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Specimen No.
Material

R N S N N R RN N S S R N I N T I N TSNP N RSN NSNS IS ENE NSRS ]

Fe
Mn
Cr
Ni
Mo
Co
Cu

S$i

Chemic

TABLE 4-2

al Compostion of Four San Onofre Unit 3 Charpy

Specimens Removed from Surveillance Capsule W-97°

Chemical Composition (wt.%)

standard Reference Metal —Neld Metal
378 367 467 228
WELD WELD HAZ BASE

MATRIX ELEMENT: Remainder by Difference

1.430 1.464 1.295 1.307
0.063 0.061 0.102 0.101
0.108 0.094 0.567 0.575
0.563 0.544 0.527 0 531
0.010 0.012 <0.010 <0.010
0.034 0.032 0.0587 0.058
0.014 0.011 0.012 0.009
0.015 0.014 0.007 0.014
0.116 0.111 0.221 0.237
0.0075 0.0075% 0.0136 0.0135
0.41] 0.355 0.244 0.048
Method of Analysis

Analyses
Metals

Carbon
Sulfur
Silicon

ICPS, Inductively Coupled Plasma Spectrometry
EC-12, LECO Carbon Analyzer
Combustion/titration

Dissolution/gravimetric
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Wedge Coupling - End Cap

Flux Spectrum Manitor
s Cadmium Shielded

Flux Monitor Heusing -

Stainless Steel Tubing
Threshold Detector

Stainless Steel Tubing
Cadmium Shield

Threshold Detector
Flux Spectrum Monitor

Ternperature Monitor Quartz Tubing

' igh
Temperature Monitor Weight
NgY v Low Melting Alloy

Tensile Specimen

Split Spacer

Tensile Specimen HOUSING mmmmmmmem:

|
N

=~ Rectangular Tubing

Wedage Coupling - End Cap

Figure 4-3. Typical Tensile-Monitor Compartment Assembly
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Wedge Coupling - End Cap

Rectangular Tubing

~Wedge Coupling - Ena Cap

Figure 4-4. Typical Charpy Impact Compartment Assembly
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energy (Ep). From the load-time curve, the load of geners! yielding (Pgy),
the time to general yielding (tgy), the maximum Toad (Py) and the time to
maximum load (ty) can be determined. Under some test conditions, a sharp
drop in load indicative of fast fracture was observed. The load at which fast
fracture was initiated is identified as the fast frac ure load (Pp), and the
load at which fast fracture terminated is identified as the arrest load (Pp).

The energy at maximum load (Ey) was determined by comparing the energy-time
record and the load-time record. The energy at maximum load is roughly
equivalent to the energv required to initiate a crack in the specimen,
Therefore, the propagation energy for the crack (Ep) is the difference
between the total energy to fracture (Ep) and the energy at maximum load.

The yield stress (oy) is calculated from the three-point bend formula
having the following expression:

oy = Pgy * (L / (B* (W-a)% ¥ () (1)

where the constant C is dependent on the notch flank angle (¢), notch root
radius (p), and the type of loading (i.e. pure bending or three-point
bending). In three-point bending, a Charpy specimen in which ¢ = 45°

and o = 0.010", Equation ) is valid with with C « 1,21, Therefore (for L =
aw),

Oy=Pay* [L/(B*(W-2)2%1.21))=[3.3PgyW) /[B(W-3)?) (2)

For the Charpy specimens, B = 0.394 in., W = 0.3%4 in. and a =« 0.079 in,
Equation 2 then reduces to:

oy = 33.3 x Pgy (3)
where oy 1s in units of psi and Pgy is in units of Tbs. The flow

stress was calculated from the average of the yield and maximum loads, also
using the three-point bend formula.
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The yield load, ultimate load, fracture load, total elongation, and uniform
elongation were determined directly from the load-extension curve. The yield
strength, ultimate strength and fracture strength were calculated using the
original cross-sectional area. The final diameter and fina)l gage length were
determined from post-fracture photographs, The fracture area used to calculate
the fracture stress (true stress at fracture) and percent reduction in area was
computed using the final diameter measurement.

Rockwell B hardness values were obtained with a RAMS Rockwel]l Hardness Tester
Model No. 30-R.

