 i350.0 feet

Spillway Section
4.2.3 Free discharge coefficient TVA calculation Cf(HC) Equation A3

NUCGENCEBCDQ0000200080010,
Appendix A Section A.6 and Attachment A10

4.3 Spillway gate parameters
4.3.1 Vertical opening TVA calculation V 31.0 feet

NUCGENCEBCDQ0000200080010,
Appendix A

4.3.2 Effective gate opening TVA calculation G, 31.54 feet
NUCGENCEBCDQ0000200080010,
Appendix A, page A5

4.3.3 Mid-point elevation of TVA calculation Hmp 15.375 feet
opening relative to crest NUCGENCEBCDQ00002000800 10,

Appendix A, page A5
4.3.4 Headwater elevation at TVA calculation HLmin + Zc 1387.49 feet

which nappe touches gates NUCGENCEBCDQ0000200080010,
HLmin estimated in Appendix A and
Attachment A9. Boone elevation is 122' higher
than Fort Patrick Henry.

4.3.5 Orifice discharge coefficient TVA calculation CQ(HJ) Interpolate
NUCGENCEBCDQ0000200080010, between
Extrapolated curve given in Attachment A 12 points in
and Table A2, and discussed in Appendix A Table A2

4.4 Spillway gate overflow
4.4.1 Overflow discharge coeff. Section 6.2 C. 3.2
4.4.2 Overflow elevation TVA calculation Zo 1399 feet

NUCGENCEBCDQ0000200080010,
Computed in Appendix A, page A4 for Fort
Patrick Henry. Boone elevation is 122' higher
than Fort Patrick Henry.

4.4.3 Overflow length Same as spillway crest, drawing 10N200 Lo 175 feet

4.5 Powerhouse overflow
4.5.1 Discharge coefficient Section 6.1 Cf 2.67
4.5.2 Overflow elevation TVA drawing 10W201, D-D Z' 1392 feet
4.5.3 Overflow length TVA drawing 10W201, Plan L 174 feet
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4.0 Design Input (Continued)

Sec Input Parameter Source Symbol Value

4.6 Spillway piers overflow
4.6.1 Discharge coefficient Section 6.1 Cf 2.70
4.6.2 Overflow elevation TVA drawing 10W201, E-E Zc 1394.42 feet
4.6.3 Overflow length TVA drawing 10W203, Plan L 39.0 feet

4.7 Nonoverflow Dam - Part Block 5 and Blocks 6, 7, 16 & 17 (B=12')
4.7.1 Discharge coefficient Section 6.1 Cf 2.91
4.7.2 Overflow elevation TVA drawing 10W201, B-B Zc 1392.0 feet
4.7.3 Overflow length Section 6.1 L 152.5 feet

4.8 Nonoverflow Dam - Part Block 5 (B=12')
4.8.1 Discharge coefficient Section 6.1 Cf 2.91
4.8.2 Overflow elevation TVA drawing 21E210 Z_ 1392.38 feet
4.8.3 Overflow length Section 6.1 L 9.96 feet

4.9 Nonoverflow Dam - Blocks 3, 4 and Part Block 5 (B=12')
4.9.1 Discharge coefficient Section 6.1 Cf 2.66 or 2.81
4.9.2 Overflow elevation TVA drawing 21E210 Z' Varies

1392.38 to
1400.64

4.9.3 Overflow length Section 6.1 L 93.9 feet

4.10 Nonoverflow Dam -Block 18 (B=Varies)
4.10.1 Discharge coefficient Section 6.1 Cf 2.66
4.10.2 Overflow elevation TVA drawing 21N207 Z_ _ 1392.0 feet
4.10.3 Overflow length Section 6.1 L 43.82 feet

4.11 Tailwater Rating Curve
TW vs. total discharge, Q Section 6.6, Q = 312,910 cfs TW(Q) 1318 feet

___ I _________ I _______________ I. ___ I ____

+ 4. 4.

4. + 4. 4

4. + 4. 4

4. + 4. 4

4. + 4. 4

4. + 4. 4

+ + 4. 4.
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5.0 Special Requirements/Limiting Conditions

N/A
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6.0 Calculations

The calculations included in this section are overflow parameters, overflow parameter for the tainter
spillway gates, spillway free and orifice discharge coefficients, turbine discharge, tailwater rating curve
and tailwater submergence effect on discharge.
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6.3 Spillway Free Discharge and Orifice Discharge Coefficients

Reference: TVA calculation NUCGENCEBCDQ000020080010, Appendix A.

