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dme 10af}=| R M (age e A/‘A’M
Crystal River Unit 3
May 1992 Eddy current Voltage Readings
Data for First n Tubes - Volts 600 kHz SN
0.68 0.79 0.70 0.45 0.35 0.82
1.19 0.37 0.7 0.50 0.41 0.55
0.30 020 0.67 0.52 0.82 0.78
0.72 c.42 0.61 0.40 0.58 07
0.44 0.64 0.81 0.53 0.64 0.38
0.38 0.52 0.82 0.48 0.58 0.3
0.29 0.34 0.58 0.57 0.74 0.81
0.42 047 0.14 0.56 089 0.2
0.28 1.38 0.51 0.50 0.52 0.52
0.48 0.31 063 0.48 0.54 0.93
0.54 0.52 0.45 0.47 0.88 0.59
042 0.50 0.47 0.60 0.78 0.45
0.45 1.13 0.60 0.64 1.13 .49
0.32 0.41 0.41 0.55 0.24 0.50
0.43 0.79 0.58 0.47 0.52 0.49
0.53 0.51 0.35 0.34 0.43 043
0.65 1.00 0.50 1.32 0.43 0.57
0.4v 0.50 072 0.78 0.59 0.85
0.54 0.66 062 0.65 0.55 0.59
0.47 0.52 0.48 0.88 0.52 0,76
062 0.27 0.83 0.53 0.40
0.63 0.83 0.44 0.38 0.47
0.43 0.65 0.68 0.70 0.60
0.65 063 0.78 0.47 0.5%
0.43 0.78 0.60 0.39 0.58
0.68 0.55 045 0.59 0.39
0.35 0.43 0.7 063 0.51
0.57 0.30 0.89 0.58 0.57
0.4% 0.61 0.54 0.37 0.9C
038 0.78 0.43 1.20 0.78
0.52 0.73 047 0.44 0.77
0.58 0.68 080 0.79 0.91
0.48 028 0.80 0.90 0.39
1.5 0.87 0.37 0.73 0.85
1.01 079 0.64 0.82 0.81
0.66 0.40 0.77 047 0.83
Count 200
Min Value 0.14
Max Value 1.51
Median 0.55
Average 0.58
Std Dev 0.21
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Crystal River Unit 3

May 1992 Eddy Current Voltago Readings

Data For Tubes Other Ths. ~ '~st Span - Mixed Volts S/N
0.68 0.82 0. 74 29 1.58 0.82 0.43 0.45 0.80
310 0.55 0.77 C. 1.61 0.78 0.57 1.07 eX.].}
1.09 0.73 0.64 0.48 0.66 0.62 0.47 1.08 0.58
1.64 1.42 0.78 0.51 0.1 0.57 0.53 0.84 0.89
0.81 0.96 0.48 0.73 0.80 0.53 0.50 0.31 0.54
0.77 0863 0.59 048 1.96 241 0.78 0.64 0.31
1.45 048 1.18 0.53 1.94 0.43 0.68 047 0.47
1.38 0.73 0.58 0.70 1.09 0.79 0.53 0.45 0.55
0.7 0.81 0.87 0.79 0.52 0.85 0.4% 0.53 1.33
0.63 1.09 0.84 0.40 0.63 0.87 0.82 1.22 0.5¢
1.49 0.44 0.42 .88 0.87 0.64 0.99 0.7% 0.8%
0.77 0.4% 0.43 0.43 0.56 0.66 0.73 0.74 1.48
0.63 0.5% 0.44 2.07 0.80 1.00 0.78 0.88 085
0.5% 0.24 0.37 0.68 0.56 0.62 0.47 0.68 0.45
0.54 1.11 0.5% 0.64 0.48 1.28 063 0.64 048
0.83 0.85 0.50 0.57 0.85 0.32 0.41 0.99 1.1%
0.2% Q.81 0.35 1.13 0.5¢ 0.57 0.4% 0.74 0.43 -
043 084 1.13 0.78 117 0.54 0.70 .83 0.58
0.58 0.66 0.8% 0.58 0.61 0.57 0.85 1.02 0.80
164 0.68 1.08 0.46 0.48 080 1.2% 0.75 0.74
0.41 0.52 0.97 0.9% 0.77 0.88 0.36 0.63 0.48
0.44 0.64 0.70 0.53 0.55 0.68 0.68 0.97 0.43
1.08 07 0.5 1.21 0.60 0.52 0.59 0.37 0.57
0.58 0.64 0.85 0.3% 0.51 0.81 0.7 1.1 0.43
0.92 0.86 1.16 0.62 0.83 0.81 0.61 0.48 0.5
0.79 0.51 0.68 1.02 0.48 0.51 1.37 0.85 0.84
0.46 063 0.80 0.70 0.62 0.57 0.48 0.64 0.34
1.07 0.87 1.02 0.87 0.61 0.80 074 0.54 0.39
1.53 0.68 0.53 5.58 0.60 088 1.08 0.56 0.87
0.54 1.04 0.80 2.02 0.49 042 0.67 0.63 0.34
0.80 0.5 0.89 1.83 126 0.57 0.47 0.82 068
039 075 0.81 1.06 069 0.50 0.86 1.12 1.67
0.75 - 054 1.33 0.52 0.44 0.81 0.68 0.38 0.5%
0.81 062 0.36 1.24 2.38 1.6% 0.51 072 0.53
1.07 0.57 0.84 0.54 0.6% 0.85 0,44 0.39 0.47
0.40 0.7 061 098 1.00 0.54 058 071 0.38