§.2 Charpy Y-Notch Impact Test Results

The results of Charpy V-notch impact tests performed on the various materials
contained in the San Onofre Unit } surveiilance capsule located at 97°
irradiated at S50'F to 0.8 x 1019 n/cm2 (E > 1.0 MeV) are presented in

Tables 5-1 through 5-4 and are compared with unirradiated resultsi?] as shown
in Figures 5-2 through 5-5. The transition temperature increases and upper
shelf energy decreases for the various materials contained in the San Onofre
Unit 3 surveillance capsule located at 97° are summarized in Table 5-5.

Irradiation of the reactor vessel intermediate shell plate C-6802«1 Charpy
specimens to 0.8 x 103% n/en? (E > 1.0 MeV) at §50°F (Figure 5-2)

resulted in a 30 ft-1b transition temperature increase of S8°F and a 50

ft-1b transition temperature increase of 67°'F for specimens oriented with

the longitudinal axis perpendicular to the major rolling direction and parallel
to the surface of the plate (transverse orientation). This results in a 30
ft-1b transition temperature of 1058°F and a 50 ft-1b transition temperature

of 160°F,

The average upper shelf energy (USE) of the intermediate shell plate (-6802-)
Charpy specimens (transverse orientation) resulted in a decrease of 16 ft-1bs
after irradiation to 0.8 x 10'% n/em® (E > 1.0 Mev) at 850°F. This

results in an average USE of 76 ft-1bs (Figure 5-2).

s



Irradiation of the reactor vessel intermediate shell plate (-6802-1 Charpy
specimens to 0.8 x 101% n/em® (€ > 1.0 MeV) at 5850°F (Figure §-3)

cesulted in a 30 ft-1b transition temperature increase of S0°F and a 50
ft-1b transition temperature increase of 45°'F for specimens oriented with
the longitudinal axis paralle! to the major rolling direction (longitudinal
orientation). This results in & 30 ft-1Ib transition temperature of 130°F
and & 50 ft-1b transition temperature of 170°F,

The average upper shelf energy (USE) of the intermediate shell plate (-6802-1
Charpy specimens (longitudinal orientation) resulted in a decrease of &2 ft-1bs
after irradiation to U.8 x 1019 n/em® (£ > 1.0 MeV) at 550°F. This

results in an average USE of 70 ft-1bs (Figure 5-3).

Irradiation of the reactor vessel surveillance weld metal Charpy specimens to
0.8 x 10'9 n/emé (E > 1.0 MeV) at 550°F (Figure 5-4) resulted in a 30

ft-1b transition temperature increase of 32'F and a 50 ft-ib irancition
temperature increase of 25°F. This resulted in a 30 ft-1b transition
temperature of 5°F and a 50 ft-1b transition temperature of 45°F,

The average upper shelf energy (USE) of the reactor vessel surveillance weld
metal resulted in a energy decrease of 12 ft-1bs after irradiation to 0.8 x
1019 n/cmz (E > 1.0 MeV) at 550°F, This resulted in an average USE of

70 ft-1b (Figure £-4),

Irradiation of the reactor vessel weld metal Heat-Affected-Zone (HAZ) specimens
to 0.8 x 10'% n/em? (E > 1.0 MeV) at 850°F (Figure 5-5) resulted in a

30 ft-1b transition temperature increase of 45°F and a 50 ft-1b transition
temperature increase of 70°F. This results in a 30 ft-1b transition
temperature of 35°F and a 50 ft-ib transition temperature of 120°F.

The average upper shelf energy (USE) of the reactor vessel HAZ metal resulted

in a decrease of 11 ft-1bs after irradiation to 0.8 x 1019 n/cm2 (E>» 1.0
MeV) at 550°F. This resulted in an average USE of 74 ft-1b (Figure 5-4),
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The fracture appearance of each irradiated Charpy specimen from the various
materials are shown in Figures 5-6 through 5-8 and show an increasingly ductile
or tougher appearance with increasing test temperature.

A comparison of the 30 ft-1b transition temperature increases and the upper
shelf energy decreases for the various San Onofre Unit 3 surveillance materials
with predicted increases using the methods of NRC Regulatory Guide 1.99,
Revision 2[1°] is presented in Table 5-8. This comparison indicates that the
30 ft<1b transition temperature increases resulting from irradiation to 0.8 x
10! n/em® (E > 1.0 MeV) are higher than the NRC Regulatory Guide 1.99,
Revision 2 predictions and the average USE decreases resulting from frradiation
to 0.8 x 1019 n/cm2 (E » 1.0 MeV) are in close agreement with Regulatory

Guide 1.99, Revision 2 predictions.