The spillways for Boone Dam and Fort Patrick Henry Dam are identical. Each project has 5 spillways
and 5 spillway gates with the same dimensions. The shape of the spillway crests is identical. Therefore
the spillway free discharge and orifice discharge coefficients are the same for both projects. The Fort
Patrick Henry model testing was done later than the Boone model testing, 1960 compared to 1954. For
these reasons the free discharge and orifice discharge coefficients for Fort Patrick Henry Project are used
for the Boone Project.

Since the spillway free discharge and orifice discharge coefficients are the same for Boone and Fort
Patrick Henry, the spillway discharges ( Qf and Qg ) for the 2 projects are the same for the same height of
headwater above the crest, Hc.

The following table summaries the data for the spillways:

Item Boone Project Fort Patrick Henry Project
No. of gates 5 5
Width of each spillway 35' 35'
Gate radius (outside skin plate) 36' 36'
Width of piers between gates 6.5' 6.5'
Crest elevation 1350.0 1228.0
Elevation top of piers 1394.42 1272.42
Elevation of trunnion center 1363.0 1241.0
Elevation top of closed gate 1385.0 1263.0
Coordinates of crest profile y = x'-8/34.378 y = x'-8 /34.378

x = 0 to x = 5.333
Coordinates of crest profile y = 0.592 + (x-5.333)/5 y = 0.592 + (x-5.333)/5

x = 5.333 to x = 58.533 + (x-5.333)/133 + (x-5.333)/133
Spillway drawing reference 10W201, Downstream Elev 10W201,Downstream Elev
Spillway gate reference 54W200 & 54N201 54N200 & 54N201
Crest reference 51N204 5 1N202

The free discharge coefficients are given by the following equation:

Cf = 2.8 + 0.08548H, - 0.003963H 2 + 1.039x10-4H,3 - 9.875x10-7Hc4

The orifice discharge coefficients are given by the following equations:

Cg = 0.764 - ((Hc - 37.49)/(42 - 37.49)) x (0.764 - 0.720) for 37.49 5 H -< 42

Cg = 0.720 - ((H, - 42)/(48 - 42)) x (0.720 - 0.712)

Cg = 0.712 + ((Hc - 48)/(58 - 48)) x (0.720 - 0.712)

for 42 - H -- 48

for 48:- H, -<58

Cg = 0.720 for Hc > 58
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6.5 Turbine Discharge

The turbine generators are assumed to operate until the tailwater reaches Elevation 1302, the elevation of
.the doorways to the powerhouse. References 2.21, 2.22 and 2.23 provide the turbine discharge based on
the gross head for the dam. The gross head is the difference between the headwater elevation and the
tailwater elevation. The following table summaries the iterative steps to determine the turbine discharge for
a range of headwater values.

Estimated Estimated Turbine
Spillway Turbine Total TW Gross Discharge Total

HW Discharge Discharge Discharge Head For 87' Discharge
cfs cfs cfs Gross Head cfs

1360 18553 12000 30553 1275 85 12600 31153
1370 56311 12000 68311 1283 87 12600 68911
1380 109361 12000 121361 1293 87 12600 121961
1390 162546 12000 174546 1302 88 12600 175146

The iteration to determine the turbine discharge is as follows:

1. The spillway discharge for the headwater elevations 1360, 1370, 1380 and 1390 are taken from
Table 7.1, page 35.

2. The tailwater elevations for headwater elevations 1360, 1370, 1380 and 1390 are determined from
the tailwater rating curve for the Estimated Total Discharge (page 32).

3. The gross head (HW-TW) for the headwater elevations 1360, 1370, 1380 and 1390 are calculated. A
gross head of 87' is used to estimate the turbine discharge for all elevations.

4. The turbine discharge for 87' gross head is taken from drawings 47K901-1 RO, 47K901-2 RO and
47K901-3 R0, references 2.21, 2.22 and 2.23. The turbine discharge listed in the table is the total
discharge for all 3 turbines.

5. Finally, the total discharge is the sum of the spillway discharge and the turbine discharge for 87'
gross head.

The gross head of 87'for all headwater elevations and the rounding of the turbine discharge doesn't
significantly affect the result since the turbine discharge is a small percentage of the total discharge
expected.
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6.6 Tallwater Rating Curve

The data plotted below is from the graph "Boone Tailwater Rating," Attachment 1, for Fort Patrick Henry HW EL 1270.
Elevation 1270 is the top of the nonoverfiow portion of Fort Patrick Dam.. The headwater at Fort Patrick for the
Bellefonte PMF is not expected to exceed Elevation 1270 so that the curve below is conservative for determining the
submergence effect on discharge. The EXCEL best fit second order polynomial equation is extrapolated to the
maxmium expected discharge from Boone Dam.

