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II

III

PURPOSE

The purpose of this calculation is to establish operating
limits for Keowee Hydro Station when supplying power to the

Duke Power Distribution Grid. These Limits will be based on
the station configuration after it is modified by NSM ON-
52966. The purpose of these limits is to insure that Keowee

will be able to perform its safety related functions whenever
it is in power production.

An additional purpose of this modification is to provide
simulated unit start-up response as a design input for the

electrical groups designs on NSM ON-52966.

RELATION to NUCLEAR SAFETY

Since this calculation will identify operating limits for
Keowee to ensure 1ts operability, this calculation 1is
designated as QA Condition 1.

’

DESIGN METHOD

The design method for this calculation will be to review test
data of load rejections performed in the past for acceptable
initial conditions. This test data will also be used to
verify a computer model developed by Voith Hydro Inc. The
results of the test data and model predictions will be used to
expand the acceptable test initial conditions to produce an
acceptable operating range. These will be in the form of
power, Keowee lake level - and operating tailrace level
restrictions.

APPLICABLE CODES and STANDARDS

ANSI N45.2.11 has been reviewed and all applicable design
inputs are addressed in the appropriate sections of this
calculation.

OTHER DESIGN CRITERIA

EDM Section 101.4.5 and NSD 800 1lists the requirements for
Computer Program Verification.
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VI

VII

VIII

IX

FSAR CRITERIA

FSAR Chapter 8.3.1.1.1 Keowee must provide emergency power in
23 seconds. :

ASSUMPTIONS

7.1 The accuracy of Lake elevations measurements used in

this calculation are assumed to be accurate to within *
1/2 foot. This is based on the measurement method. The
water elevations for the testing performed for this
.calculation were measured manually. Observations of
this method were made and this accuracy is considered to
be conservative.

7.2 Data interpolations and extrapolations are assumed to be
linear over the range of the interpolation or
extrapoclation.

REFERENCES

8.1 TT/0/A/0620/05 Keowee -Load Rejection Testing Performed
2/23/95

8.2 TT/0/A/0620/03 Keowee Load Rejection Testing Performed
3/6/93

8.3 Keowee Calculation  KC-UNIT-1-2-0097 Rev.0 Turbine
Generator Overspeed Set Point Calculation.

8.4 Drawing K-34 Rev. 0

8.5 Drawing K-130 Rev. 12

8.6 Keowee Vendor Drawing KM 200-126 Rev. DK
8.7 Calculation 0SC-6003 Rev. 5

CALCULATION

Keowee can be in two different initial conditions prior to
being needed to supply emergency power to Oconee Nuclear
Station. These two initial conditions are power operation to
the Duke grid and, at rest in standby. These two responses
will be evaluated by this calculation.
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In the first initial condition, power operation, the units are
generating power in to the Duke System Grid. Following the
initiation of the loss of power signal from Oconee, the
response of the switching logic at Keowee is to separate the
units from the Duke grid and then tie into the their

respective emergency power supply paths. This operation,
separation from the grid, causes the Keowee units to
experience a load rejection (LR) transient. During this

transient the wunit speed increases significantly before
governor control can return the unit speed to normal. The
amount of this increase and the length of time the unit is in
overspeed 1s dependent on several variables. The initial
power output of the unit has the greatest effect on overspeed.
The greater the load rejection the greater the overspeed.
Headwater and Tailwater conditions also have an effect.
Design restrictions from the electrical group designing NSM

ON-52966 are such that the unit speed must be 110% or less and
decreasing at a time of 22 seconds following the initiation of
the LR. This 1is to prevent exposing the emergency power
systems to excessive electrical frequency. Operation curves
(Power, Head and Tailwater elevations) which meet this
criteria will be developed herein.

The second initial condition is the Keowee units are at rest
when the emergency start logic is activated by Oconee. This
causes the units to start rapidly. If a governor failure were
to occur that would cause one of the units to runaway, this
unit must be detected and removed from service. As part of
the design inputs for the electrical portion of this
modification, the Electrical Group needs to know the slowest
unit startup characteristics. A unit speed vs startup time
curve will be produced by the model for the conditions that
would produce the slowest response.

Since it is not practical to test the response of the Keowee
units for all of the different combinations of the above
design conditions, a computer simulation will be used. This
model will allow the investigation of variables that would
effect these restrictions. Limits for these variables can
then be developed.

The calculation will be performed in the following sequence:

9.1 The LR test data will be reviewed and evaluated,



KC 1-2-0106 Rev. 1
By 5/0571995
Page 4 of 38

.1

9.2 The Voith Hydraulic Transient Model for Keowee will
be reviewed.

9.3 Acceptable operating conditions for power operation
will be calculated.

9.4 The model will be used to simulate unit start-up
with a governor failure on one unit, (input for
Electrical group).

Review and Evaluation of Test Data

On February 23, 1995 load rejection (LR) testing was
performed on the Keowee Hydro units (Ref 8.1). The
purpose of this testing was to obtain data concerning
the response of the Keowee units. This data will be
presented here and evaluated. The following was recorded
for each load rejecting unit:

Unit Speed vs Time

Wicket Gate Position vs Time

Forebay (Lake Keowee Level) Water Elevation
Tailrace Elevation
Initial Power

The test conditions and test results 3% are included in
Attachment 3. Also in Att. 3 a summary table is included
with frequently used outputs. The time for Unit Speed vs
Time data was recorded in milliseconds. This was
converted to seconds on Attachment 3. The gate position
(3 Gate open) was calculated as follows:

Output Voltage
% Gate = Input Voltage

The Input voltage signal was recorded only following the
initiation of the LR. This can be noted by observing a
step change 1in Input Voltage. This step change
indicates the initiation of the LR. Following the LR f
input voltage is recorded. Therefore, the % Gate can
only be accurately determined for gate positions
following the trip.

Since the data recorded in Attachment 3 were recorded by
two separate recorders, the times do not match. There
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is no trip signal for the RPM record. The time that the
LR occurred must be determined for the RPM data.

Using the information from LR testing performed in March
1993 (Ref 8.2), and comparing it with Voith Hydro Model
runs (Attachment 1) for the same conditions, it can be
seen that test speed, one second following the LR, is
very close to the model predicted speed. The use of the
Voith Model here will be justified in Section 9.2.

From Att. 1 Pg. 4
75 MW LR Test (RPM) @ 1 sec

137.78 RPM

94 MW LR Test (RPM) @ 1 sec

139.88 RPM
Model times @ 1 sec:

75 MW = 138.67 RPM
94 MW 141.26 RPM

Comparing the test with the model:

Power Model Test Difference
MW RPM RPM

75 138.67 137.78 0.9 RPM
94 141.26 139.88 1.4 RPM

Using the model data, predict when the above test
started, relative to the computer model, by
interpolating model speed at 1 sec with test data and
subtracting 1 sec from that time:

75 MW Data Interpolate 138.67 RPM with test data gives:

Time RPM

1.0 137.78

T 138.67
2.0 147.89
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Subtracting 1 second gives the model’s estimate of when
the test LR occurred:

T = 0@ 1.09 - 1 = 0.1 sec

94 MW Data Interpolate 141.26 RPM with test data gives
a time of 1.11 sec. Subtracting 1 second gives the
model’s estimate when the test LR occurred:

T =00Q 1.11 - 1 = 0.l1lsec

The above predictions are based on test data that is of
unknown accuracy (Ref. 8.2). In addition, the above
method predicts a starting time after the LR has begun.
To compensate for this uncertainty, any starting time
calculated using this method will be corrected by 0.25

sec. This amount is appropriate since the test date in
Attachment 3 1is recorded in approximately 0.5 sec
intervals. The correction amount is 1/2 of this
interval. This assumes a normal distribution of LR

.times within the time scan band.

For each of the 11 LR test, model runs were performed
(Attachment 3 contains both test results and model
results simulating the tests). Using the model speed
estimate at 1 sec, a prediction of when the test LR

M . .
occurred.” By interpolating the test data at the model

speed the time for each test one second into the LR can
be found.