5.3 Jension Test Results

The results of tension tests performed on the reactor vessel intermediate shell
plate (-6802-1, weld meta) and weld HAZ metal irradiated to 0.8 x 1019

n/co® {E > 1.0 MeV) at 550°F are shown in Table §-7 and are compared with
unirradiated results(?) as shown in Figures 5-10, 5-11 and 5-12.

Irradiation of the reactor vessel intermediate shell plate C-6802-]1 tensile
specimens to C.8 x 1019 n/cmz (E > 1.0 MeV) at 550°*F (Figure 5-10)

resulted in an increase of 2 to 8 ksi in 0.2 percent cffset yield strength and
an increase of 0 to 4 ksi in ultimate tensile strength for specimens oriented
with the longitudinal axis perpendicular to the major working direction of the
plate (transverse orientation).

Irradiation of the reactor vessel weld metal tensile spec mens to 0.8 x 1019
n/emé (E > 1.0 MeV) at 550°F (Figure 5-11) resulted in a» increase of 0

to 14 ksi for the 0.2 percent offset yield strength and an ircvease of 0 to 22
ksi for the ultimate tensile strength,
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Irradiation of the reactor vessel weld HAZ metal tensile specimens to 0.8 x
1019 n/cm2 (E » 1.0 MeV) at 550°F (Figure 5-12) resulted in an increase

of 2 to 7 ksi for the 0.2 percent offset yield strength and an increase of 0 to
3 ksi for the ultimate tensile strength,

The fractured tension specimens for the reactor vessel intermediate shel) plate
(-6802-1 tensile specimens are shown in Figure 5-13.

The fractured tension specimens for the weid metal are shown in Figure 5-14,

The fractured tension specimens for the weld HAZ metal are shown in Figure
§-15,

True stress-strain curves for the tension specimens are shown in Figures 5-16
through 5-20.

Engineering stress-strain curves for the tension specimens are shown in Figures
5-21 through 5-25.

5.4 Hardness Test Results

The results of Rockwell B hardness tests are presented in Table 5-8,

5.5 Projected EOL Properties

The projected EOL (32 EFPY) RTypr, RTprs and USE for the materials
contained in the capsule removed from the 97* location are presented in
Table 5-9. Table 5-9 was generated using the projected EOL (32 EFPY) peak
vessel fluence of 4.2 x 10'® n/en? (E > 1.0 Mev).
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TABLE §-1
CHARPY V-NOTCH IMPACT DATA FOR THE SAN ONOFRE UNIT 3
REACTOR VESSEL INTERMEDIATE SHELL PLATE C-6802-1 IRRADIATED
AT 550°F, FLUENCE 0.8 x 10® n/en? (£ > 1.0 Mev)

T:lpcnt\.u-o Iapact Energy Lateral Expansion Shear
Sample No. CF) (O  [(ft-1b) {mils) o) _(R)
Longitudinal Orientation
147 50 (10 6.0 ( 8.0) 5.0 0.18) 5
163 75 24 22.0 30.0 156.0 0.38 156
15K 100 38 20.0 39.6 24.0 0.61 25
113 1256 62 35.0 47.5 32.0 0.81 30
14Y 150 66 32.0 43.5 26.0 (0.66 30
158 165 74 45.0 61.0 43.0 1.09 45
14A 176 79 30.0 40.5 27.0 0.69 45
14E 200 03 46.0 62.5 46.0 1.17) 55
11T 225 107 76.0 (101.5 66.0 1.68 80
12K 250 121 45.0 61.0 48.0 1 .22; 80
12L 250 121 48.0 [ 65.C 46.0 1.173 85
14M 276 (135) ©0.0 (122.0 76.0 1.83) 100
vers
25U 0 -18 19.0 26.0 18.0 0.486) 10
23K 25 - 4 16.0 21.6 11.0 0.28 10
21A 50 10 9.0 12.0 12.0 0.31 10
23L 75 24 21.0 28.5 20.0 0.51 15
22B 100 38 25.0 34.0 25.0 0.64 20
25J 116 46 556.0 ( 74.5 48.0 1.2¢ 45
25L 130 54 50.0 68.0 44.0 1.12 50
247 150 66 33.0 ( 44.5 33.0 0.84 50
223 165 74 36.0 40.0 37.0 0.94 65
25C 200 93 92.0 (124.5 73.0 1.85 100
245 225 107 62.0 84.0 9.9 1.50 100
23M 250 121 73.0 $9.0) 77.0 1.96 100
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ROOM TEMPERATURE ROCKWELL B MARDNESS VALUES FOR THE SAN ONOFRE
UNIT 3 SURVEILLANCE MATERIALS IRRADIATED AT 650°F,
FLUENCE 0.8 X 109 n/em® (E > 1.0 MeV)