Count 324
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Crystal River Unit 3
May 1982 Eddy Current Voltage Readings
Dats For Tubes Other Than Fist Span - Mixed vots SN (Contnved)
0.78 0.83 0.48 0. 50
0.55 0.88 0.81 0.64 0.69
1.04 058 0.61 068 0.35
0.87 0.53 0.49 0.08 0.62
0.59 1.04 0.31 0.58 0.20
0.79 082 0.74 0.82 0.98
038 0.48 1.01 0.82 0.38
0.50 1.32 0.43 0.58 0.79
0.88 1.1 0.61 0.44 0.35
0.77 0.87 0.37 0.13 0.60
0.47 1.45 0.89 0.66 0.62
0.55 0.82 0.48 0.55 0.75%
0.47 0.58 0.8« 022 0.80
0.61 0.78 0.74 0.60 0.75
0.50 0.44 0.79 0.81
0.63 0.41 0.44 0.44
0.7% 1.02 0.44 0.41
1.05 1.00 0.7e 042
0.62 0.53 0.83 0.70
0.89 0.86 0.84 0.51
0.7% 0.41 1.3% 0.34
0.84 1.08 0.83 0.42
0.48 0.28 0.4% 063
oT7 0.88 0.7% 0.7
0.83 0.52 048 0.57
0.61 0.46 0.70 1.51
0.38 0.92 0.65 0.69
0.54 160 063 0.73
040 , O73 0.48 0.57
0.58 0.77 0.74 028
0.58 .60 0.31 1.04
Count 462
Min Value 0.05
Max Value 558
Median 0.84
Average 0.74
Std Dev 0.41
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047
0.52
1.03
0.30
063
0.88
0.8%
1.08
0.8%
0.34
0.3
0.84
0.34
048
0.98
0.95
0.79
0.80
0.55
0.57

Crystal River Unit 3
May 1992 Eddy Current Voltags Readings
Data for Pulled Tubes - Final Voits S/N

Count

Min Valye
Max Value
Median Value
Mean Value
Std Deviation

Ll ey

20
0.30
1.08
0.62
067
0.28
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Crystal River Unit 3
May 1992 Eddy Current MRPC Probe
Circumferential Extent Readings For First Span Tubes
0.1§ 0.1
0.12 0.08
0.1% 0.18
0.17 0.17
0.21 0.08
Q.15 0.18
020 0.12
0.20 0.13
0.18 028
0.13 0.00
0.17 0.17
0.21 0.18
0.21 0.22
0.18 022
0.14 0.15
0.14 023
0.18 0.19
0.18 0.40
0.15
0.14
0.00
0.14
0.18
0.00
0.17
0.17
0.19
0.18
0.07
0.17
020
0.19
0.18
0.1%
0.19
0.13