Model results for Model 1:

.996 sec 136.84 RPM

Test 1 Time sec Speed RPM
12.591 135.02
13.086 : 139.469

Interpolating the test results at 136.84 RPM:

Test Time (136.84-135.02)
@ 0.996 sec = (13.086-12.591) +12.591
(139.469-135.02)

= 12.793 sec
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Now to find the estimated starting time of the LR, 0.996
seconds must be subtracted:

T =204 12.793 - 0.996
= 11.797 sec
The correction of 0.25 sec is now added:

T =11.797 - 0.25 = 11.547 sec

Repeating the above operation of the remaining 10 tests
gives the following:

Test No. Time @ T =0 sec
1 11.547
2 10.657
3 7.343
4 5.822
5 9.126
6 Ul 9.101
6 U2 9.315
7 Ul 10.33
7 U2 10.58
8 Ul 9.135
8 U2 9.363 -
9 10.08
10 2.390
11 Ul 10.043
11 U2 10.180

Now, the time that the Keowee units, following the
initiation of the LR, passed through 110% rated speed
decreasing must be determined. The accuracy of the RPM
readings is +0.44 RPM (Attachment 16). To Dbe
conservative, this amount will be rounded up to 0.5 RPM.
This amount will be subtracted from the 110% speed
value to give a conservative time at 110%. Rated speed
for the turbine is 128.6 (Attachment 1). The speed which
the unit needs to be equal to or below at 22 seconds is:

N = (1.1 X 128.6) -0.5 = 140.96 RPM
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Using this speed and interpolating the test data, the
time can be determined:

Example Test 1 (Att. 3)
Time when Test 1 reached 140.96 RPM decreasing
(140.96-~142.308)

Test Time = (26.158-26.652) +26.158
(142.308-140.259)

= 26.483 sec

Repeating the above operation of the remaining 10 tests
gives the following:

Test No. Time @ T =140.96 RPM
sec

1 26,483

2 28.346

3 27.462

4 21.394

5 27.421

6 Ul 24.498

6 U2 25.512

7 Ul 27.914

7 U2 28.829

8 Ul 28.525

8 U2 _ 29.055

9 ‘ 24,586

10 21.960

11 Ul 27.419

11 U2 27.974
No correction has yet been made for the accuracy of the
time keeping associated with the test data. The
recorded time was kept by the data recording computer.
(an IBM laptop) The accuracy of this measurement over
this short of a time frame (22 sec) is expected to be
very small. To be conservative, an accuracy of 0.1 sec

over a 22 sec period will be assumed.

Now to find the elapsed time from the LR to reach 110%
speed decreasing. Subtracting the time at initiation
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from the times Jjust calculated above gives (the time
uncertainties will also be added):

Test 1 T = 26.483 - 11.547 + 0.1 = 15.04 sec

Repeating the above operation of the remaining 10 tests
gives a conservative time for the LR speed to reach 110%

RPM :

Test No. Time @ Time to 110% sec
1 15.04
2 17.79
3 20.22
4 15.67
5 18.40
6 Ul 15.50
6 U2 16.51 Note 1
7 Ul 17.68
7 U2 18.60 Note 1
8 Ul 19.49
8 U2 20.02 Note 1
9 : 14.61
10 19.67
11 U1l 17.48
11 U2 18.03 Note 1

Note 1: For the double unit LR test the earliest
time for the initiation of the LR was used to
calculate the elapsed time for both units. This is
conservative. The difference in time of Unit 2
compared to Unit 1 can be explained partially by
the data acquisition program used to record the
test data. The computer recorded data approximately
ever 0.25 seconds (1/2 of every time interval). It
would record Unit 1 first, then Unit 2. Therefore,
the Unit 2 data is approximately 0.25 seconds
behind Unit 1. '

It can be concluded that all 11 tests produced times and
speeds acceptable for the design requirement, 110% speed
decreasing in less than 22 sec.
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9.

2

Evaluation of the Voith Hydro Model.

EDM Section 101.4.5 and NSD-800 lists the requirements
for the verification of computer programs that will be
used for the design of QA Condition items. This portion
of this calculation will verify the validity of portions
of CORA Version 1.1 for Keowee Hydro Station. This
program belongs to and is operated by Voith Hydro Inc.
(Voith).

Voith is a maker of large hydro turbines. Voith 1is
considered to be the Original Equipment Manufacturer of
the Keowee turbines after Voith Purchased the Allis-
Chalmers Corporation, Hydro-Turbine Division in 1986.

Both Voith and Allis-Chalmers have more than 120 years
experience in the hydro turbine field. A requirement of
EDM 101 1is that the Vendor Verification must be
performed. This verification 1is based on Voith's
expertise and experience in this field. Voith has

.supplied many of the Turbines on the Duke Hydro System.

Specifically, Voith's expertise is recognized in the
industry through the presentation and publications of
the CORA program used in this model. This program has
been presented at the Joint  ASCE-IAHR/AIHR-ASME
Symposium on Design and Operation of Fluid Machinery
June 1978 and most recently at the 1983 ASCE Water Power
Convention. Copies of these presentations are included
with the Voith model report in Attachment 1. Also
included in Attachment 1, are summaries of 7 other model
reports on other projects. These reports also compare
actual test data and model data. The model shows good
correlation with the actual test data.

Voith was contracted to develop a hydraulic transient
model for Keowee. This model was based on information
that Voith maintains as the OEM of the Keowee turbines
and information specific to the Keowee installation. A"
model was developed using Version 1.1 of CORA
(Attachment 1). The following 1is a 1list of input
information that was used: :

The Report of Model Tests for Duke Power Company, Keowee
Development. October, 28 1966 by Allis-Chalmers Co.
This report was created by Allis-Chalmers to define the
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operating characteristics of the Keowee turbines. (Ref.
8.3). This 1is the report on the actual scale model
tests that were performed by Allis-Chalmers to design
the Keowee Units and should not be confused with the
computer model being evaluated herein.

Index Test Report for Duke Power Co. Keowee Power Plant
September, 1971 by Allis-Chalmers Co.. This is the
report of the Index Test for the actual turbines. This
report provided gate position to servo motor $ stroke.
(Ref 8.3)

Keowee Penstock and Layout Drawings (Ref 8.4 and 8.5)
were used to define the configuration of the Penstock.

Tests (Ref 8.1 and 8.2) were used to help benchmark the
model as well as to help define the gate closing
characteristics. Test data (Ref 8.2) was also used to
develop <cavitation characteristics (Sigma) and is
discussed in Att 1. The Allis-Chalmers model tests
performed, produced Sigma characteristics mostly for
runaway conditions. During the development of the Voith
Computer model, this information was found to be
inadequate for the conditions in this calculation. To
resolve this problem, Voith modified the Sigma input to
match the two tests in Ref. 8.2. These two Sigma
responses Wwere then averaged to produce a better
simulation.

Unit startup information was obtained during the
performance of PT/0/A/0610/22 on May 22, 1993. During
the performance of this test a trace of the unit speed
and gate opening vs. time was obtained (Attachment 7).
This information provided gate opening timing as well as
startup verification.

Verification of the computer model will .be performed
using the load rejection test performed for this
purpose. TT/0/A/0620/05 was performed on February 23 ,
1995 (Ref. 8.1). During this test, 11 load rejections
(LR) were performed. These LR were evaluated in Section
9.1. The test results are included in Attachment 3.

Using the initial conditions, recorded in the test
(Initial Power, No. of Units running, Forebay Level and
Tailrace Level), Voith produced Time vs RPM model runs.
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This model output data is included in Attachment 3. To
help verify the model, graphs were generated using the
actual test data and the model data. These are included
in Attachment 8. The time used as T = 0 for the .test
data was calculated in Section 9.1. Reviewing these
comparison curves, it can be seen that the model does
not predict the response of the unit exactly. But,
during the first few seconds of the LR, the model is
accurate and maintains the same or smaller slope. This
supports the use of the model to predict the T = 0 point
for the test data as evaluated in Section 9.1 The model
does show matching responses to changes in the operating
variables. For example, as power increased, the model
increased along with the test results (Tests 1,2 and 3).
To better evaluate the model, direct comparisons and
evaluations of the variables (when possible) will be
performed. The variables to be evaluated are as
follows:

Tailrace Elevation Effects
Initial Power Effects
Difference in Unit Performance
Forebay Elevation Effects

Gate Timing
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9.2.1 The effects of changes in Tailrace can be determined from
comparing tests performed with other variables constant
and varying the Tailrace elevation. The runs that can
be used for this comparison are as follows (Att. 3):

Compare Test to Test

Test 1 8

Pwr MW 60 60
Unit 1 1
Forebay 799.87' 799.44°
Tail 663.45" 670.4"
Test 3 ' 10

Pwr MW 90 a0
Unit 1 1
Forebay 799.857 799.44’
Tail 664.25" 671.7'
Test 7 11

Pwr MW 70 .70
Unit 1 1
Forebay 799.58" 799.56
Tail 667.51"' 672.5’
Test 7 11

Pwr MW 70 70
Unit 2 2
Forebay 799.58". 799.56"