Boone Boone
Discharge TW Elev

cfs ft

Extrapolated Values
Discharge TW

cfs ft

11000
20000
50000
100000
150000
250000

1270
1272
1280
1289
1298
1312

30553
68311
121361
174546
312910

1275
1283
1293
1302
1318

Figure 6.1
Boone Tailwater Rating Curve

Fort Patrick Henry HW at El 1270

TW = -2.671489E-10Q 2 + 2.443198E-04Q + 1.267539E+03
1330

1320

1310

.0
• 1300

w
1290

1280 _

1270

1260 _

10000 60000 110000 160000 210000 260000 310000

Discharge, cfs

Att 3-BooneTWRatincCurve.xls
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6.7 Tailwater Submergence Effect on Discharge

The effect of the tailwater submergence on the discharge is evaluated using Figure 6.1, "Boone Tailwater
Rating Curve, Fort Patrick Henry Headwater at El 1270," page 32. The maximum Boone headwater
elevation considered in this calculation is El 1408.5. The discharge calculated for headwater El 1408.5
is 312,690 cfs, Table 7.1 and Figure 7.1.

From Figure 6.1, the tailwater elevation for the maximum discharge (312,690 cfs) is El 1318.
El 1318 is determined using the fit equation, TW = -2.671489E-10Q 2 + 0.0002443198Q + 1267.539,
where Q, the discharge, is 312,690 cfs.

Elevation 1318 is considerably lower than the elevation of the top of the nonoverflow sections of the
dam (El 1392 minimum), the elevation of the tops of the spillway piers (El 1394.42), the elevation of the
top of the spillway gates when fully open (El 1399), the elevation of the top of the dam at the
powerhouse (El 1392) and the spillway crest (El 1350). Therefore free discharge and orifice discharge
are not affected by the tailwater at El 1318.
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7.0 Results/Conclusions

The headwater rating results are.tabulated as total discharge in cubic feet per second (cfs) vs. headwater
elevation in feet in Table 7.1. The headwater rating curve is plotted in Figure 7.1
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Table 7.1

Dam Rating Curve

For 0 < Hc < 37.49: Cf = 2.8+0.08548Hc-0.003963Hc
2
+0.0001039Hc

3
-0.0000009857Hc

4

For 38 5 Hc 558.5: For Cg see Section 6.3 of this calculation.

g = 32.2 ft/s2  Spillway Parameters
L = 175 feet

Zý = 1350 feet
Gn = 31.540 feet

Hmp = 15.375 feet

Total DischargeQ
Including Without

Turbine Turbine Spillway

HW Discharge Discharge feet cfs

feet 1000 cfs 1000 cfs Hc Cf I C9 Qf I Q,

1350
1352
1354
1356
1358
1360
1362
1364
1366
1368
1370
1372
1374
1376
1378
1380
1382
1384
1386

1387.49
1388
1389
1390
1391
1392
1393
1394
1395
1396
1397
1398
1399
1400
1401
1402
1403
1404
1405
1406
1407
1408

1408.5

12.60
14.06
16.92
20.81
25.59
31.15
37.44
44.38
51.96
60.14
68.91
78.29
88.27
98.87

110.10
121.96
134.45
147.53
161.16
171.62
172.52
173.91
175.15
163.63
164.56
168.35
172.99
178.23
184.05
190.36
197.10
204.79
213.45
223.15
233.49
244.42
255.87
267.80
280.20
293.02
306.26
312.91

0.00
1.46
4.32
8.21
12.99
18.55
24.84
31.78
39.36
47.54
56.31
65.69
75.67
86.27
97.50

109.36
121.85
134.93
148.56
159.02
159.92
161.31
162.55
163.63
164.56
168.35
172.99
178.23
184.05
190.36
197.10
204.79
213.45
223.15
233.49
244.42
255.87
267.80
280.20
293.02
306.26
312.91

0 2.800 0
2 2.956 1463
4 3.085 4319
6 3.191 8208
8 3.279 12986

10 3.353 18553
12 3.414 24837
14 3.467 31783
16 3.514 39357
18 3.557 47536
20 3.598 56311
22 3.637 65686
24 3.678 75668
26 3.718 86268
28 3.760 97498
30 3.803 109361
32 3.846 121847
34 3.889 134931
36 3.930 148560