Count 54
Min Value 0.00
Max Value 0.40
Median 0.17
Average 0.16
Std Dev 0.06
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Crystal River Unit 3

May 1992 Eddy Current MRPC Probe Readings
Circumferential Extent Rndims For Pulled Tubes

0.20
0.17
0.17
0.19
0.14
020
019
0.19
0.18
0.17
0.19
025
0.18
0.10
0.18
0.14
0.11
0.19
0.13
0.15
0.19
0.25

Count 22
Min Value 0.10
Max Vaiue 025
Median 0.1%
Average 0.18
Std Dev 0.04
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Crystal River Unit 3

May 1992 Eddy Current MRPC Probe Readings
For Tubes Other Than First Span

Circumferantial Extent Readings pa

0.12 0.18
0.18 0.18
0.14 0.16
0.18 0.17
0.05 0.13
0.19 0.21
0.22 0.23
0.15 0.12
0.10 0.08
0.09
0.18
0.17
0.20
0.18
0.14
0.18
© 0.4
0.13
0.15
0.15
0.12
0.18
0.00
0.14
0.22
0.12
0.22
0.21
0.18
020
0.20
0.18
0.1G
0.18

Count 43
Min Value 0.00
Max Value 0.23
Median 0.16
Aversge 0.18
Std Dev 0.05
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Crystal River Unit 3

May 1992 Eddy Current MRPC Probe Readings
Axial Extent Readings For First Span Tubes

0.18 0.08
0.14 0.08
0.04 0.11
0.18 0.11
0.04 0.11
0.22 0.12
0.12 J4.15
0.1 0.07
0.07 0.14
0.1¢ 0.00
0.15 0.18
0.11 0.11
0.15 0.18
0.18 0.17
0.08 0.08
0.14 0.15
0.11 0.15
0.14 0.31
0.11
0.08
0.00
0.10
0.04
0.08
0.14
0.05
0.08
0.17
0.07
819 ..
0.14
0.14 —
007 .-
0.18
0.14
0.14
Count 54
Min Value 0.00
Max Value 0.3
Median 0.12
Average 0.12

Std Dev 0.05
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Crystal River Unit 3

Count

Min Value
Max Value
Median
Average
Sid Dev

May 1882 Eddy Current MRPC Probe Readings

Axlal Extent R For Pulled Tubes
0.18

0.18
0.19
0.14
0.11
0.16
0.19
0.15
0.1§
0.15
0.15
0.15
0.19
0.08
0.18
611
0.13
0.11
0.1
0.12
0.15
0.11

2
.08
0.19
0.15
0.14
0.03
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Crystal River Unit 3
May 1992 Eddy Current MRPC Probe Readings

Axial Extent Rndm!' < For Tubes Other Than First Span
0.12 0.1

0.12 0.12

0.12 0.18

0.11 0.11

0.15 0.10

0.12 0.12

0.16 0.29

0.14 0.07

0.08 0.08

0.08

0.14

0.11 L
0.12

0.31 .
0.10 -
0.12

0.07

0.10

0.15

0.10

0.08

0.15

0.01

0.11

0.21

0.12

0.15

013

0.14

0.13

0.14

0.07

0.14

Count 43
Min Value 0.01
Max Value 0.3t
Median 0.12
Average 0.12
Sid Dev 0.05
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Figure 1 - Crystal River Unit 3

Bobbin Probe - Voltage Readings '.1‘;.'
lF-itsi Span B
SPulled Tubes |
BOther Lacations
3
t]ﬁ
. 8
&
(%) i
g u;
=
8
k3
g
z
—_..»*.. ..___-__4___:_____,’___._——‘—_*,_.4______._}»_' SR ISR L ol
6.01- 0.51- 1.0%- 1.51- 2.0%- 251 3.0%- 3.5%- 401 4 51- §01-
0.50 100 1.50 200 250 300 350 4 00 4.50 5.00 550 i‘ )
Voitags Raadings