Tail 667.51" 672.5'
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To compare the effects of Tail elevation, the gross head
across the unit is calculated:

Test 1 799.87" - 663.45" = 136.42'
Test 9 799.44" - 670.4' = 129.04’
Test 3 799.85" - 664.25" = 135.6'
Test 10 799.44" - 671.7'" = 127.74'
Test 7 799.58" - 667.51" = 132.07'

Test 11 799.56" - 672.5’ = 127.06'

Now calculate the difference in head for each comparison

group. The differences in Forebay levels between
~comparison tests are small compared to the total change
in head. Therefore, the effects of different Forebay

levels will be ignored.
Test 1 compared to Test 9
136.42" - 129.04' = 7.38’

Test 3 compared to Test 10

135.6" - 127.74' = 7.86’
Test 7 compared to Test 11
132.07 - 127.06’ = 5.01’
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Now the effects of the above changes in Tailrace
elevations can be evaluated against the change in the
amount of time for the units to reach 110%.
Test 1 time compared to Test 9

15.04 - 14.61 = 0.43 sec
Test 3 time compared to Test 10

20.22 - 19.67 = 0.55 sec

Test 7 time compared to Test 11

Ul 17.68 - 17.48 = 0.2 sec
U2 18.60 - 18.03 = 0.57 sec

Now compare the change in time to reach 110% speed to
the change in Tail elevation:

Test 1-9 .43 / 7.38 = 0.06 sec/ft

Test 3-10 .55 / 7.86 = 0.07 sec/ft

Test 7-11 Ul .2 / 5.01 = 0.04 sec/ft
U2 .57 / 5.01 = 0.11 sec/ft

The accuracy of the above conclusions needs to be
considered. The accuracy for each time measurement was

developed in Section 9.1. fhis accuracy was * 0.1 sec.

The accuracy of the water elevation measurements are +
0.5". For each addition or subtraction of these times
and elevations the uncertainty is doubled. Therefore

the uncertainty of the time difference above is

0.1 X 2 = 0.2 sec Uncertainty

The uncertainty of the Tail elevation was calculated by
subtracting twice:

0.5 X 2 X 2 =2 feet Uncertainty

The most severe effect noted above was the double unit
LR Test 7 to 11 comparison for Unit 2. Using the above
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calculated wuncertainties the maximum effect can be
calculated:

0.57+.2 = Worst case 0.77 = 0.26 sec/ft

5.01+2 3.01

It should be noted here that as the Tailrace elevation
increased, the time to 110% speed decreased.

Comparison with the Voith model data needs to be
performed. The model was run at the same elevations as
the tests. The model data in Attachment 3 needs to be
evaluated to determine the model time to 110% speed.
Interpolation of the model data is as follows:

Model 1 110% speed is 1.1 X 128.6 = 141.46 RPM

10.957 sec 144.75 RPM
11.953 sec 140.94 RPM

Interpolating to 141.46 gives a time of 11.82 sec
Repeating for the other 10 model runs:

Model No. Time to 141.46 RPM

_ secC
11.82
14.49
18.87
11.78
14.4¢6
12.82
14.74
17.95
12.44
20.10
15.80

= OO~ Wk

= O
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Performing the same compariscons for Tailrace effects as
before:

Model 1-9 11.82 - 12.44 = =-0.084 sec/ft
7.387

Model 3-10 18.87 - 20.1 = -0.156 sec/ft
7.86'

Model 7-11 14.74 - 15.8 = -0.212 sec/ft
5.01’

It should be noted heré that the model does not
correctly predict the effects of raising the Tail water

elevation. The model predicts that as the Tail
elevation increases the gross head across the machine
decreases. This requires that the wicket gates be open
more for the higher Tailrace runs. This would expose
the unit, following a LR, to the gates being open more
and for a longer period of time. For the model, this
increases the time it takes for the unit to reach 110%
decreasing. Test data shows that the higher Tailrace

elevation <causes the time to 110% to decrease.
Additional insight into this problem can be gained by
further examination of the test data for the above
tests. From Attachment 3 the maximum attained LR speeds
are:

Test Test Max RPM. Mdl Max RPM
1 . 165.764 157.45
9 " 165.819 158.32
3 185.427 181.48
10 186.505 183.39
7 U1 177.589 167.41
11 U1 176.848 169.78
7 U2 178.569 167.41

11 U2 178.878 169.78

It is noted that these comparisons agree, since both the
Test data and the model obtain higher maximum RPM when
compared to the higher Tailrace run on 3 of the 4
comparisons. The higher the Tailrace the higher the
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9.2

.2

maximum speed achieved. These phenomena are due to
different braking characteristics of the two tests.

When the Tailwater is high, more of the turbine runner
in under water (Attachment 9). As the wicket gates
close, air is admitted to the turbine area by the air
admission valve. The water level in the turbine is then
dependant on the Tailrace elevation. The higher the
Tailrace elevation the more water in the turbine blade
area and the more braking effect this would have. This
braking effect would not come into play until the wicket
gates are almost closed. This accounts for the higher
max- speeds seen for the higher Tailrace tests. The units
are performing as predicted by the Voith model until the

gates are almost closed. Then the increased braking
action comes into play. This accounts for the decrease
in time to 110%. The Voith model does not take into

account any braking effect differences due to Tailrace
elevation changes. Therefore, the Voith model should not
be used to predict any changes due to Tailrace elevation
changes.

The effects of changes in Power can be determined from
comparing tests performed with other variables constant
and varying the Power. The runs that can be used for
this comparison are as follows (Att. 3):

Compare
Test 1 2 3
Pwr MW 6Q 75 90
Unit 1 1 1
Forebay ft 799.87" 799.9 799.85
Tail ft 663.45 663.6 664.25
Tst T to 110%d 15.04 17.79 20.22
Mdl T to 1108y 11.82 14.49 18.87
Test 4 5
Pwr MW 60 75
Unit 2 2
Forebay ft 799,85’ 799.82
Tail ft 663.02 663.13
Tst T to 110%d 15.67 18.40

Mdl T to 110%y 11.7s8 14.46
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Test 6 7 8
Pwr MW 60 70 80
Unit 1 1 1
Forebay ft 799.837 799.58 799.72
Tail ft 666.65 667.51 668.1
Tst T 110%¢ 15.5 17.68 19.49
Mdl T 110%4 12.82 14.74 17.95
Test 6 7 8
Pwr MW 60 70 80
Unit 2 2 .2
Forebay ft 799.83" 799.58 799.72
Tail ft 666.65 667.51 668.1
Tst T 110%¢ 16.51 18.6 20.02
Mdl T 110%¢ 12.82 14.74 17.95
Test 9 10
Pwr MW 60 90
Unit 1 1
Forebay ft 799.44" 799.44
Tail ft 670.4 671.7
Tst T 110%¢ 14.61 19.67
Mdl T 110%4 12.44 20.1

Using the above information, graphs were made plotting
Power vs Time to 110% (Attachment 10). Using the least
squares method, the linear slope of these lines were
calculated (Attachment 10):

Test curves slope: Test 1-2-3 0.173 sec/MW
Test 4-5 0.182 sec/MW
Test Ul 6-7-8 0.200 sec/MwW
Test U2 6-7-8 0.176 sec/MW
Test 9-10 0.169 sec/MW
Model curves slope: Test 1-2-3 0.235 sec/MW
Test 4-5 0.179 sec/Mw
Test 6-7-8 0.257 sec/MW
Test 9-10 0.255 sec/MW

Reviewing the curves in Attachment 10 and the above
slopes it can be determined that the Voith model does
predict the proper response of the Keowee Units to a LR.
However, the model is more sensitive to power changes
than the actual units. '
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9.2.3 One of the assumptions in the Voith model is that both

9.

2.

4

Keowee units will perform the same following a LR.
Review of the test data included in Attachment 3, shows
that the response of the units is slightly different for
each unit. Comparing the time to 110% for the following
runs:

Compare Similar Test Different Units

Unit 1 Unit 2

Run Run Time Difference (sec)
1 4

15.04 - 15.67 = -0.63 sec
2 5

17.79 - 18.4 = -0.61 sec
6 6

15.5 - 16.51 = -1.01 sec
7 7

17.68 - 18.6 = =-0.92 sec
8 8

19.49 - 20.02 = -0.53 sec
11 11 _

17.48 - 18.03 = =-0.55 sec

It is noted that Unit 2 is anywhere from 1/2 to 1 sec
slower in recovering following from the LR. Up to 0.5
seconds of this difference is explained in Sect 9.1 in
Note 1. This difference will not be subtracted out for
additional conservatism. If Unit 1 test data is used to
develop restrictions, then additional corrections will
have to be added to correct for differences in the Unit
2's performance.

