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Quad Cities Unit 1 MS Line Acoustic Source Identification and Load Reduction
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Abstract

This report documents the results of extensive data collection on the Quad Cities
Unit 1 Main Steam Lines after the installation of the acoustic side branch (ASB)
modifications to the pressure relief branch line lines. The modifications were
installed on the Electromatic Relief Valve (ERV) and Main Steam Safety Valve
(MSSV) branch lines. The subsequent post-modification testing confirmed the
effectiveness of the modifications. Review of the data confirmed that vortex
shedding coupled column resonance in the relief and safety valve standpipes
was significantly reduced at the power levels tested.
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1. Introduction

The Quad Cities Units 1 and 2 have experienced significant steam system
component fatigue, fretting, and wear failures that have been attributed to the
increased steam flow velocities. A 17 % extended power uprate, (EPU)
increased the steam line flow velocities and caused a significant increase in
acoustically generated pressure oscillations. As a result of the increased
pressure oscillations, the steam dryer experienced the most significant fatigue
failures while the actuators for the Electromatic Relief Valves (ERVs) have
experienced the most fretting and wear. The sources of these pressure
oscillations were identified in Reference 1 as being the ERVs and main steam
safety valve (MSSV) standpipes. Cyclic loads caused by differential pressure
oscillations initiated the fatigue cracks that lead to the steam dryer failures. Quad
Cities Unit 2 in-vessel pressure measurements on the steam dryer surface and
main steam line acceleration measurements taken at the ERV inlet flanges have
been used to confirm the sources of the pressure oscillations causing this
degradation.

Analysis of the collected Quad Cities Unit 2 power ascension test data concluded
very strong acoustic sources in the 140-160 Hz range accounted for the
oscillating pressure loading on the dryer and the remainder of the steam path.
Subscale testing performed by Continuum Dynamics, Inc. identified the likely
acoustic sources as being the ERV and main steam safety valve (MSSV)
standpipes. Steam line strain and accelerometer measurements confirmed the
ERV and MSSV standpipes as the sources. The standpipe column resonance
frequency is excited by the vortex shedding frequency at EPU steam flow rates
producing the oscillating pressures that caused the fatigue damage to the steam
dryer and steam line components. Prior main steam line vibration measurements
as documented in References 2 and 3 have demonstrated these same sources
were active in Quad Cities Unit 1.

An acoustic side branch (ASB) was designed to decouple the standpipe column
resonance frequency from the vortex shedding frequency. The ASB was also
designed with acoustic damping to further suppress potential acoustic response
at non-EPU flow rates. The effectiveness of the ASB modification in reducing the
acoustic loads in the main steam system was demonstrated during the Quad
Cities Unit 2 power ascension testing performed in the spring of 2006 and
documented in Reference 1. The ASB modifications proved to be highly effective
in reducing the acoustic loads. Identical ASB modifications were installed in the
Quad Cities Unit 1 main steam standpipes in Q1M19, May 2006.

This report provides a summary of the subsequent start-up testing results and
confirms the effectiveness of the ASB modification on Quad Cities Unit 1.
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2. Main Steam System Acoustic Load Reduction

The Quad Cities Unit 1 ASB designs and locations were similar to those installed
in the Quad Cities Unit 2 steam system. The 24" long ASBs were installed in the
MSSV standpipes for the B, C and D steam lines. For the A steam line, the
lengths of the ASBs installed in the 4A and the 4E MSSV standpipes were
reduced by 6” and 12” to reduce the potential for these standpipes to acoustically
couple with the Target Rock valve standpipe. The 34" long ASBs were installed
in all the ERV standpipes. Similar to Unit 2, the Target Rock valve standpipe
was not modified.
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3. Main Steam System Instrumentation

‘The main steam lines and valves were instrumented with the same instruments
and locations as were used for the Quad Cities Unit 2 ASB start-up testing. The
unsteady steam line pressures were obtained by measuring the piping hoop
strains using 8 strain gages at two locations on each line. The ERV valves were
instrumented with multiple sets of accelerometers. Two sets of accelerometers
measuring the three orthogonal directions were installed on the inlet flanges to
the ERVs. Accelerometer sets measuring three orthogonal directions were also
installed on the ERV pilot valves and actuators. An accelerometer set was also
installed at the end of an MSSV standpipe ASB on each steam line. Additional
accelerometer sets were installed on other steam components to provide specific
component responses.