37.49 3.959 159022
38 0.759 159916
39 0.749 161312
40 0.740 162546
41 0.730 163626
42 0.720 164558
43 0.719 167310
44 0.717 169995
45 0.716 172618
46 0.715 175180
47 0.713 177685
48 0.712 180135
49 0.713 183080
50 0.714 185991
51 0.714 188869
52 0.715 191716
53 0.716 194533
54 0.717 197322
55 0.718 200083
56 0.718 202818
57 0.719 205527
58 0.720 208213

58.5 0.720 209430

Overtopping Flows, cfs Turbine
Spillway Nonover Nonover Nonover Nonover Spillway Discharge
Gates P-house B=Varies B=12 B=12 B=12 Piers cfs

Cf= 2.66

Cf = 3.20 2.67 2.66 2.91 2.81 2.91 2.70

Z,= 1399 1392 1392 1392 Varies 1392.38 1394.42

L = 175.0 174.0 43.82 152.5 93.9 10.0 39.0

12600
12600
12600
12600
12600
12600
12600
12600
12600
12600
12600
12600
12600
12600
12600
12600
12600
12600
12600
12600
12600
12600
12600

0 0 0
465 117 444 3 14
1314 330 1255 36 60
2414 606 2306 119 123
3717 932 3550 267 200
5194 1303 4962 490 288

6828 1713 6522 801 386
0 8604 2159 8219 1205 494

560 10512.2 2637 10041 1714 610

1584 12543.7 3147 11982 2510 734
2910 14691.3 3686 14033 3394 865
4480 16949.2 4252 16190 4363 1003
6261 19312.2 4845 18447 5409 1148
8230 21775.9 5463 20801 6527 1299

10371 24336.2 6106 23246 7714 .1457
12671 26989.7 6772 25781 8965 1620
15120 29733.1 7460 28402 10277 1789
16397 31137.7 7812 29743 10955. 1876

47
209
436
713

1032
1388

1777
2198
2646
3122

3624
4149

4698
5270
5563

Att 4-Boone Dam Rating Curvexs
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Figure 7.1
Boone Rating Curve

Including Turbine Discharge

0

0

4)
I-

1420

1410

1400

1390

1380

1370

1360

1350

1340

0.0 50.0 100.0 150.0 200.0 250.0 300.0 350.0

Discharge - 1000 cfs



TVA
Calculation No. CDQ000020080003 Rev: 0 Plant: GEN Page: 36.1

Subject: Dam Rating Curve, Boone Prepared J.V. Peyton

Checked JB. Mauter

Figure 7.2
Boone Rating Curve

Without Turbine Dischage
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INSTRUCTIONS FOR USE OF TABLES

The sluice should be used to pass all flows up to its maximum capacity. The sluice and spillway must not be
operated at the same time. When the required spill discharge exceeds the sluice capacity, the sluice must be
shut down and the required discharge passed over the spillway.

1. Tables Update

These tables supersede the tables datedOctober 1957. The tables were revised
to increase the maximum headwater elevation covered in the tables from
1386 feet to 1390 feet. The computer code SPILLQ generated the tabulated
discharges.

The accuracy of these tables depends on properly set zero indicator positions
for each of the spillway gates. The tabulated discharges are based on known
gate openings for each indicator position. The known gate openings and,
therefore, the tabulated discharges are accurate only when the zero indicator
settings are properly set.

The indicators should read zero when the gates are closed with the slack
removed from the cables. The zero indicator settings should be verified
whenever the gates are inspected.

2. Purpose of Tables

These tables provide a means for setting required spillway discharges and for
determining the discharge when a specific arrangement of gates is in use. The
tabulated discharges are based on test results from scale models.

The specific gate arrangements in the tables were determined by considering
erosion data obtained from spillway model studies together with incremental
discharge values required for satisfactory spillway operation.

3. Range of Tables

The tables cover a discharge range from approximately 4,000 cubic feet per
second to 164,300 cubic feet per second. Headwater elevations range from
1357 feet to 1390 feet. Smaller discharges and smaller headwater elevations
are not included because the performance of the spillway apron is
unsatisfactory at small spillway discharges. Consequently, the spillway must
not be used for headwater elevations below 1357 feet. ,

As noted above, the spillway and sluice must not be used at the same time.
Therefore, the sluice should be used to pass all flows up to its maximum
capaci , which is 3,330 cubic feet per second at headwater elevation 1357 feet
and 3,830 cubic feet per second at headwater elevation 1385 feet (top elevation
of closed spillway gates). When the required discharge to be passed exceeds
the sluice capacity or the headwater elevation exceeds 1385 feet, the sluice
must be shut down and the required discharge passed over the spillway.