The Voith model needs to be evaluated for effects of

changes in Forebay elevation. The Voith model predicts
that as the Forebay elevation is decreased, the time to
110% is increased. This is due to the decreased gross

head available to the turbine. With a lower head the
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wicket gates on the turbines must open more to maintain
the same power output. When the LR occurs the turbine
must deal with a longer time for the gates to close, due
to them being open wider. Alsoc the velocity of the water
1s greater causing a greater pressure surge as the gates
go closed. These factors combine to produce higher and
longer speed response. Some of these effects can be
seen in the Test data in Attachment 3. Although these
test only varied Tail elevation, they did reduce the
gross head available to the turbines. Since Maximum RPM
occurred at approximately 8-10 sec into the LR, the
wickets gates were still open significantly. Therefore,
braking effects mentioned in Section 9.2.1 had not come
into play yet. Any difference in RPM would be due to
differences 1in gross head. To compare these tests
against the model, the difference in maximum RPM will be
divided by the change in gross head:

From Attachment 3

Test No. Tst Max RPM Gross Head ft Mdl Max RPM
+0.44 1.0 +0.44
1 165.764 136.42 157.45
9 165.819 129.04 158.32
“Tst (165.764 -~ 165.819) = -0.01 #0.16 RPM/ft
(136.42 - 129.04)
Mdl (157.45 - 158.32) = -0.12 RPM/ft
(136.42 - 129,04)
3 '185.427 135.6 181.48
10 186.505 127.74 183.39
Test - -0.14 +0.2 RPM/ft '
Mdl - -0.24 RPM/ft
7 Ul 177.589 132.07 167.41
11 U1 176.848 127.06 169.78
Test - +0.15 £0.39 RPM/fL
Model - -0.47RPM/ft
7 U2 178.569 132.07 167.41
11 U2 178.878 127.06 169.78
Test - -0.06 +0.34 RPM/ft
Model - -0.47 RPM/ft
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9.

2.5

As can be seen from the above comparisons, the model
predicts the effects of gross head changes on maximum
overspeed. The model predicted effect is within the
accuracy of two of the above test and predict a greater
effect compared to the remaining two. The addition of a
safety factor is warranted here. A safety factor of 1.5
will be employed whenever the model is used to predict
changes in gross head. These comparisons were made using
changes in gross head using Tailwater elevation changes.
Any use of this portion of the model should be limited
to a narrow band around known data. Since the above
comparisons were made in the range of 7 to 5 feet
differences, predictions within 4 feet will be
conservative.

Gate timing is a design input characteristic that was
determined originally by the March (Ll§93 testing (Ref
8.1). Since this information is of unknown accuracy,

‘this input characteristic needs to be evaluated using

the test data in Attachment 3. Gate timing on the Keowee
Turbines is controlled by the Governor. Closing gate
speeds are limited to different rates. The unit has a
nominal closing rate that is in effect from 100% to
approximately 10% closed. From Approximately 10% to
full closed, the gates close at a slower rate to reduce
the closing pressure transient. These rates and the
transition point need to be determined. Using the data
in Attachment 3, graphs of the gate closing position vs
time were made (Attachment 11). Using this data, linear
slopes of the normal closing and slow closing can be
calculated (Attachment 11). Straight lines with these
slopes were drawn on these curves to demonstrate their
appropriateness. The accuracy of the gate position

indication was found to be *.07% (Att 16) and time

accuracy for this duration is again estimated to be +.1
sec.
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From Attachment 11:

Slope Tst 1 Nominal 38+.07-0+.07 = -4.0+ 0.06 %/sec
0 - 9.5%.1
Slope Tst 1 Slow Closure 8+.07 - 0+.07 = -1.48 +.06 %/sec
(8-13.4)+.1
Unit 1 Tests Nominal Timings Slow Close Timings
%/sec +0.06 %/sec +0.06
1 -4.00 -1.48
3 -4.16 -1.45
9 -4.,03 -1.47
7 -4.11 -1.42
8 -4.,21 -1.48
9 -4.,04 -1.40
10 -4.22 ~-1.54
11 -4.12 -1.53

4 -4.17 -1.68
5 -4.16 -1.62
6 -4.20 -1.62
7 -4.20 -1.62
8 -4.21 -1.58
11 -4.28 -1.65

In the Veoith Model this information is input in the form
of “Nominal” Gate Time. This is defined as the time for
the gates to travel from 100% to 0% without any slow -
closure. Using the above information to calculate this
nominal gate time: '

Unit 1 Tests

Test 1 100/4.000 £.06 = 25.010.4 sec Nom. Gate Time
Test 3 24.0 sec

Test © 24 .8 sec

Test 7 24.3 sec

Test 8 23.8 sec

Test 9 24 .8 sec

Test 10 23.7 sec

Test 11 24.3 sec

Average Nominal Gate Time = 24.3 +0.4 sec
Maximum Gate Time = 25.00 0.4 sec
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Unit 2

Test 4 24 .0 sec
Test 5 24.0 sec
Test 6 23.8 sec
Test 7 23.8 sec
Test 8 23.8 sec

Test 11 23.4 sec
Average Nominal Gate Time = 23.8 +0.4 sec
Maximum Gate Time = 24 +0.4 sec

The slow closure rate used in the model is input in the
form of what % Gate Opening the slow closure begins and
the amount of time for the gates to go full closed from
that point. The model used a slow closure starting
position of 11%. Therefore, using the graphs in Att. 11
and the closure rates listed above, e slow closure
rates from the tests can be calculated as above:

Unit 1 Slow Closure Time (Model)
Test 1 11/1.48 +.06 = 7.4 0.3 sec
Test 3 7.6

Test 6 7.5

Test 7 7.7

Test 8 7.4

Test 9 7.9

Test 10 7.1

Test 11 7.2

Average 7.5 0.3 sec

Maximum Gate Time 7.9 #0.3 sec

Unit
Test
Test
Test
Test
Test
Test 11

Average 6.8 0.3 sec
Maximum Gate Time = 7.0 £0.3 sec

low Closure Time (Model)

O JoOyUnNdN

S
6
6
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To verify the initiation point of the slow closure the
graphs 1in Att. 11 were reviewed to determine the
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approximate point where slow closure begins. The
selection of these points will be by observing the graph
and selecting the first point after the slope changes.
The actual point where the transition from nominal to
slow closure rates occurred most likely within the 1/2
sec period before this point.

Unit
Test
Test
Test
Test
Test
Test
Test 10
Test 11

Average

low Closure Starting % +0.07

OWo-JoyWwr P
O NNWNDOOTYO WO

~ 0O NJJJIJW

H
o
~

% Gate

Unit
Test
"Test
Test
Test
Test
Test 11

Average

low Closure Starting % +.07
2

3
2

DO ~Joy N

6

QD WYWWWXOWOWWn

.2
.5
.8 £.07 % Gate
From Attachment 1 the closing Gate timing used in the
model is: ,

1/2 sec delay-

24.77 sec Nominal Gate Timings

11 % gate Slow Closure begins
6.8 sec Slow Closure time.

A graph of the above model closing rates was made
comparing the above model rates with the maximum(Test 11
U2) and minimum (Test 1 Ul) nominal closing test rates
(Attachment 13). The Test Data curves used the gate
position and time just prior to the initiation of the
trip signal as the starting point (Att 3). This produces
test gate curves that may be as much as 1/2 sec
conservative. It can be seen that for both of these
cases the model is ultimately slower to close. This is
mainly due to the model slow closure starting at 11%.

The slower the closing rate used in the model, the
longer the LR overspeeds take to reach 110%. Therefore
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9.

3

the gate closing times used in the model are
conservative. In addition, if the model is used only
for comparison purposes (comparing small changes in
initial conditions, ie. a 135’ head LR to a 130’ head
LR), the difference in results (times to 110%) between
two models using slightly different gate times would be
very small.

The above evaluation of test _gate closing times can be
used to gain some insight“@ﬁé overall repeatability of
the Keowee units to produce repeatable LR responses.
Conversations with Voith (Attachment 12) indicate that
repeated testing of turbine LR’s, at constant initial
conditions, produce maximum overspeeds that vary by no
more than 1 RPM. This variance can be attributed to
slight changes in governor control over gate closing
timing. As can be seen by the above gate timings, the
gate timing varies from the average by as much as:

24.3 +0.4 sec’
25 0.4 sec

Average Nominal Gate Timing
Maximum Gate Timing

Il

Gate timing varies 25+.4 - 24.3 #0.4 = maximum of 1.5 sec

Voith made a model run for a 89 MW LR using gate closing
times that varied by 1 sec (Attachment 14). The longer
gate closing time produced a slightly higher maximum RPM
and a time to 110% longer by 1/2 second.