specimen ldentification Rockwell B Hordness Average
(3) Meld Meta)
367 86 91 9% 91.3
4P 88 83 84 85,0
331 89 87 9 89.0
N 9] %4 93 92.7
3N 92 92 90 92.3
378 93 95 94 94.0
37) g7 94 94 93.7
310 81 81 82 81.3
330 90 85 & £7.3
365 92 %4 93 93.0
331 90 90 90 90.0
363 87 8 & 87,7
(4) HAZ Meta)
437 89 91 88 89.3
421 g8 86 84 86.0
41¢ 87 B9 86 87.3
45M g9 89 89 89.0
434 92 92 89 91,0
45¢ 88 87 8% 86.7
467 86 88 @24 86.0
464 88 89 88 88.3
4s5p g9 89 87 £8.3
47 g6 87 86 86.3
43p 94 95 93 94.0
44) 8 90 90 89.7

TABLE 5-8 (cont)




TABLE §-9
PROJECTED €OL (32 EFPY) RTypy, Rlpyg AND USE

FOR THE SAN ONOFRE UNIT 3 SURVEILLANCE MATERIAL
CONTAINED IN CAPSULE W-87

R.6. 1.990(1:2) R 1,990

|
|
|
REV. 2 REV. 2 |
CurRenT P1S(Y)  proposen prs(l) 32 prpy 32 £FPY
RULE RTprg RULE RTprg CALCULATED CALCULATED
SURVEILLANCE AT 32 EFPY AT 32 EFPY RTnpT USE
MATERIAL (*F) (*F) (*F) (ft=1b)
PLATE 127 120 120 7
(-6802-1 (116)
(Transverse
Orientation)
WELD 23 62 46 63
METAL (39)

(1) The fluence value used for the above calrulations was 4.2 x 101¢ n/cm2
(E > 1.0 MeV). This 1s the projected EOL (32 EFPY) peak vessel fluence,

(2) Values in () caiculated using 1/4 T (32 EFPY) peak vessel fluence,

(3) Calculated using 1/4 T (32 EFPY) peak vessel fluence,

5-17

—— e SRS S T R R R R R R R N R R R R R R R R RN RS T "o TN OOy







T‘m'":\,‘ rm re




Figure 5-3.
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(E > 1.0 MeV) to provide a data base for future reference. The energy
dependent dpa function to be used for this evaluation is specified in ASTM
Standard Practice £E693, “"Characterizing Neutron Exposures in Ferritic Steels in
Terms of Displacements per Atom." The application of the dpa parameter to the
assessment of embrittlement gradients through the thickness of the pressure
vessel wall has already been promulgated in Revision 2 to the Regulatory Guide
1.99, "Radiation Damage to Reactor Vessel Materials."

This section provides the results of the neutron dosimetry evaluations
performed in conjunction with the analysis of test specimens contained in the
surveillance capsule irradiated at the location attached to the vessel wall at
97° (W-97). Fast neutron exposure parameters in terms of nreutron fluence (E >
1.0 MeV), neutron fluence (E > 0.1 Mev), and iron atom displacements (dpa) are
established for the capsule irradiation history. The analytical formalism
relating the measured capsule exposure to the exposure of the vessel wall is
described and used to project the integrated exposure of the vessel itself,
Also uncertainties associated with the derived exposure parameters at the
surveillance capsule and with the projected exposure of the pressure vessel are
provided.

6.2 [Discrete Ordinates Analysis

A plan view of the reactor geometry at the core midplane is shown in Figure
4-1. Six irradiation capsules attached to the vessel wall are included in the
reactor design to constitute the reactor vessel surveillance program. The
capsules are located at azimuthal angles of 83°, 97°, 104°, 263°, 277°, and
284° relative to the core cardinal axes as shown in Figure 4-1.