MPR Associates Cslc RMC102071-1 4/6/94



Figure 2 - Crystal River Unit 3 0
MRPC Prebe - Circumferential Extent
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Figure 3 - Crystal River Unit 3
MRPC Probe - Axial Extent
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VOLTAGE TO DEFECT PERCENT THROUGH WALL
CORRELATION BY THE EPRI NDE CENTER



EPRINDE CENTER

Electnc Power Research instute
Nomdestructive Evaluaton Cemer — — Leadership in Technology Transter

December 6, 1993

Mr. Jeffery C. Brown

B&W Nuclear Service Company
Special Products & Integrated Services
165 Mill Ridge Road

Lynchburg, VA 24502

SUBJECT: P O. 83-786323: Eddy Current Voltage-to-Volume Wall Loss
Evaluation (13-19)

Dear Jeff:

Evaluation results of the subject work are summarized in this letter report. The
main objective was to investigate the relation between eddy current signal
amplitude and intergranular attack (IGA) volume wall loss. Our evaluation
results were encouraging; a high degree of correlation between the eddy
current signal amplitude and IGA wall loss was attained. Due 10 limited
résources and time available, only the analyses of narrow-groove (510
M/ULC/HF/NG) and conventional (510 M/ULC/HF) bobbin-coil data were
performed. No rotating pancake coil data was analyzed.

As indicated in my March 24, 1993 letter correspondence to P. Sherburne, no
correlation between the eddy current phase angle and percent wall loss was
noted for the identified IGA patches. This activity, therefore, involved evaluating
the signal amplitude of IGA signal to known IGA wall losses. Specifically, the
vertical amplitude, VMax, of IGA signal was measured and compared with
metallurgically derived percent wall losses at frequencies of 600, 400, and 200
kHz. Initial attempts to correlate the ASME-based VMax amplitude to IGA wall
loss was unsuccessful due mainly to larger flat-bottom hole signals of the
ASME standard being compared to smaller amplitude IGA signals.

To overcome this problem, actual IGA data was used to establish the relevant
VMax amplitude-to-percent wall loss curves at three different frequencies. This
was accomplished by referring to the tabulated destructive analysis results of
IGAs from four pulled tubes, €.g., tubes 52-51, 90-28, 97-91, and 106-32.
Corresponding VMax amplitude information was obtained from both laboratory
(narrow-groove bobbin coils) and field (conventional bobbin coils) eddy current
data. Care was taken to select only those isolated, and not Clustered, IGAs
whicn were detectable by eddy current. Ten isolated signals were then used to

1300 Harrs Bouievard  +  Charlott ~R9&2




Mr. Jeffery C. Brown
Page Twn
December 6, 1993

establish the calibration curves using both first order and second order curve
fits. Examples of established calibration Curves from 600, 400, and 200 kHz
narrow-groove bobbin-coil data are included as Figures A1-A3 in Attachment A.
In the final analysis, more linear first order fit was selected over the second
order fit to extend the calibration curve up to the 100% wall loss point. Figures
A4.AB show examples of calibration curves based just on the first order curve
fit using the conventional bobbin coil data. For more accurate sizing, those
calibration curves exhibiting lower, not higher, slopes are desirable. In general,
the slope of the curve decreases with the higher operating frequency. This was
especially true for the narrow-groove bobbin coils. With conventional bobbin
coils, however, there were slight ditferences in the slope between the 600 and
400 kHz calibration curves (see Figures Ad and AS).