During the start-up test two strain gages were non-functional and were
disconnected from the half-bridge for the pair. The remaining functional strain
gage in the pair was reconfigured into a typical ¥4 bridge configuration and the
measurements were averaged with the remaining pairs. The S2A strain gage at
the A main steam line upper location and the S28B strain gage at the B main
steam line lower location were not functioning.
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4. Start-Up Test for ASB Installation

After installing the ASBs in the MSSV and ERYV standpipes, steam line pressure
and acceleration measurements were taken during the Quad Cities Unit 1 start-
up test, Reference 6. This start-up test collected steam line oscillating pressures
and vibration measurements at several different power levels during the unit
power ascension to demonstrate the reduction of the steam line acoustic loads.
Table 1 provides a listing of the test conditions and the power levels at which
steam line measurements were taken for this startup test.

Acceptance criteria were established for the test based on long-term acceptance,
as Level 2 criteria, and short term acceptance (for the duration of the power
ascension test) as Level 1 criteria. The acceptance criteria for the strain gage
measurements were defined as the envelope of the strain gage measurements
obtained from both Quad Cities Units 1 and 2 prior to installing the ASBs. With
Leve! 1 being the envelope of the EPU measurements and Level 2 being the
envelope of the original licensed thermal power data (OLTP) measurements.
The ERYV inlet flange acceleration measurements used similar criteria,
enveloping prior measurements from both units. The acceptance criteria for the
ERV pilot valve and the ASB measurements were based on vibration tests that
determined the long and short-term limits. For this assessment of the main
steam acoustic and vibration performance, a comparison is made to the Unit 1
strain gage and ERV acceleration measurements at EPU and OLTP power levels
prior to the installation of the ASBs. Using just these measurements, instead of
the enveloped measures, demonstrates the actual reduction in oscillating steam
line pressures and vibration levels for Unit 1.
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Table 1. Test Condition Summary

Test Condition Generator Power Core Thermal Power
(MWe) (MWih)
2 114 515
3 242 892
4 307 1072
5 503 1659
6 545 1785
7 587 1934
8 651 2115
9 702 2250
10 751 2394
11 798 2519
11-2" 795 2504
12 822 2607
13 855 2700
14 880 2764
15 904 2840
16 913 2868
17 921 2895
18 927 2912

Note: 1. Test Condition 11 was retaken.
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5. Main Steam System Performance with ASBs Installed

5.1 Steam Line Strain Gage Measurements

FFTs of the steam line strain measurements obtained during the start-up test are
presented in Attachment A and were compared to the steam line measurements
taken at the same steam line location prior to the installation of the ASBs. The
steam line data for the comparison were obtained during the unit restart after
installing the replacement steam dryer in May 2005. The May 2005 startup test
data are provided in Reference 4. The current steam line data presented were
obtained at TC18, with the unit operating at 2912 MWt. These measurements
were compared to the pre-ASB EPU data, obtained during TC15 with the unit
operating at 2887 MWt and the OLTP obtained during TC11 with the unit
operating at 2642 MWt. All data sets were identically processed to develop
these spectra. Details of the data processing for these comparisons are provided
in Reference 5.

Subsequent to the completion of the start-up test, the steam lines continued to be
monitored and additional strain gage measurements were obtained. The charts
provided in Attachment A include an additional data set that was obtained on July
13, 2006 when the unit was operating at 2907 MWit.