A view of a surveillance capsule assembly is shown in Figure 4-2. A total of 7
stainless steel specimen containers hold the charpy and tensile monitors. The
assembly is positioned axially centered on the core midplane, thus spanning the
central part of the active fuel zone,
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From & neutron transport standpoint, the surveillance capsule structures are
significant. They have a marked effect on both the distribution of neutron
flux and the neutren energy spectrum in the water annulus between the core
barrel and the reactor vessel. In order to properly determine the neutron
environment at the test specimen locations, the capsules themselves must be
included in the analytical model.

In performing the fast neutron exposure evaluations for the surveillance
capsules and reactor vessel, two transport calculations were carried out.
These represent two fuel loading geometries for the San Onofre Unit 3 plant as
follows:

1. Cycles 1 through 3: A calculation was performed with a power
distribution averaged over these three cycles which all have fresh fuel loaded
on the periphery.

2. Cycle 4: A calculation was performed with the power distribution
averaged over this single cycle which loaded some burned fuel on the
periphery. This cycle was assumed to be typical of future cycles and was used
to extrapolate exposures to 32 EFPY,

These calculations were combined to produce average relative neutron energy
distributions throughout the reactor geometry as well as to establish relative
radial distributions of exposure parameters {¢(E > 1.0 Mev), ¢(E > 0.1

Mev), and dpa) through the vessel wall integrated over time. The neutron
spectral information was required for the interpretation of neutron dosimetry
withdrawn from the surveillance capsule as well as for the determination of
exposure parameter ratios; i.e., dpa/@(E > 1.0 MeV), within the pressure
vessel geometry. The relative radial gradient information was required to
permit the projection of measured exposure parameters to locations interior to
the pressure vessel wall; i.e., the 1/47, 1/2T, and 3/47 locations. In
addition differences between the two geometries in calculated dosimeter
reaction rates at the center of the surveillance capsule were used to correct
the flux history to provide corrected measured reaction rates,
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The transport calculations for the reactor model summarized in Figure 4-2 were
carried 2sut in R, © geometry using the DOT two-dimensional discrete

ordinates codel!!) and the SAILOR cross-section 11brary[12]. The SAILOR
library is a 47 group ENDFB-1V based data set produced specifically for light
water reactor applications. In these analyses anisotopic scattering was
treated with a Py expansion of the cross-sectichs and the angular
discretization was modeled with an Sg order of angular quadrature.

Selected results from the neutron transport analyses performed for the San
Oncfre Unit 3 reactor are provided in Tabies 6-1 through 6-5. The data listed
in these tables establish the means for absolute comparisons of analysis and
measurement for the capsule irradiation period and provide the means to
correlate dosimetry results with the corresponding neutron expasure of the
pressure vessel wall.

In Table 6-1, the calculated exposure parameters [p (E > 1.0 MeV), ¢(E

> 0.1 MeV), and dpa) are given at the geometric cenier of the two surveillance
capsule positions for both the design basis and the plant specific core power
distributions. The plant specific data, based on the adjoint transport
analysis, are meant to establish the absolute comparison of measurement with
analysis. The design basis data derived from the forward calculation are
provided as a point of reference against which plant specific fluence
evaluations can be compared. Similar data is given in Table 6-2 for the
pressure vessel inner radius. Again, the three pertinent exposure parameters
are listed for both the design basis and the cycle 1 plant specific power
distributions. It is important to ncte that the data for the vessel inner
radius were taken at the clad/base metal ‘ .terface; and, thus, represent the
maximum exposure levels of the vessel wall itself.

Radial gradient information for neutron flux (E > 1.0 MeV), neutron flux (E >
0.1 MeV), and iron atom displacement rate is given in Tables 6-3, 6-4, and 6-5,
respectively. The data, obtained from the forward neutron transport
calculation, are presented on & relative basis for each exposure parameter at
several azimuthal locations. Exposure parameter distributions within the wall
may be obtained by normalizing the calculated or projected exposure at the
vessel inner radius to the gradient data given in Tables 6-3 through 6-5.
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The relative locations of the neutron sensors within the capsules are shown in
Figure 4-1. The sets of bare and cadmium shielded monitors were placed in
heles drilled in flux monitor housing blocks at three axial levels within the
capsuies. The monitors are all located at the same radial distance from the
core.