4. Arrangement of Tables

The discharge tables show spillway discharges in cubic feet per second.
Headwater elevations for each 0. 1 foot of headwater elevation are shown at the
top of each column. The headwater range is shown at the bottom of each page.

The discharge is tabulated under the headwater elevations for. specific
arrangements of gate openings, which are indicated-by number in the left and
right columns of each page. The numbered arrangements are defined in the
table of Spillway Gate Arrangements on page 5. Reference to this table and to
the drawing showing the location of the gates on page 4 will determine the gate
opening to which each gate is to be set for any particular discharge given in the
tables.

The tables have been arranged for the spillway to pass approximately 2,000
cubic feet per second per gate during the initial opening of the five spillway
gates, which is required to obtain satisfactory operation of the spillway apron.
For all headwater elevations, gates 5 and 4 are always opened first to give a
discharge of approximately 4,000 cubic feet per second. Because the required
openings for gates 5 and 4 to pass 4,000 cubic feet per second vary with
headwater elevation, six sets of four gate arrangements each are provided so
that proper spillway apron operation will occur at all headwater elevations. For
discharges between approximately 4,000 and 10,000 cubic feet per second, it is
necessary to change the gate openings whenever the headwater elevation rises
above or falls below elevation 1359.2 feet, 1361.0 feet, 1363.5 feet,
067.5 feet, or 1374.5 feet.
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5. Discharge Intervals

The tables have been prepared so that the incremental discharge between the
tabulated values for consecutive gate arrangements is generally less than 5
percent of the tabulated discharge. The incremental discharge between
tabulated values of consecutive headwater elevations is generally less than
I percent. The 5 percent increment is exceeded during the initial opening of
the five spillway gates, where a discharge of approximately 2,000 cubic feet
per second per gate is required to give satisfactory operation of the spillway
apron. Except during the initial opening of the five spillway gates, it is possible
to set any required discharge within 2-1/2 percent and to know the actual
discharge for any given set of conditions within I percent. These tolerances
are considered to be acceptable and therefore it will not be necessaa to
inteipolate between values given in these tables.

When the exact headwater elevation does not appear in the tables, the discharge
for the headwater elevation closest to it is used. For example, the column.
headed 1362.2 is used for actual headwater elevations between 1362.15 feet
and 1362.24 feet inclusive. When the actual headwater elevation is exactly
halfway between tabular values, the larger value is used.

6. Gate Opening Sequence

The spillway gates are to be opened in the sequential order of gates 5, 4, 3, 2,
and 1, and closed in the reverse order. The two spillway gate arrangement
tables on page 5 have been prepared for using the prescribed order of opening
and closing the gates.

When the spillway gates are changed from one gate arrangement to another
within Table 1, or between Table I and Table 2, the gate changes should be
made by going directly from one gate arrangement to the other, operating the
gates in the prescribed opening or closing sequence stated above.

When the spillway gates are being changed from one gate arrangement to
another within Table 2, each consecutive intermediate gate arrangement should
be set. This automatically gives the correct gate opening or closing sequence.

7. Rate of Opening Sequence

A 5-minute interval should be allowed between each gate arrangement change
during opening of the spillway gates. This limitation allows time for the
tailwater elevation to stabilize and thus eliminates the possibility of producing
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excessive erosion in the riverbed below the spillway because of insufficient
tailwater depth. During the initial opening of gates 5 and 4, this restriction
does not apply. Gate 4 must be opened immediately after gate 5 is brought to
its initial position.

The 5-minute interval between gate changes applies only to opening gates.
,Gates may be closed as quickly as desired.

8. Raising and Lowering Gates

The operating mechanism for raising and lowering the spillway gates is located
on the deck of the dam. The gates are raised individually by operating an
electrical switch attached to the operating mechanism. As the gate is raised or
lowered, the gate opening is indicated on a dial that is visible from the control
switch. The gates may be stopped at any opening, but only the openings shown
in the spillway gate arrangement table on page 5 may be used. Care should be
taken to set each required position accurately.

9. Special Instruction - Preventing F low Over Top of Spillway Gates
When Headwater Elevation is Above 1385 feet

If the headwater elevation exceeds 1385 feet (actually, 1384.8 feet to provide a
0.2-foot margin of safety) the spillway gates must be set to one of the gate
arrangements listed in the tables to prevent flow over the tops of the gates. The
minimum gate openings are those corresponding to the lowest numbered gate
arrangement for which a discharge value is provided in the tables.