The next step was to estimate the IGA depths by using the established
calibration curves. Derived estimates were then compared with the destructive
analysis results. Attachment B shows the comparative analysis results of both
the narrow-groove and conventional bobbin coils. Table B1 shows 10 specific
IGA points used t0 establish the VMax calibration curves plus 24 additional test
points based on the laboratory data (narrow-groove bobbin coils). Figures B1-
B3 show comparison of destructive analysis results versus eddy current
estimates for 600, 400, and 200 kHz. It should be noted that the 34 test points
used in the linear regression analysis included the original 10 points used 10
establish the calibration curve. Best analysis results were obtained using the
600 kHz differentiai VMax amplitude curve. The following statistically derived
values were obtained: correlation coefficient of 74%; RMS error of 8%, and
slope of 0.83. The overall accuracy of sizing increases with higher correlation
coefficient and slope values accompanied by the smaller RMS error value.
These values represent significant improvements over the phase angle analysis
results, which yielded correlation coefficient of 25%, RMS error of 27%, and
slope of 0.65.

To determine if comparable analysis results can be obtained from the field data,
similar comparisons were made using the same data set as shown in Table B2.
Comparative results of 600, 400, and 200 kHz data are graphically illustrated as
Figures B4-86, respectively. Although the analysis results of field data were
slightly degraded, especially the slope value, they still represented
improvements over the phase angle analysis results. Of the three frequency
analysis results, the 600 kHz results showed slightly better performance over
others as shown below.
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Correlation RMS

Coefficient Error Slope
600 kHz VMax 73% 7% 0.69
400 kHz VMax 74% 7% 0.56
200 kHz VMax 70% 7% 0.56

It should be noted that no IGA patches of less than 30% penetration depths will
be reliably detected nor sized based on the currently established calibration
curves from either laboratory or field data (see calibration curves A1-A6). This
basicaily defines the current limitation of the bobbin coil technology.

Although useful, the established calibration curves can not be used in their
original forms by either DDA-4 or Eddynet analysis software. Consequently, an
attempt was made to transpose the IGA curve using the readily available ASME
standard readings. This attempt was made using the 400 kHz differential field
data. Initially, two ASME standard readings, 100% and 40% VMax readings.
were used to establish a linear calibration curve. This line was then rotated and
transiated to mimic the original IGA curve. These two ASME points, however,
corresponded only to higher percent wall losses in the IGA curve, e.g., 99%
and 72%. Thus, to complete the lower end of the calibration curve, 0 volt
reading was also used, which for the 400 kHz data corresponded to 32%. The
above steps are tabulated and graphically shown as Table C1 and Figure C1 in
Attachment C. Figure C2 shows an example of transposed IGA curve based
on the derived percent wall loss points corresponding to various ASME VMax
readings.

Since calibration runs produce slightly different voltage readings, depending on
the probe and ASME flaw orientations, any changes in the percent wall losses
due to different VMax readings were investigated. From the four field
calibration runs, the following highest and lowest VMax readings and the

corresponding percent wall losses were compared with the original IGA wall
losses.

ASME Min VMax Volts/ Max VMax Volts/  Actual IGA %
Hole Forced Percent Forced Percent Min/Max

100 3.22/99 3.38/99 96/99
40 2.00/74 2.11/73 72/74
20 2.44/83 2.77/87 81/87

0 0/32 0/30 32/32
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Deviations in percent wall losses were minor as shown in Figures C3 and Ca
Consequently, any VMax readings in the smallest to largest voltage range
should provide comparable analysis results as in the original IGA calibration
curves. This amplitude curve can be saved as one of mixed channels. it
should be noted that these readings are good for the specific probe type and
the extension cable length used to acquire the field data. Any probe of
extension cable changes may necessitate recalculation of the forced
percentage points.

In summary, by using the actual IGA data points, it was possible to correlate
the VMax amplitude signals to IGA depths. In addition, the transposed IGA
curves, established from the ASME readings, can easily be established as one
of the analysis curves for evaluating IGA patches.

If you have any questions or require additional information, please feel free to
contact us.