Since gate closing times for the Keowee units vary by as
much as 1.5 sec from the average, any use of test data
based on one sample needs to be adjusted for variances
in gate speed by 0.75 sec (ie, add 0.75 sec to the “Time
to reach 110% speed decreasing”)

Development of Restrictions

To meet the design criteria of 110% speed and decreasing
by 22 seconds, the above variables need to be
controlled. Review of the conservative times for the
tests evaluated in Section 9.1 indicate that all of
those test met the design criteria. If the units could
be operated at the same exact conditions it could be
expected to produce the same results. If these test
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results are expanded, using the effects of the variables
on time to 110%, limits and restrictions for unit
operation to the grid can be developed.

Double Unit 80 MW

Reviewing the tests in Section 9.1, test 8 is for a
double unit 80 MW LR. Test 8 has the following LR times
to 110%:

Test 8 Ul 19.49 sec
U2 20.02 sec

The Unit 2 time will be used since it is closer to 22
sec and is more restrictive. This time needs to
adjusted for the repeatability as evaluated in 9.2.5.
Variances 1in repeatability were identified as 0.75
seconds

20.02 + 0.75 = 20.77 sec

‘These test were performed at 80 MW using the Keowee

Control board MW meter. This meter has an accuracy of
+2.71 MW (Ref. 8.7). Therefore, this test could have
been:

80 - 2.71 = 77.29 MW

If this gage is used to set the operating limits the
accuracy must be subtracted again:

77.22 - 2.71 = 74.58 MW

'This is the restriction on the power variable. For LR
overspeeds to be below 110% speed in 22 seconds the load
must be at or below 74 MW.

Other variables must now be controlled. It is known
from the test data that an increase in Tailrace
elevation will shorten the time to 110% speed.

Therefore, operation with a Tailrace elevation above the
test elevation is conservative. The Tailrace elevation

for Test 8 was 668.1 feet #0.5. The effects of decreasing
the Tailrace elevation were evaluated from test data in
Section 9.2.1 and were found to be (worst case) 0.26
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sec/ft decreasing. Using this rate to extrapolate the
test Tailrace elevation:

22 - 20.77 = 1.2 sec

1.2 sec = 4.6 ft
0.26 sec/ft

Keowee could operate at 74 MW with a Tailrace elevation
4.6 feet below the test data and still have its speed
at or below 110% in 22 seconds. This level reduction is
based on Assumption 7.2. Since this is an
extrapolation, Some additional conservatism needs to be
added. Extrapolations of this kind should not exceed
4ft. Therefore, the minimum Tailrace elevation for this
power will be limited to the following.

From Att. 3
Above: 668.1 - 4 = 664.1 ft

Operation will be based on the same measurement method,
with the same accuracy (+0.5ft). Accuracy of the test

measurement has already been considered in the rate used
above. The following is added:
Tailrace Elevation Restriction:
Above: 664.1 + 0.5 = 664.6 ft
This is the minimum Tailrace elevation allowed, for the

given power, with the Forebay Elevation at or above
799.72 ft.

Now Results of Test 8 need to be expanded concerning

changes in Forebay Elevation. Operation with Forebay
elevations above the test elevation will produce shorter
times to 110% speed. But, operation with lower Forebay

elevations, will produce longer times. In Section 9.2.4
the Voith model was shown to closely predict effects
caused by changes in gross head. This Section also
required the use of a safety factor of 1.5 when using
the model to predict effects of changes in gross head.
Voith made a model run based on Test 8 conditions except
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the Forebay elevation was lowered 5 feet (Attachment 4).
The model produced the following:

Forebay 794.72 ft
Tailrace 668.1
Initial Power 80.4
Double Unit LR

Interpolating Time to 110% speed gives 19.12 sec.

Compared to the model time results for Test 8 (17.95
sec) from Section 9.2.1:
b
Sec
l9.1fai 17.95 =0.23 sec/ft
54t

Calculating the Maximum Allowable decrease in Forebay
level:

22 — 20.8 = 1.2 seconds

1.2 s8¢ = 3.48 ft

(0-23 x 1.5)sesfl

This is within the extrapolation limit of 4 feet so:
799.72 - 3.48 = 796.24 ft

In addition, correction for Forebay elevation
measurements need to be made as before:

796.24 + 0.5 = 796.74 ft

This is the minimum Forebay Elevation allowed, for the
given power, with Tailrace elevation at or above 668.1'.

A graph of Tailrace Elevation vs Forebay Elevation
(Attachment 15) was constructed using the above limits.
This graph makes the combinations of these limits
usable.
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Double Unit 70 MW -

Now repeating the above for a 70 MW double unit LR.

Test 7 will be used for the starting point for this
evaluation.

Time to 110% for Test 7 Unit 2 18.60 sec
Adding correction for repeatability:
18.60 + 0.75 = 19.35 sec
Correcting Power:
70 - 2.71 - 2.71 = 64.58 MW Use 64 MW as LIMIT
Adjustment for Tailwater Elevation
22 - 19.35 = 2.65 sec

2.65 sec = 10.2 ft
.26 sec/ft

This is beydnd the 1limit (4 ft) for extrapolating.
Tailrace Limit is:

667.51 - 4 = 663.51 ft
Measurement corrections

663.51 + 0.5 = 664.01 ft
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Forebay Adjustments:
The Voith model only uses Gross head, therefore,
Model 11 can be used here.

From Model 7 From Model 11
Forebay 799.58’ 799.567
Tailrace 667.51' 672.5’

Gross H 132.07’ 127.06’
Initial Power 70 MW 70MW
Time to 110% 14.74 sec 15.8 sec

Double Unit LR

Compare to Model 7 to Mcdel 11
2V
15.8 - 14.74 = .21 sec/ft
132.07- 127.06& ¥

Max decrease in Forebay:
22 - 19.35 = 2.65 sec

2.65 sed”
(0.21 x 1.9 = 8.41 ft
v-s

Model extrapolation limits is restricted to 4 feet. The
Forebay Limit is:

799.58 - 4 = 795.58ft
Correcting for measurement accuracies:

795.58 + 0.5 + = 796.08 ft

Using the above the 1limits, the Double Unit 64 MW
Restriction Graph can be made (Attachment 15)



KC UNIT 1-2-0106 Rev. 1
Bygzgéﬁ? 5/0%¥1995
Page 32 of 38

Single Unit 90 MW

Now repeating the above for a single unit LR. Test 3
will be used for the starting point for this evaluation.
Since Unit 2 produces longer (greater time to 110%
speed) LR transients, this limit will be applicable to

. Unit 1 only.

Time to 110% for Test 3 20.22 sec
Adding correction for repeatability:
20.22 + 0.75 = 20.97 sec
Correcting Power:
90 - 2.71 - 2.71 = 84.58 MW Use 84 MW as LIMIT
Adjustment for Tailwater Elevation
22 - 20.97 = 1.03 sec

1.03 sec = 4.0 ft
.26 sec/ft

This is the 1limit (4 ft) for extrapolating. Tailrace
Limit is:

664.25 - 4 = 660.25 ft
Measurement corrections

660.25 + 0.5 = 660.75 ft
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9.4

Forebay Adjustments:

The Voith model only uses Gross head, therefore,
Model 10 can be used here.

‘From Mdl 10 From Model 3
Forebay 799.44’ 799.857
Tailrace 671.7' 664.25’
Gross H 127.74’ 135.6’
Initial Power 90 MW 90 MW
Time to 110% 20.1 sec 18.87 sec

Single Unit LR

Compare to Model 3 to Model 10

20.1 - 18.87%% .156 sec/ft
135.6 - 127.74 ¢

Max decrease in Forebay:
22 - 20.97 = 1.03 sec

1.03
0.156 x 1.5 = 4.40 ft

Model extrapolation limits is restricted to 4 feet. The
Forebay Limit is:

799.85 - 4 = 795.85ft
Correcting for measureﬁent accuracies:
795.85 + 0.5 = 796.35 ft
Using the above the Unit 1 limits graph can be made

(Attachment 15)

Unit Startup Model

An additional requirement for the modified control
circuitry is to protect Oconee from a Keowee unit that
has experienced a runaway unit governor failure during a
startup. In this case, both units are at rest in
standby. At the initiation of the event, both units
start. One unit is under governor control and one unit
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experiences a governor failure that causes it to run
away. For this scenario, the Keowee unit that has
experienced the failure must be detected and removed
 from service to protect Oconee. The circuitry that 1is
being designed for this purpose needs to know unit
startup speed characteristics. The failure will be
detected by monitoring the Governor Ball Head Motor
speed, internal to the Governor Cabinet. The electrical
group needs some insight into the unit speed startup
characteristics so that the timing of this check can be
determined.