10. Use of Tables

The tables can be used in two ways: (1) to determine the arrangement of gates
needed to pass a required discharge at a given headwater elevation, and (2) to
determine the discharge for a given arrangement of gates and headwater
elevation.

Example 1: -- What gate arrangement is necessary to pass a discharge of 1,800
cubic feet per second with the headwater at elevation 1367.43 feet? Because
the required discharge is within the capacity of the sluice, the sluice must be
used instead of the spillwa . See Part 2.

Example 2 - Suppose the headwater elevation remains at elevation
1367.43 feet, but the required spill discharge is increased to 4,000 cubic feet
per second. Reference. to Part, 2 (page 38, headwater column 1367, 10-foot
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opening) shows that the sluice capacity has been exceeded. The sluice should
therefore be shut down and the required discharge passed over the spillway.
The first step is to find the table in which the headwater elevation appears.
Referring to the contents page, we find that headwater elevations between
1367 feet and 1369 feet are found on page 11. The headwater elevation closest
to 1367.43 feet is 1367.4 feet. In the column headed 1367.4 the discharge
nearest to the required 4,000 cubic feet per second is 4,300 cubic feet per
second located at the top of the page. By tracing the horizontal line in which
4,300 cubic feet per second appears, to either side of the page, we find that gate
arrangement 9 is the one for producing the discharge closest to 4,000 cubic feet
per second at headwater elevation 1367.43 feet. Referring to page 5 it is found
that gates 4 and 5 both should be opened to gate opening indicator reading 2.5.
Because the gates are opened in the order 5, 4, 3, 2, and 1, gate 5 should first
be opened to indicator reading 2.5 and then iminediatel gate 4 should be
opened to indicator reading 2.5. This initial opening of gates 5 and 4 is the
only circumstance in which one gate is operated immediately after another
without a 5-minute delay.

Exq.mple 3 - It may now be necessary to increase the discharge to 10,000 cubic
feet per second with the headwater elevation remaining at 1367.43 feet. In the
column headed 1367.4 on page 11, the discharge nearest to 10,000 cubic feet
per second is 10,740 cubic feet per second for gate arrangement 12. Referring
to page 5 it is found that gate arrangement 12 specifies that all five gates should
be opened to indicator reading 2.5. Because gate arrangement 9, the current
arrangement, and gate arrangement 12, the required arrangement, are both
within gate arrangement Table 1, we may go directly from the one gate
arrangement to the other following the prescribed order of opening the gates
and using the prescribed 5-minute interval between gate changes. With gates 4
and 5 already open to indicator reading 2.5, the remaining gates should be
opened as follows: gates 3, 2, and 1, in that order, from closed to indicator
reading 2.5 with 5 minutes elapsing between each gate change.

Example 4 - With gate arrangement 12 set the headwater elevation may rise
from 1367.43 feet to 1367.60 feet. In the column headed 1367.6 on page I I
there is no value of discharge for gate arrangement 12. This constitutes one of
the five breaks in the spillway discharge tables where the gates must be shifted
from one basic type of gate arrangement to another to obtain, or maintain, the
desired discharge. In the column headed 1367.6 on page I I the discharge
closest to 10,000 cubic feet per second is 10, 160 cubic feet per second for gate
arrangement 32. Because, as shown on page 5, gate arrangement 12 is in
Table I and gate arrangement 32 is in Table 2, we may go directly from the one
gate arrangement to the other following the prescribed order of opening or
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closing the gates. Page 5 shows that gates I and 2 should be closed from
indicator reading 2.5 to indicator reading 2. Because the 5-minute interval
between gate changes applies only to opening gates, gates I and 2 may be
closed as quickly as desired. In accordance with the prescribed closing
sequence the gates should be closed in the order I and 2.

Example 5 -- It may now be necessary to increase the discharge from 10,000
cubic feet per second to 11,000 cubic feet per second with the headwater
elevation remaining at 1367.60 feet. In the column headed 1367.6 on page 11,
the discharge nearest to 11,000 cubic feet per second is It, 120 cubic feet per
second-for gate arrangement 35. Referring to page 5 it is found that gate
arrangement 32, the current arrangement, and gate arrangement 35, the
required arrangement, are both within gate arrangement Table 2. According to
the instructions, each consecutive gate arrangement step should be set when
changing from one gate arrangement to another within Table 2. To change
from gate arrangement 32 to gate arrangement 35, arrangements 33, 34, and 35,
in that order, should be set. This automatically gives the correct gate opening
procedure. The gates would be opened as follows: gate 2 from indicator 2 to
indicator 2.5; five minutes later, gate I from indicator 2 to indicator 2.5; and
five minutes later, gate 5 from indicator 2.5 to indicator 3.