Reviewing the steam line strain gage FFTs presented in Attachment A, the
results of the strain measurement comparisons are very similar to the results
seen from the Unit 2 comparisons in Reference 1. The only substantial change
in strain magnitudes occurs from approximately 140 to 160 Hz. The reduction in
strain magnitudes between 140 and 160 Hz is readily seen to be below the pre-
ASB EPU levels by an order of magnitude. In fact, at almost all steam line
locations, the magnitude in this frequency range is reduced to measurement
threshold levels and is well below the OLTP values. Atthe MSL A upper
location, the TC18 measurements showed increased frequency content at 36 Hz,
although the measured amplitude was still small compared to the pre-ASB
magnitudes at 140 to 160 Hz. However, this 36 Hz increase is not seen in the
subsequent strain gage measurements as demonstrated by the July 13, 2006
measurements, and it is not measured at the MSL A lower strain gage. This
would suggest that this is not a propagating pressure response. It should also be
noted that the first acoustic mode of the standpipe with ASB is above 100 Hz at
all locations, and therefore the modification could not yield an increase in 37 Hz
acoustic response. These facts indicate this frequency is not caused the piping
breathing mode and is the result of a higher order shell mode response. This
frequency content along with other lower frequency increases in the MSL B
upper, MSL C lower and MSL D upper locations are determined to be
insignificant when compared to the more significant reduction in almost all the
other frequencies, but most importantly in the 140 to 160 Hz range.
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The result of this comparison is that the acoustic resonance at EPU power levels
is reduced to measurement threshold levels and oscillating pressures are now
less than at the pre-ASB OLTP levels.

Further confirmation of the steam line oscillating pressure reduction relative to
prior steam line operating conditions can be seen in Table 2. The main steam
line strain gage rms and maximum-minimum measurements for each test
condition are summarized in Table 2. The maximum value for any test condition
is compared to the pre-ASB OLTP value and in all cases is now less than the
OLTP values. This comparison provides additional confirmation that the current
steam line strain measurements and therefore the oscillating pressure rms and
maximum-minimum values are less than the OLTP values.

Charts trending the strain gage maximum-minimum values are presented in
Attachment B. On these charts the Quad Cities Unit 2 trend data are also plotted
for comparison to the Unit 1 data. The Unit 1 data trends are very similar to
those seen from Unit 2. These trends demonstrate the oscillating pressures are
generally increasing with the square of the thermal power. This indicates the
acoustic resonance has been eliminated, and the steam system unsteady
pressure functional dependence is now related to the steam flow dynamic
pressure only. At some intermediate power levels there are small oscillations in
the maximum-minimum strain values that are attributed to the altered branch line
acoustic sources. As the steam line flow velocities increase with thermal power
these sources are excited, but with the ASBs the acoustic resonance is damped
and the magnitude of the pressure waves remain below the prior OLTP levels.
Based on these trends and the significant reduction of the acoustic resonance
pressure oscillations, it is concluded that the full thermal power (i.e. 2957 MWt)
pressure loads will not exceed prior OLTP levels.

Based on these results, the Unit 1 dryer pressure loads that caused the prior
dryer failures have been eliminated for EPU power levels.
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Table 2: Summary of Main Steam Line Strain Measurements from Q1M19 Startup Test

Description
MSL A Upper
MSL A Lower
MSL B Upper
MSL B Lower
MSL C Upper
MSL C Lower
MSL D Upper
MSL D Lower

Description
MSL A Upper
MSL A Lower
MSL B Upper
MSL B Lower
MSL C Upper
MSL C Lower
MSL D Upper
MSL D Lower