The use of passive monitors such as those listed in Table 6-6 does not yield a
direct measure of the energy dependent flux Tevel at the point of interest.
Rather, the activation or fission process is a measure of the integrated effect
that the time- and energy-dependent neutron flux has on the target material
over the course of the irradiation period. An accurate assessment of the
average neutron flux level incident on the various mon.tors may be derived from
the activation measurements only if the irradiation parameters are well known.
In particular, the following variables are of interest:

The specific activity of each monitor,

The operating history of the reactor,

The energy response of the monitor.

The neutron energy spectrum at the monitor location.
The physical characteristics of the monitor,

D O O O O

The specific activity of each of the neutron monitors was determined using
established ASTM procedures [13 through 28]  poyiowing sample preparation

and weighing, the activity of each monitor was determined by means of a
lithium-drifted germanium, Ge(Li), gamma spectrometer. The irradiation history
of the San Onofre Unit 3 reactor during cycle 1 was obtained from NUREG-0020,
“Li~ensed Operating Reactors Status Summary Report" for the applicable period.

The irradiation history applicabie to capsule W-97 is given in Table 6-7.
Measured and saturated reaction product specific activities as well as measured
full power reaction rates are listed in Table 6-8. Reaction rate values were
derived using the pertinent data from Tabies 6-6 and 6-7.
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In the analysis of the uranium monitors, it was found that the cadmium cover
material had become intimately mixed with the uranium and was recovered as a
powder. After counting, the mixture was heated in a furnace to attempt to
volatilize the cadmium and enable an accurate uranium weight to be obtained.
Unfortunately, the mixture reacted with the crucible and no direct weight could
be measured. The uranium was then dissclved and a weight obtained. This
weight was used to obtain the specific activities in Table 6-8. However, these
values were found to be significantly different when ratioed to the other
monitors when compared to data from a similar plant. It was concluded that the
uranium weight was not reliable. This conclusion is also supported by the
variability in weights and ratio of uranium to remaining (not volatilized)
fission products. Unfortunately no "as-built" weights were available. The
bare uranium values are presumably more reliable but also were not used because
more than 50% of the fissions are estimated to have occurred in the U-235
impurity in the depleted uranium,

It was also found that the initial analysis of the Co-60 was not consistent.
It was decided to measure the amount of Co-59 in each of the Co-Al wires and
the content was found to average 0.7% which is very different from the
specified value of 0.17%. Reaction rates for Co were based on the measured
concentration for each wire.

Values of key fast neutron exposure parameters were derived from the measured
reaction rates using the rERRET least squares adjustment code (2€]  71he

FERRET approach used the measured reaction rate data and the calculated neutron
energy spectrum at the the center of the surveillance capsule as input and
proceeded to adjust a priori (calculated) group fluxes to produce a best fit
(ir a least squares sense) to the reaction rate data. The exposure parameters
along with associated uncertainties where then obtained from the adjusted
spectra.

In the FERRET evaluations, a log normal least-squares algorithm weights both
the a priori values and the measured data in accordance with the assigned
uncertainties and correlations. In general, the measured values f are linearly
related to the flux ¢ by some response matrix A:
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where 1 indexes the measured values belonging to ¢ single data set s, ¢
designates the energy group and o delineates spectra that may be
simultaneously adjusted. For example,

R =32 o ¢
i 9 ig g

relates a set of measured reaction rates R; to a single spectrum ‘g by
the multigroup cross section Oig- (In this case, FERRET also adjusts the
cross-sections.) The lognormal approach automatically accounts for the
physical constraint of positive fluxes, even with the large assigned
uncertainties.

In the FERRET analysis of the dosimetry data, the continuous quantities (i.e.,
fluxes and cross-sections) were approximated in 53 groups. The calculated
fluxes from the discrete ordinates analysis were expanded into the FERRET group
structure using the SAND-11 code (271, 1his procedure was carried out by

first expanding the a priori spectrum into the SAND-II 620 group structure
using a SPLINE interpolation procedure for interpolation in regions where grouo
boundaries do not coincide. The 620-point spectrum was then easily collapsed
to the group scheme used in FERRET.

The cross-sections were also collapsed into the 53 energy-group structure using
SAND 11 with calculated spectra (as expanded to 620 groups) as weighting
functions. The cross sections were taken from the ENDF/B-V dosimetry file.
Uncertainty estimates and 53 x 53 covariance matrices were constricted for each
cross section. Correlations between cross sections were neglected due to data
and code limitations, but are expected to be unimportant.