Example 6 -- Suppose the operating records show that the headwater is at
elevation 1371.15 feet and gate arrangement 58 is in use. The headwater is
found on page 13, which is marked "Headwater 1371 to 1373." The elevation
given is exactly halfway between elevation 1371.1 feet and 1371.2 feet. The
larger value, 1371.2 feet, should be used. In the column headed 1371.2
opposite gate arrangement 58, the discharge is found to be 25,110 cubic feet
per second.
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SPILLWAY GATE ARRANGEMENTS

TABLE I

Arrange- Gate Number
ment

Number 1 2 3 4 5

1 - - - 1.5 1.5
2 - 1.5 1.5 1.5
3 1.5 1.5 1.5 1.5
4 1.5 1.5 1.5 1.5 1.5

5 - 2 2
6 2 2 2
7 2 2 2 2
8 2 2 2 2 2

9 - - - 2.5 2.5
10 - 2.5 2.5 2.5
11 2.5 2.5 2.5 2.5
12 2.5 2.5 2.5 2.5 2.5

13 3 .3
14 3 3 3
15 - 3 3 3 3
16 3 3 3 3 3

17 - - - 3.5 3.5
18 - 3.5 3.5 3.5
19 3 3.5 3.5 3.5 3.5
20 3.5 3.5 3.5 3.5 3.5

21 - - - 4 4
22 - 4 4 4
23 4 4 4 4
24 4 4 4 4 4

TABLE 2

Gate Number Gate Number
Arrange-

ment

Number

Arrange-
ment

Number1 2 3 4 5 2 13 4 15

1.5
1.5
1.5
1.5
2

2
2
2
2

2.5

2.5
2.5
2.5
2.5
3

3
3
3
3

3.5

3.5
3.5
3.5
3.5
4

4
4

.4
4
5

5
5
5
5

6.5

1.5
1.5
1.5
2
2

2
2
2

2.5
2.5

2.5
2.5
2.5
3
3

3
3
3

3.5
3.5

3.5
3.5
3.5
4
4

4
4
4
5
5

5
5
5

6.5
6.5

1.5
1.5
2
2
2

2
2

2.5
2.5
2.5

2.5
2.5

3
3
3

3
3

3.5
3.5
3.5

3.5
3.5
4
4
4

4
-4

5
5
5

5
5

6.5
6.5
6.5

1.5
2
2

.2
2

2
2.5
2.5
2.5
2.5

2.5
3
3
3
3

3
3.5
3.5
3.5
3.5

3.5
4
4
4
4

4
5
5
5
5

5
6.5
6.5
6.5
6.5

2
2
2
2
2

2.5
2.5
2.5
2.5
2.5

3
3
3
3
3

3.5
3.5
3.5
3.5
3.5

4
4
4
4
4

55
5.

5
5

6.5
6.5
6.5
6.5
6.5

6.5
6.5
6.5
6.5
8

8
8
8
8
10

10
10
10
10
13

13
13
13
13
17

17
17
17
17
21

21
21
21
21
25

25
25
25
25
31

6.5
6.5
6.5
8
8

8
8
8
10
10

10
10
10
13
13

13
13
13
17
17

17
17
17
21
21

21
21
21
25
25

25
25
25
31
31

6.5
6.5
8
8
8

8
8
10
10
10

10
10
13
13
13

13
13
17
17
17

17
17
21
21
21

21
21
25
25
25

25
25
31
31
31

6.5
8
8
8
8

8
10
10
10
10

10
13
13
13
13

13
17
17
17
17

17
21
21
21
21

21
25
25
25
25

25
31
31
31
31

8
8
8
8
8

10
10
10
10
10

13
13
13
13
13

17
17
17
17
17

21
21
21
21
21

25
25
25
25
25

31
31
31
31
31

GATE OPENINGS

Figures in columns under each gate number refer to gate opening indicator reading
dash (-) indicates closed gate
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INSTRUCTIONS FOR USE OF TABLES

The sluice should be used to pass all flows up to its maximum capacity. The sluice and spillway must not
be operated at the same time. When the required spill discharge exceeds the sluice capacity, the sluice
must be shut down and the required discharge passed over the spillway.