For this model the most conservative set of conditions
would be those that would produce the slowest start.
These conditions would be where the available head to
the unit would be at the minimum and where both units
start. The lowest Headwater level allowed for Lake
Keowee 1s conservatively set at 785'. This is based on
FSAR Chapter 16 SLC 16.9.7. The highest Tailrace level.
would be the maximum expected level for lake Hartwell.
This level is 665 ft (Attachment 6). If the governor
failed and caused a unit to runaway, the wicket gates
would not move uninterrupted to 100% open. The governor
is equipped with several speed switches that temporarily
over ride the governor during startup. Keowee Speed
switches 14/1 and-13/1 (Ref. 8.6) perform the following
functions.

14/1 operates at 52 RPM. This switch operates the
Partial Shutdown Solenoid. This over rides the governor
and limits the wicket gates to 25 % open. If the gates
are open greater than this at the initiation of this
switch, then the gates would close, at the nominal gate
speed, to 25 %. ‘

13/1 operates at 122 RPM.. - This switch picks up the
Partial Shutdown Solenoid and restores full control to
the governor. The full range of motion is restored to
the governor.

The effects of these two switches is such that if the
governor failure caused the unit to runaway, the gates
would operate as follows: The gates would open at full
_speed until the unit reached 52 RPM. The  gates would
then begin to close until the gates reached 25 % open.
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When the unit reached 122 RPM, The gates would then open
until they reached 100% open.

The gate closing rates would be the same as determined
earlier. Unit startup information was obtained during
the performance of PT/0/A/0610/22 on May 22, 1993.
During the performance of this test a trace of the unit
speed and gate opening vs. time was obtained (Attachment
7). This information provided gate opening timing as
well as startup verification.

During PT/0/A/0610/22, Unit startup data was recorded
(Attachment 7). The accuracy of this data is unknown.
This test involved an emergency start of both Keowee
Units. The Initial conditions for this test were:

Initial Power: 0 MW (Standby)
Headwater Elevation 799.2' Ref 8.5
Tailwater Elevation 661.0' Ref 8.5

Voith used these initial conditions in the model and the
results are shown in Attachment 2. Actual data vs Model
data are plotted together. The two curves correlate
very closely especially in the first few seconds of the
startup.

Using the low head conditions given above (HW = 785’, TW
= 665') Voith ran a model with both units starting from
rest. One unit operated normally and one unit simulated
a governor failure. The results of this model are shown
in Attachment 5. Although the accuracy of the Voith
model at these conditions is unknown, the Electrical
group can use this curve to gain insight into the unit’s
operation at low heads.

CONCLUSION

The results of testing performed in February, 1995 were
evaluated and of the _eleven 1load rejection tests
performed, all were whkhe® acceptable within the Design.
Criteria of 110% decreasing at 22 seconds. These
acceptable test results were expanded using trends of
variables developed from the test data and from the
Voith model. All instrument uncertainties -and unit
performance characteristics were taken into account to
develop conservative restrictions for future operation.
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The requirements of EDM Section 101.4.5 (Computer
Program Verification) were reviewed and the information
provided Therein demonstrates that Voith  has the
necessary expertise and 1is qualified to perform this
model analysis. The model simulations were verified by
eleven benchmark runs. These benchmarks were actual
Keowee test results. The results of these verification
runs showed that although, it did not predict turbine
response exactly, it did, for several variables,
conservatively predict relative changes from one case to
another. Test data coupled with the model can be used
to develop operaticnal curves for the Keowee Units.

Operation of the unit in the acceptable operating region
shown on the curves in Attachment 15 will ensure that
the load rejection unit's speed will be below the 110%
at 22 seconds. The use of the curves are as follows:

10.1 Use of the 2 Units 74 MW Curve

Operation of both Keowee units to the grid is
allowed at a power of 74 MW or less. Forebay and
Operating Tailrace Elevations must be inside the
Acceptable Operating Area shown on the curve. This
curve takes into account all operating instrument
uncertainness. The curve does not take into
account any unit power drift.

Operation of a single Keowee Unit (Unit 1 or 2)
alone to the grid is allowed at a power of 74 MW or
less. This is allowed since, double unit LR’s are
limiting conditions. If it 1is acceptable for
double LR, then single unit operation is
acceptable. Forebay and Operating Tailrace
Elevations must be inside the Acceptable Operating
Area shown on the curve. This curve takes into
account all operating instrument uncertainties.
The curve does not take into account any unit power
drift. '

10.2 Use of the 2 Units 64 MW Curve
Operation of both Keowee units to the grid is

allowed at a power of 64 MW or less. Forebay and
Operating Tailrace Elevations must be inside the
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10.3

Acceptable Operating Area shown on the curve. This
curve takes into account all operating instrument
uncertainties. The curve does not take into

account any unit power drift.

Operation of a single Keowee Unit (Unit 1 or 2)
alone to the grid is allowed at a power of 64 MW or
less. This 1s allowed since, double unit LR’s are
limiting conditions. If it 1is acceptable for
double IR, then single unit operation is
acceptable. Forebay and Operating Tailrace
Elevations must be inside the Acceptable Operating
Area shown on the curve. This curve takes into
account all operating instrument uncertainties.
The curve does not take into account any unit power
drift.

Use of the Unit 1 ONLY 84 MW Curve

Operation of Keowee unit 1 only to the grid is
allowed at a power of 84 MW or less. Forebay and
Operating Tailrace Elevations must be inside the
Acceptable Operating Area shown on the curve. This
curve takes into account all operating instrument
uncertainties. The curve does not take into
account any unit power drift.

An additional curve (Att. 5) was generated for the use
of the Electrical group. This curve shows the slowest
possible unit startup characteristics. :

ATTACHMENTS

Attachment 1  HYDRAULIC TRANSIENT ANALYSIS FOR KEOWEE

HYDROELECTRIC SITE Reported by: Voith
Hydro, Inc. Field Engineering Department.

Attachment 2 Keowee Startup Verification Curve.

Attachment 3 Test Results from Keowee Testing on Feb.

23 1995 and Voith Model Runs Simulating
these test load Rejections

Attachment.4 Voith model results for Double Unit LR at

80.4 MW, 794.72 H and 668.1 T
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Attachment

Attachment

Attachment

Attachment

Attachment

Attachment

Attachment

Attachment

Attachment

Attachment

Attachment

Attachment

10

11

12

13

14

15

16

Keowee Model Run for Startup with Runaway
Governor.

Telephone Conversation Report with Alvin
Christian, US Army Corp. Engineers

Strip Chart of Unit Speed and Gate
Position VS time for two unit Emergency
Start. Taken 5/22/93 during
PT/0/A/0610/22.
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VOITH
York, Pennsyivania

East Berlin Road
Telephone: 717 792 7000

Telefax: 717 792 7263
Voith Hydro, Inc.. P.0. Box 712, York, Pennsyivania 17405 Telex: 4764013

Direct Dial:

March 28, 1994 792-7155

Duke Power Company
Qconee Nuclear Site
7812 Rochester Highway
Mail Stop ONO 2ME
Seneca, SC 29679

ATTENTION: John Beckman

Subject: Keowee Hydro Station Hydraulic Modeling
DPCo P.0O. E 39447-K2
Voith S/B Number 15448

Dear John:

Enclosed is a summary report of the results of our hydraulic
transient analysis along with computer program verification '
documentation.

Please let wus know 1f you have any questions or require
clarification on any of the submitted materials and also keep

us informed should you require any additional hydraulic transient
analysis for the Keowee site.

Sincerely,

77»«%
Mjichael Byr

Field Engine¥ring Department

cc: VY- G. Snyder

YOITH

GROUP OF COMPANIES



Purpose

The following information is presented to document the calculation
process used to analyze the transient behavior for the hydro
turbines at the Keowee Plant.

Method

A computer program "CORA"Y was used to predict the transient
behavior of the hydro turbines at the Keowee Plant. The Computer
program was developed in 1976 and was spec1f1cally designed for
hydro turbine applications. The program is based on the method of
characteristics. This technique converts the partial differential
equations describing the conditions of pressure and velocity into
finite difference equations solvable by digital computers. The
program used for the Keowee analysis is Version 1.1 which is
designed to operate on an IBM PC computer.