For each set of data or a priori values, the inverse of the corresponding
relative covariance matrix M is used as a statistical weight. In some cases,
as for the cross sections, a multigroup covariance matrix is used. More often,
a simple parameterized form is used:
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where Ry specifies an overall fractional normalization uncertainty (i.e.,
complete correlation) for the corresponding set of values. The fractional
uncertainties Rg specify additional random uncertainties for group g that are
correlated with a correlation matrix:

2
Lo 1 {g-9°)
ng. (1 - 8) égg' + 0 exp [ 272 )

The first term specifies purely random uncertainties while the second term
describes short-range correlations over a range v (8 specifies the
strength of the latter term).

For the a priori calculated fluxes, a short-range correlation of vy = 6
groups was used. This choice implies that neighboring groups are strongly
correlated when 8 is close to 1. Strong long-range correlations (or
anticorrelations) were justified based on information presented by R.E.
Maerkerlzs]. Maerker's results are closely duplicated when ¥ = 6. For
the integral reaction rate covariances, simple normalization and random
uncertainties were combined as deduced from a2xperimental uncertainties,

Results of the FERRET evaluation of the capsule W-97 dosimetry are given in
Table 6-9. The data summarized in Table 6-9 indicated that the capsule
received an integrated exposure of 8.00 x 1018 n/cm2 (E > 1.0 MeV) with an
associated uncertainty of +11%. Also reported are capsule exposures in terms
of fluence (£ > 0.1 MeV) and iron a‘om displacements (dpa). Summaries of the
fit of the adjusted spectrum are provided in Table 6-10. In general, excellent
results were achieved in the fits of the adjusted spectrum to the individual
experimental reaction rates. The adjusted spectrum itself is tabulated in
Table 6-11 for the FERRET 53 energy group structure,
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CYCLE

Cycle 1-3
Cvcle 4

fycle 1 4
Average

Cycle 1-3
Cycle 4

Cycle 1-4
Average

TABLE 6-1

CALCULATED FAST NEUTRON EXPOSURE PARAMETERS
AT THE SURVEILLANCE CAPSULE CENTER

IRRADTATION
TIME $ (E>1.0MeV) 6 (E> 0.1 MeV)
(EFPY) (n(cuz—sec) (n]cnz-sec),
7° Capsule
2.807 5.17 x 1010 9.58 x 1010
1.520 3.73 x 10!0 6.87 x 1019
4.328
4.66 x 10! 8.63 x 10'°
14° Capsule
2.807 3.72 x 1010 6.86 x 10'°0
1.520 2.61 x 1010 4.79 x 1019
4.328
3.33 x 1010 6.13 x 1010

dpa/sec

7.31 x

5.28 x

6.60 x

5.29 x
3.73 x

10~ 11
1011

10711

10711

1011

10711



CALCULATED FAST NEUTRON EXPOSURE PARAMETERS AT
THE PRESSURE VESSEL CLAD/BASE METAL INTERFACE

TABLt 6-2

0 15° 30° 45°
¢(E > 1.0Mev)
(n/cm2—sec)
Cycle 1-3 4,20 x 1012 2.66 x 1010 2,37 x 1010 1.78 x
Cycle 4 3.22x 1000 190 x 1010  1.61 x 1010 1.22 x
Cycle 1-4 Average 3.86 x 1010 2,39 x 1010 2,50 x 1010 1.58 x
¢(E > 0. 1Mev)
(n/cmznsec)
Cycle 1-3 9.03 x 1010 582 x 1010 5.07 x 1010 3.79 x
Cycle 4 6.88 x 1010 4,13 x 1010 3.43 x 1010 2,87
Cycle 1-4 Average 8.28 x 1010 5.23 x 1010 4.49 x 1010 3,36 x
dpa/sec
Cycle 1-3 6.20 x 10711 3.97 x 1071} 3.51 x 107!} 2.66 x
Cycle 4 4.75 x 10731 2.84 x 101} 2,39 x 10711 1.82 x
Cycle 1-4 Average 5.69 x 10711 3,57 x 10711 3,11 x 1071 2,37 x

(a) Radivs of clad/base metal interface at 221.45 cm,

lolo
1010

1010

1010
1010

1010

lo‘ll
10711
jo-11









RELATIVE RADIAL DISTRIBUTIONS OF IRON DISPLACEMENT RATE (dpa)