Sincerely,

LBt
Kenji Krzywosz

Manager, Heat Exchanger & Electromagnetic NDE
EPRI NDE Center

KK:mph
Attachments

cc: S, Overstreet, B&W
R.-Thompson, Crystal River
J. Lance, EPRI
R. Stone
F. Ammirato
S. Hastings
D. Spake
G. Henry
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FIGURE A1

CR-3 IGA AMPLITUDE VS. VOLUME SIZING REVIEW
GROUND TRUTH % VS. AMPLITUDE (VOLTS)
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CR-3 IGA AMPLITUDE VS. VOLUME SIZING REVIEW

Ground Truth % of IGA Flows

FIGURE A2

GROUND TRUTH % VS. AMPLITUDE (VOLTS)
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FIGURE A3

CR-3 IGA AMPLITUDE VS. VOLUME SIZING REVIEW
GROUND TRUTH % VS. AMPLITUDE (VOLTS)
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Ground Truth X of ICA Flaws
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FIGURE A4

CR-3 IGA AMPLITUDE ANALYSIS/FIELD DATA
GROUND TRUTH % VS. AMPLITUDE (VOLTS)
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FIGURE A5

CR-3 IGA AMPLITUDE ANALYSIS/FIELD DATA
GROUND TRUTH % VS. AMPLITUDE (VOLTS)
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Ground Truth ¥ of IG» Filaws

FIGURE A6

CR-3 IGA AMPLITUDE ANALYSIS/FIELD DATA
GROUND TRUTH % VS. AMPLITUDE (VOLTS)
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FIGURE B1

CR-3 IGA AMPLITUDE ANALYSIS/NARROW GROOVE LAB DATA
600kHz Differential Amplitude (Vmax)
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FIGURE B2

CR-3 IGA AMPLITUDE ANALYSIS/NARROW GROOVE LAB DATA

Estimated % Thru-Wall
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FIGURE B3

CR-3 IGA AMPLITUDE ANALYSIS/NARROW GROOVE LAB DATA
200kHz Differential Amplitude (Vmax)
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Ist Order Curve Fit
(Includes 10 selected data points from original field data with a voltage of > zero)
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FIGURE B4

CR-3 IGA AMPLITUDE ANALYSIS/FIELD DATA
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Estimated % Thru-Wall

FIGURE BS

CR-3 IGA AMPLITUDE ANALYSIS/FIELD DATA
400kHz Differentiol Amplitude (Vmax)
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FIGURE B6

CR-3 IGA AMPLITUDE ANALYSIS/FIELD DATA
900kHz Differentiol Amplitude (Vmox]
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CALIBRATION TRANS/ROTA TION MATRIX
400 Khz DIFFERENTIAL VERT MAX
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FIGURE C2
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Plot of Canned |IGA to TRANS/ROTATED

ASME Field Data for Smallest Voltage's

100
90— R
et
80._____.._#~ Ll
T
2 704 o o
-
= 601
32
50_. e i . P CE e .. -t
40‘/_"— e R e e e e ) il = T s — 5 o
30T . 1 ' : AL e <L
0 0.5 1 1.5 2 25 3 3.5
Voltage
r—*— Dérived fré;ﬁ Matrix o Canned I-G'/iwm ]
| VL TR S k-l S Tl




APPENDIX E

MPR MINIIMUM LIGAMENT CALCULATION
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COMMENTS (Continued from coversheet)

MPR calculation 102-071-HWM3 determined the steam generator tube
wall minimum ligament which must be present to prevent leakage
under a differential pressure equal to the RCS normal operating
pressure. For conservatism, NRC staff has requested that FPC look
at the effect of using a higher differential pressure (2600 psid)
on the minimum ligament required.

From the figure on page 5 of the calculation, it can be determined
that the maximum degradation (%wall) corresonding to a burst
pressure of 2600 psi would be approximately 88%. The remaining
wall thickness would then be:

tg = (1-0.88) * 0.034" = 0.00408"

The adjusted remaining wall thickness with the CR#3 actual material
properties at operating temperature would be:

tp + 0.00408" * (99.8 ksi/92.9 ksi) = 0.004383"
Which corresponds to a percent wall degradation of:

Allowable %$wall loss = 1 - (0.004383"/0.034")
= B87.1%

Therefore, increasing the pressure differential from RCS normal
operating to 2600 psid decreases the allowable wall loss to prevent
leakage from 91.5% to 87.1%.
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