1. Tables Update

These tables supersede the tables dated.February 1953 in the October 1957
issue of the Sluice and Spillway Discharge Tables. The tables were revised
to reflect the discharge values obtained from SPILLQ, which is a computer
code used in TVA software for monitoring spill discharges and determining
gate arrangements.

2. Purpose of Tables

These tables provide a means of setting up or determining the discharge
through the sluice in Boone Dam. They give the discharge in cubic feet per
second when the headwater elevation and sluice gate opening are known.
The discharges are based on discharge measurements taken at the bridge
downstream from the dam, and on pressure measurements taken from the
upstream sluice gate bypass line for each, one-half foot of gate opening.

3. Rangebf Tables

The tables cover a discharge range from 0 to 3,830 cubic feet per second.
Headwater elevations range from 1325 feet to 1385 feet. Sluice gate
openings range from 0.2 feet to the maximum opening of 10 feet.

4. Arrangement of Tables,

The sluice discharge tables show discharges in cubic feet per second for
each foot of headwater, elevation. The headwater range is shown at the

bottom of each page. Gate opening positions ranging from 0.2 feet to 10
feet in 0. 1 -foot increments are listed in the left and right columns.

Discharges are recorded to the nearest 5 cubic feet per second for
discharges less than 100 cubic feet per second and to the nearest 10 cubic
feet per second for discharges greater than 100 cubic feet per second.
Because the accuracy of the field measurements does not warrant greater
refinement, there should be no interpolation between values given in these
tables

5. Gate Opening Indicator

A pointer and scale attached to the gate lifting mechanism indicates the gate
opening. The indicator must read zero when the gate is closed for these
tables to be accurate.

6. Use of Tables

Discharges should be takenfrom the tables for the tabulated values nearest
to those observed. For example, if the headwater elevation is 1343.76 feet
and the gate is open 8.4 feet, the discharge is found on page 34 in the
column headed 1344 opposite the gate opening of 8.4 feet, or 2720 cubic
feet per second.

When the actual headwater elevation is exactly halfway between tabular
values, the larger value should be used in determining the discharge.
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Appendix A: Hydrostatic Loads on the Spillway Tainter Gates

The hydrostatic loads on the spillway tainter gates for Boone Dam can be found in the following calculations.

Al References

Al. "Watts Bar Dam - Flood and Earthquake Analysis on Radial Spillway Gates, pages 76-100" Tennessee Valley
Authority, HEPE3WBHSQN-WBNBLNBFN.

A2. Calculations

Reference B I evaluates the structural capacity of the radial spillway gates at Watts Bar Dam. This reference was used
as a basis for evaluating the margin between the forces on the closed gates (FRCIoSCd) when the headwater elevation is at
the top of the gate (1385 feet) and when the gates are completely open (FRopen) and the headwater elevation is at 1408.,
feet at Boone Dam. The margin is defined as the ration of FR0 pen to FRcloswd. The calculation of these forces and the
results of this comparison are shown in Figure AI.
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Comparison of forces when gates are closed and HW is at 1385 feet (top
of gate) vs. when gates are fully open and HW at an elevation of 1408.50

feet.

Attribute Symbol Value
top elev
trun elev
sill elev
radius
length
angle up
angle lwr
angle tot
area of lower slice
proj area
Desgn LdH
Result elv
Result ang deg
Result ang rad
Result Dsgn
Area slice upper
Area triangle
project vert
vert weight water

Gates Closed

vert open fm calc
max hw
Iwr lip elev
bot angle
top elev
project area for h Id
Flood LdH
Height over gate
Height ratio to orig
project vert
Flood LdV1
Flood ILdV2
Total Flood LdV
ReGasultant load
'Gates Fully Open

Zo
Ztr
Zsill
R
L

.2

0

Aslicel
AProjected
FRx
zi

Horiz
'Aslice2
Atriangle
xl1
FRy

FRclosed

calc App A
calc
Z2
o3
Zo
AProjected
FRx

x2

FRy

FRopen

1385
1363

1349.41
36
35

37.67
22.18
59.85i

676.881
1245.65

1383179.731
1361.27:

2.75
0.05

1381587.84
426.04~

313.45
7.50

114685.91

1387926.15

31.54
1408.50
1380.951

29.91
1399.001

S 631. 741
730271o .01.

9.500

1.66
31.05ý

644310.00 Ir

357525.12
1001835.12:

1239745.68,

Margin FRopq./FR. 10.d 0.89

Figure Al: Boone Spillway Gate Margin Evaluation
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Figure A2: Diagram of Hydrostatic Forces
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