RMS Values (microstrain) —I
% of
EPU OLTP|TC2 TC3 TCA TC5 TC6 TC7 TC8 TC9 TC10 TC11-2 TC12 TC13 TC14 TC15 TC16 TC 17 TC 18 Max TC OLTP
046 037] 005 005 006 006 003 010 0.10 011 0.14 023 016 047 016 016 016 016 017 023 063
028 023 001 003 003 003 006 006 007 008 0.09 010 010 o011 011 011 011 012 012 012 0.50
022 031 004 005 005 005 009 010 011 015 015 020 017 048 047 018 018 019 019 020 0.64
035 02§ 002 002 003 003 005 006 007 008 0.09 011 011 012 011 012 042 012 012 012 046
111 0.84 003 004 004 006 006 007 008 009 045 011 042 013 042 042 043 043 013 0.15 0.18
022 0.1 003 005 005 007 008 008 009 010 0.1 016 016 016 013 015 015 014 014 0.16 0.89
024 025 002 004 004 006 006 007 008 009 010 012 047 019 042 042 042 013 013 0149 075
032 033 001 002 003 005 005 006 007 007 0.09 045 015 016 011 010 041 011 011 0.16 048
Max-Min Values (microstrain) |
% of
EPU OLTP|TC2 TC3 TCA4 TC5 TC6 TC7 TC8 TC9 TC10 TCi1-2 TC12 TC13 TC14 TC15 TC16 TC 17 TC 18 Max TC OLTP
427 331 044 045 054 054 075 083 095 094 1.21 156 140 145 144 138 142 158 152 158 048
236 199 015 023 027 027 05t 052 064 068 076 091 092 094 091 096 102 097 110 110 055
185 2221 034 046 043 043 078 086 098 1.26 1.40 159 146 163 144 165 163 161 164 165 074
314 22§ 015 021 031 031 047 054 060 064 076 088 093 103 093 106 106 115 104 115 0.51
962 6827 023 031 032 051 059 066 068 085 1.18 096 112 1147 108 14t 119 120 115 120 0.18
166 1.531 023 036 040 064 067 074 083 082 1.03 1.31 129 126 111 135 134 116 138 1.38 0.90
217 203 020 030 032 046 056 065 074 078 090 098 125 131 114 1.04 1.09 122 1.11 1.31 065
253 2 0.13 019 026 046 046 057 061 064 0.74 111 110 116 093 088 096 093 094 1.16 047
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5.2 Steam Line Acceleration Measurements

FFT spectral comparisons for the ERV inlet flange vertical acceleration
measurements at TC18, 2912 MW, are also presented in Attachment A. These
comparisons to the prior EPU and OLTP measurements were chosen because
they best represent the accelerations that lead to the prior ERV actuator
degradation. The current acceleration measurements show very similar
frequency response as seen from the strain gage measurements. The acoustic
resonance behavior seen in the prior EPU and OLTP data is no longer evident.
In the acoustic frequency range from 140 to 160 Hz, very little acceleration
response can be seen and it is well below the significant acoustic peaks seen in
the prior OLTP data. In the low frequency range, 0 to 40 Hz, the acceleration
response continues to be insignificant.

Charts trending the acceleration gms with respect to thermal power for the ERV
inlet flanges are also provided in Attachment B. These trend plots clearly show
the significant reduction of the acceleration levels in the steam lines. For most
locations, the maximum gms is less than 50% of the prior OLTP measurement.
For the few locations where the current acceleration is approaching the OLTP
limit, the actual magnitude of the acceleration is very small and has an
insignificant impact on the steam line and its components. This demonstrates
the magnitude of the acoustic resonance of this branch line is very small and has
an insignificant impact on the overall gms value.