Applications

The program was introduced to the Hydro Turbine Industry in a paper
titled " ’‘CORA’ Hydraulic Transients ’/PLUS’ " written by S. A.
Chacour and R. E. Deitz was presented at a Joint Symposium on
Design and Operation of Fluid Machinery June 12 - 14, 1978
sponsored by ASCE - IAHR/AIHR - ASME. Another paper titled

"Computer Analysis and Field Correlation from the Hydraulic
Transient Program ‘CORA’ " was written by R. E. Deitz and presented
at WATERPOWER 1983. Since the program was developed, it has been
applied to well over 300 different hydro turbine systems.

Verification _
The predicted transient results from the "CORA" program have been
compared to many different type hydro turbines. Appendix A

contains comparisons of predicted transient behavior to measured
prototype data for nine (9) different plants demonstrating good
correlation. Included in the Keowee analysis report are

comparisons of predicted to site measurements for two different
load rejections.
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PURPOSE

This hydraulic transient analysis was performed in order to
determine the transient speed characteristics of the two mixed flow
turbines at the Keowee hydroelectric plant. These two units supply
emergency power to the Oconee Nuclear Station.

CONCLUSION

This Keowee hydraulic transient model simulation used Duke
Power supplied field data for a 75 and .93 MW generator load
rejection to establish a working model which could then be used
to simulate additional transient cases requested by Duke Power.
The correlation of the simulated data to the field data can be
found on figures 6 and 7. The primary area of concern of this
study was the time versus turbine generator shaft speed curve
following load rejection and the time at which the unit speed
went below 145 RPM. The field data shows the unit returning to
145 RPM at 16.43 and 18.86 seconds where as the simulation data
returns to 145 RPM at 15.03 and 18.42 seconds.

INPUT DATA

Machine Type 8X Mixed Flow Turbine

Rated Speed 128.6 RPM

Rated Conditions 96,000 horsepower turbine output at 99 foot
net head

Runner Diameter 214 inches

Model Data Used Allis Chalmers Model Test 3294 Report of

October 1966
Headwater Elevation 808.0 feet (maximum)
785.0 feet (minimum)
Tailwater Elevation 672.5 feet (maximum)
655.0 feet (minimum)
Centerline Elevation 667.0 feet (distributor centerline)

Turbine Inertia 2,480,000 pounds-feet squared
Generator Inertia 102,500,000 pounds-feet squared
Penstock Drawings . Duke Power Company K-34 and K-130
Friction Factors 0.009 for steel lined penstock
(Darcy-Weisbach) 0.010 for concrete lined tunnel
Pressure Wave Vel. 3,900 feet per second

DISCUSSION

Hydraulic transient turbine work was previously undertaken and
submitted to Duke Power in November 13993. The shape of the time
versus unit speed curves from that computer simulation did not
match field data taken by Duke Power at the Keowee hydroelectric
facility during a single unit 93MW generator load rejection.

The next step was to look at the influence of sigma on the
model data. Sigma which is a measure for the conditions which cause
cavitation can be calculated several different ways so the

2



following equation 1is enclosed to show a trend of how sigma
influences runaway speed:

Hb - Hv - Hs
Net Head

Where: Hb is barometric pressure in feet
Hv is vapor pressure in feet
Hs is the static suction head on the runner in feet
Net Head is in feet :

An example calculation for Keowee based on the following
conditions yields the following sigma value:

Hb = 33.1 feet
Hv = 1.0 feet for 75 degrees F water
Hs = (667 - 672.5) = -5.5 feet

Net Head = 128 feet
Sigma = 0.29

The preceding example is based on the distributor centerline
elevation of 667 feet and a tailwater elevation of 672.5 feet.
The sigma information shown on figure 1 which is extracted from the
Keowee model test report and is concerned with cavitation damage to
the runner blades is based on a reference elevation of the bottom
of the runner blades of 657.17 feet.

A new mocdel data file was formed and attempts were made to
match the simulated transient output data to field data obtained
from Duke Power in their submittal dated January 13, 1994. The two
transient cases studied were a 75 and a QKQMW generator output
single unit load rejection conducted on Keowee unit 2 by Duke Power
on March 6, 1993. Two transient data files were formed that matched
the time versus shaft speed data submitted by Duke Power. The only
problem was that if the 75 MW simulation file was used to simulate
the 934MW load rejection and the QEQMW simulation file was used to
simulate the 75 MW load rejection exhibited some variation from the
field test results. The next step was to create a blended transient
data file which was an arithmetic average of the 75 and 93 MW
transient data files.

This blended transient data file was used to study the 17 runs
submitted by telefax from Duke Power on February 17, 28, March 11
and 15, 1994. The wicket gate servomotor stroke closing rate was
established from the 75 and 33;MW load rejection data obtained by
Duke at Keowee on the curves libelled chart 3 and chart 6. First
there is a 0.5 second dead time which means there is no wicket
gate movement for the first 0.5 seconds after the units main
breaker 1s opened. A straight line was drawn through the gate
position (Gp) data to established the nominal wicket gate closing
time. Chart 3 shows the gates go from 55 to 0% in 13.7 seconds ani
chart 6 from 64 to 0% in 15.7 seconds which yield nominal closir:z

3
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rates of 24.91 and 24.53 seconds an average value of 24.7 seconds
was used for the transient simulations. The slow closure rate which
initiates at 11% servomotor stroke took 6.6 seconds for chart 3 and
7.0 seconds for chart 6. The average slow closure time of 6.8
seconds was used for the transient simulations.

The wicket gate setting in the transient model is based on
wicket gate opening and the wicket gate position closing scheme
outlined in the preceding paragraph is based on wicket gate
servomotor stroke. Unit 2 wicket gate servomotor stroke versus
wicket gate opening calibration data taken during index testing is
tabulated below and shown graphically on figure 4.

Wicket Gate Servomotor Wicket Gate
Stroke (Inches) Opening (In.)
0 0
2.375 2.725
4.672 ' 5.552
6.953 8.533
9.219 11.448
11.531 : 14.331
13.844 17.088
16.156 19.813
18.453 22.231
20.781 24.606
23.141 26.785
23.172 26.792

The wicket gate servomotor stroke closing scheme used during
this transient study is shown on figure 5. The transient simulation
is based on turbine output and the field data from Duke is based on
generator output. A generator efficiency of 97.7% was used in this
transient study to convert turbine output to generator output.

A comparison of the Dukeljfield data and the simulated

transient results for the 75 and 94 MW generator output single unit / ]Qel/(

load rejections are presented in the following table:

rest MoDR. 4  rasr Mipgl
75 Generator Load Rejection QZ’MW Generator Load Rejection
Time Speed - Time Speed Time Speed Time Speed
Seconds RPM Seconds ~ RPM Seconds RPM Seconds RPM
0.0 128.6 0.0 128.6 0.0 128.6 B0 128
1.0 137.78 1.0 138.67 1.0 139.88 1.
2.0 147.89 1.99 148.05 2.0 152.52 1.
3.0 156.16 2.99 156.06 3.0 162.44 2.
4.0 163.05 3.98 162.07 4.0 169.66 3.
5.0 167.54 4.98 165.97 5.0 175.98 4,
6.0 169.93 5.98 167.92 6.0 180.04 5.
7.0 172.23 6.97 168.62 7.0 180.94 6.
8.0 172.23 7.97 168.69 8.0 181.39 7.
9.0 171.77 8.96 167.64 9.0 181.39 8
10.0 169.93 9.96 165.44 10.0 180.04 .
4 S 4B
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SENT BY:VOITH HYDRC i 3-24-93 ¢ §:304M ¢ VOITH HYDRO-  CMD SOUTHERN DIV.:# 17 1

VOITH HYDRO, INC. TELEFAX

DATE: Aoril 24, 1995 FROM: VOITH HYDRQ, INC.
East Berlin Rgad
TO: Duke Power ‘ P.0O. Box 712

York, PR 17408
ATTN: John Beckman

. Tal: (717) 792-7155
RE: Keowee Data ' TEX: (717) 792-7263
Tix: 4764013

TELEFAX $: (803) 885=-45028

NO. OF PAGES: 1
SENT BY: Michael Byrne (incl. cover page)

If you do not receive all the pages, or if trouble occurs during
transmission, please call (717) 792-7652 as soon as possible

Hell¢ John:

Enclosed is a table listing time versus unit speed that
results from a 1 unit 93 and 94 MW generator load rejection
with the unit subject to a headwater elevation of 738.16 feat and
a tailwater elevation of €72.5 feet:

, TesT mmdl
Time Unit Speed Unit Speed
(Seconds} (RPM) ___(RPM)
6.0 128.6 128.6
0.996 139.88 141.2¢6
1,992 152.52 152.73
2.988 162.44 162.67
3.984 169.66 170.98
4.380 173.98 177.45
5.976 180.04 181.84
6.973 180,94 184.24
7.969 181.39 184.91
8.965 181.39 184,57
9.961 180.04 183.7¢6
10.957 178.24 182,17
11.953 175.98 179,38
12,949 172.38 175.56
13.945 168.76 170.90
14.941 164.70 165.70
15,937 160.18 160.54
16.933 155.67 155.42
17,930 149,81 150.33
18.926 144.39 145.27
19.922 139.88 140.23
20.918 134.46 135.29

These numbers were used to produce the figure telefaxed to

you on January 25, 1995,
Regardsa,
; Ficdae"i B%vne

B o]
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‘ 75 MW Generator Load Rejection 9.?MW Generator Load Rejection

Time Speed Time Speed Time Speed Time Speed
Seconds RPM Seconds RPM Seconds RPM Seconds RPM |
11.0 167 .64 10.96 162.26 11.0 178.24

12.0 163.50 11.95 158.31 12.0 175.98

13.0 160.29 12.95 154.05 13.0 172.38

14.0 156.16 13.94 149.74 14.0 168.76

15.0 151.57 14,94 145.39 15.0 164.70

16.0 146.98 15.94 141.00 16.0 160.18

17.0 142 .37 16.93 136.55 17.0 155.67

18.0 136.87 17.93 132.07 18.0 149.81

19.0 133.19 18.93 127.67 19.0 144.39

20.0 139.88
21.0 134.46

The transient cases requested by Duke to be studied are listed
in the following table:
Initial Number
Run Generator Headwater Tailwater of Units
Number Power (MW) Elev. (ft) Elev. (ft) Rejecting Special Conditions

1 90 800 662 1 .
2 90 800 662 1 10MW LoadOn 2s Before
3 90 800 662 1 10MW Load On 2s After
4 90 800 662 1 20MW LoadOn 2s Before
5 90 800 662 1 20MW Load On 2s After
6;%? 90 800 672.5 2
. 7 - 90 790 672.5 2
8 90 790 660 2
9 30 790 672.5 2 Duplicate of Run 7
10 90 800 660 2
11 85 790 672.5 2
12 80 790 672.5 2
13 90 800 670 1
14 90 730 660 1
15 80 790 660 2
16 80 800 660 2
17 - 80 800 672.5 2

The special conditions used in Runs 2-5 add a constant load
either two seconds before or after the unit achieved its top speed
based on the output of Run 1.

The major area of concern in this transient analysis is the
time versus unit speed data. The following tables contain the
shaft speed versus one second increments of time with time zero
being when the unit trips off the line this information is also
shown graphically on figures enclosed with this report:

X paTe Thege Row #H Ve For Ty, Q1% oNbY /@e«//
® - 44D
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Time

Turbine Generator Shaft Speed in RPM
Seconds Run 1 _Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8 Run 9
0.0 128.6 128.6 128.6 128.6 128.6 128.6 128.6 128.6 128.6
1.00 140.8 140.8 140.8 140.8 140.8 140.8 140.5 140.8 140.5
1.99 151.9 151.9 151.9 151.9 151.9 151.7 150.3 151.8 150.3
2.99 161.6 161.6 161.6 161.6 161.6 161.3 159.0 161.4 159.0
3.98 169.6 169.6 169.6 169.6 169.6 169.4 167.1 169.8 167.1
4.98 175.4 175.4 175.4 175.4 175.4 176.3 174.5 176.7 174.5
5.98 179.1 179.1 179.1 179.1 179.1 181.7 181.2 182.0 181.2
6.97 180.9 180.1 180.9 179.2 180.9 185.4 187.0 185.5 187.0
7.97 181.3 179.6 181.3 177.9 181.3 187.6 191.4 187.5 191.4
8.96 181.0 178.5 181.0 176.0 181.0 188.3 194.7 188.0 194.7
9.96 180.3 177.0 180.3 173.6 180.3 188.0 197.1 187.6 197.1
10.96 178.5 174.5 177.6 170.3 176.8 187.2 198.4 186.8 198.4
11.95 175.6 170.9 173.9 166.1 172.1 186.0 198.4 185.4 198.4
12.95 171.9 166.5 169.2 160.9 166.5 183.8 197.5 182.8 197.5
13.94 167.4 161.4 163.9 155.0 160.3 180.5 195.8 179.3 195.8
14.94 162.4 155.8 158.2 148.7 153.7 176.4 193.9 174.9 193.9
15.94 157.5 150.2 152.4 142.4 147.1 171.6 191.9 169.8 191.9
16.93 152.6 144.6 146.7 136.0 140.5 166.3 189.4 164.5 189.4
17.93 147.7 139.0 141.0 129.6 133.8 161.0 185.7 159.2 185.7
18.93 142.7 133.4 135.2 - 155.8 181.6 154.0 181.6
19.92 137.8 129.5 150.6 176.6 148.8 176.6
20.92 133.0 145.4 171.0 143.6 171.0
21.91 140.3 165.4 138.5 165.4
22.91 135.3 159.9 133.7 159.9
23.91 130.7 154.5 129.2 154.5
24.90 149.2 149.2
25.90 144.0 144.0
26.89 138.8 138.8
27.89 133.9 133.9
28.89 129.4 129.4
Time Turbine Generator Shaft Speed in RPM
Seconds Run 10 Run 11 Run 12 Run 13 Run 14 Run 15 Run 16 Run 17
0.0 128.6 128.6 128.6 128.6 128.6 128.6 128.6 128.6
1.00 140.8 139.8 139.9 140.8 140.8 139.5 139.6 139.5
1.99 152.1 150.1 149.3 151.8 151.8 149.7 149.8 149.6
2.99 162.3 159.4 157.9 161.3 161.3 158.9 158.6 158.8
3.98 170.8 167.4 165.4 169.3 169.3 166.7 165.4 166.7
4.98 177.1 174.2 171.7 175.6 175.6 172.5 169.9 172.8
5.98 181.4 179.7 176.6 179.9 179.9 176.4 172.3 177.0
6.97 183.6 184.2 180.0 182.3 182.3 178.3 173.4 179.4
7.97 184.3 187.5 181.8 183.1 183.1 179.0 173.2 180.2
8.96 184.3 189.4 182.3 182.8 182.8 179.0 171.5 180.2
9.96 183.3 190.0 181.9 182.0 182.0 177.7 168.6 179.5
10.96 180.9 189.6 181.1 180.7 180.7 175.3 164.6 177.5
.11.95 177.3 188.5 179.6 178.3 178.3 171.7 160.1 174.4
12.95 172.9 187.1 176.9 174.8 174.8 167.2 155.5 170.2
13.94 167.8 185.4 173.2 170.5 170.5 162.4 150.9 165.4
14.94 162.7 182.6 168.7 165.6 165.6 157.5 146.2 160.5
15.94 157.6 179.0 163.7 160.6 160.6 152.6 141.5 155.6



Time

Turbine

Generator Shaft Speed in RPM

Seconds Run 10 Run 11 Run 12 Run 13 Run 14 Run 15 Run 16 Run 1
16.93 152.6 174.5 158.7 155.7 155.7 147.8 136.7 150.7
17.93 147.4 169.4 153.8 150.8 150.8 142.9 132.0 145.7
18.93 142.3 164.2 148.8 145.8 145.8 138.0 140.8
19.92 137.3 159.0 143.9 140.9 140.9 133.2 135.9
20.92 132.5 153.8 139.0 136.0 136.0 131.2
21.91 148.7 134.2 131.4 131.4

22.91 143.7 129.7

23.91 138.6

24.90 133.8

25.90 129.3



FIGURE 1
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3-23-94

WICKET GATE OPENING INCHES
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KEOWEE UNIT 2 WICKET GATE CALIBRATION DATA OF 9/26/71
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WICKET GATE SERVOMOTOR STROKE IN PERCENT

03-23-94
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KEOWEE WICKET GATE SERVOMOTOR STROKE CLOSING TIME
TIMING BASED ON AVERAGE OF DUKE DATA FOR 75 AND 93MW RE]J.
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KEOWEE 2 UNIT 85 MW GENERATOR LOAD REJECTION RUN 11

HW =790 TW = 672.5 FEET USING BLENDED MODEL DATA
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