The current acceleration levels for the ERV pilot valves and the ASBs are
compared to the acceptance criteria determined by component vibration tests.
From these comparison plots, it is clear that the current EPU vibration levels, as
well as vibration levels extrapolated to full thermal power (i.e.2957 MWt) would
remain well below the long-term endurance limits.
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6. Conclusions and Recommendations

Based on the plant measurement data presented, the following conclusions can
be drawn:

1) The acoustic resonant behavior of the main steam line safety and relief valve
branches has been essentially eliminated at EPU power levels based on strain
gage comparisons. The EPU unsteady pressure loads have been reduced to
levels that are less than the prior loads at OLTP power levels. The maximum
and minimum pressures are less than the prior OLTP maximum and minimum
measurements. The EPU unsteady pressures and accelerations are below those
at the OLTP levels, where the plant operated at for more than 25 years. The
replacement steam dryer stress levels are effectively reduced to less than OLTP
levels.

2) The steam line vibration gs measurements have been reduced to
approximately 50% of the prior OLTP measurements without the ASBs. The
acceleration (g) levels in the 140 to 160 Hz frequency range have been reduced
to background levels.

3) The acoustic pressure osciliations from Target Rock safety relief valve are
seen at lower thermal power levels as expected and have been reduced
compared to measurements obtained prior to installation of the ASBs.

4) Extrapolation of the these measurements from 2912 MWt to full thermal power
of 2957 MWt show that the acceleration levels will remain below the prior OLTP
levels and the unsteady pressures in the steam lines will be at or below the prior
OLTP levels.

Based on these conclusions, the unrestricted operation of the QC1 steam system
at flows up to the full licensed thermal power of 2957 MWt is acceptabile.
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Attachment A

QC1 ASB Modification Startup Test Results for TC18, 2912 MWt
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A Steam Line Strain Gage Spectra Comparisons:
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B Steam Line Strain Gage Spectra Comparisons:
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C Steam Line Strain Gage Spectra Comparisons:
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D Steam Line Strain Gage Spectra Comparisons:
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ERYV Inlet Flange Vertical Acceleration Spectra at 2912 MWt:

Acceleration, g's

QC1 3B ERV Inlet Flange Y Direction Vibration Spectra

bz0 T - TC18at2912 MWL Y1 | .
—Tclgat2e12mMwt Y2 | i
~——pre-ASB at 2901 MWt, Y1 |

s ——pre-ASB at 2901 MWL, Y2| | ?

} |
| | |

0.20 - : ;

015 | | ‘ |

| |
| :

0.10 ! i

| |
5 3
0.05 ; |
| |
PN O I | -
0.00 i e

0.00 C::WA edn,

i L e

0 20 40 60 80 100
Frequency, Hz
QC1 3C ERV Inlet Flange Y Direction Vibration Spectra
070 I T —— TC18at2912 MWL Y1 | f T
| ——TC18 at 2912 MWt, Y2 ‘
——pre-ASB at 2901 MWt, Y1 | | |
0.60 « g —— pre-ASB at 2901 MWL, Y2
' | = i |
‘ | |
0.50 : ! |
¥ { ! {
7] | i i
@ 0.40 1 ; ;
s
® |
s ! i ‘ .
8 030 1 | | E
< i
| | |
| | | g
0.20 - - t t 1 ! -
| | |
0.10 : ; =

60 80 100 120 140
Frequency, Hz

200

20 of 29

¢-0C




Quad Cities Unit 1 MS Line Acoustic Source Identification and Load Reduction
Report AM-2006-003 Revision 0

Attachment B

Q2R18 Steam Line Strain Gage and Accelerometer Measurement
Trends with Thermal Power
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MSL A Strain Gage Measurements Maximum-Minimum Trends:
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MSL B Strain Gage Measurements Maximum-Minimum Trends:

Peak to Peak, micro-strain
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MSL C Strain Gage Measurements Maximum-Minimum Trends:

Peak to Peak, micro-strain
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MSL D Strain Gage Measurements Maximum-Minimum Trends:

Peak to Peak, micro-strain
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3B ERYV Inlet Flange Acceleration Trend:
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3C ERYV Inlet Flange Acceleration Trend:
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3D ERYV Inlet Flange Acceleration Trend:
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3E ERYV Inlet Flange Acceleration Trend:
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