Radius Fraction

Lem) of Vessel
22..45¢1)  0.000
221.45 0.000
221.73 0.013
222.38 0.042
223.2) 0.080
224,13 0.122
225.05 0.164
225.97 0.206
226.93 0.250
228.03 0.300
229.22 0.3556
230.4] 0,409
231.61 0.464
232.80 0.518
233.99 0,572
235.19 0.627
236.38 0.681
237.57 0.736
238,77 0.791
239.96 0.845
241.15 0.899
242.25 0.949
243.06 0.986
243.36(2) 1,000

NOTES :

1) Base Metal Inner Radiug
2) Base Metal Quter Radius

TABLE 6-5

WITHIN THE PRESSURE VESSEL WALL

- | - il

000
000
. 986
942
879
808
138
673
611
546
483
427
3N
333
293
258
226
196
170
145
Jdel
100
.0835
0.0764

OO 0O O O O ©O O O O O O O O O O O O O © © O w -

1.000
1.000
0.985%
0.938
0.874
0.803
0,735
0.672
0.611
0.548
0.487
0.433
0.384
0.34]
0.302
0.267
0.236
0.207
0.180
0.156
0.133
0.112
0.0960
0.0896

6-1%

45"
1.000 1.000
1.000 1.000
0.986 0.986
0.94] 0.94]
0.877 0.879
0.80% 0.808
0.736 0.740
0.671 0.676
0.609 0.614
0.544 0.551
0.482 0.489
0.426 0.434
0.377 0.386
0.333 0.342
0.294 0.304
0.260 0.269
0.228 0.238
0.200 0.210
0.174 0.184
0.181 0.161
0.129 0.139
0.109 0.120
0.0946 0.106
0.0888 0.100
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TABLE 6-14

NEUTRON EXPOSURE VALUES FOR USE 1N THE GENERATION OF HEATUP/COOLDOWN CURVES

§2-9

20 EFPY
UTRON F £ > 1.0 MeV) SLOPE dpa SLOPE
(n/cw?) (equivalent n/cm?)
Surface 181 381 Surface 1/8 1 EVL |
0° 2.66E+19 1.428+19 2.91E+18 2.66E+19 1.636+19 5.02t+18
15° 1.59E+19 8.46E+18 1.79E+18 1.59E+19 9.73E+18 3.18E+18
30° 1.36E419 7.27€+18 1.50£+18 1.36E+19 8.308+18 2.681+18
45° 1.03E+19 5.53t+18 1.176+18 1.03E+19 6.318:18 Z.09:18
32 EFPY
L EITOOA FLUENCE (E > 1.0 MeV) SLOPE dpa SLOPE
(n/cnz) {equivalent n/cuz)
Surface 1/ 1 3/4 1 Surface /417 3/4 17
0 4.20E+19 2.28E+19 4 58E+18 4 .20£+19 2.56E+19 7.91f+18
15° 2.50E+19 1.338+15 2.81E+18 2.50E+19 1.53E+19 4. 9918
30° 2.13E+19 1.14E+19 2.356+18 2.13E+19 1.30€+19 4. 13k+]2
45" 1.61E+19 8.641+18 1.83E+18 1.61E+19 9.87¢+18 3.26E+18

(a) Maximum point on the pressure vessel
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SECTION 7.0
SURVEILLANCE CAPSULE REMOVAL SCHEDULE

The following removal schedule meets ASTM E185-82 and is recommended for future
capsules to be removed from the San Onofre Unit 3 reactor vessel:

Capsule Capsule Estimated
Location Lead Removal Fluence
(deg.) Factor grpy (D) (n/en?)
97.0 1.21 4.33 (3) 0.8 % 10! (actual)
83.0 1.21 6.0 1.0 x 101°
263.0 1.21 15.0 2.4 x 1019
277.0 1.21 32.0 5.1 x 1019
104.0 0.86 Standby - . .-
284.0 0.86 Standby e e

(a) Plant Specific Evaluation

(b) Effective full power years from plant startup.
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ENCLOSURE B

APPLICABILITY OF HEAT AFFECTED ZONE MATERIAL IN CALCULATING
REACTOR VESSEL NIL-DUCTILITY REFERENCE TEMPERATURE (RT,,,)



ENCLOSURE B

APPLICABILITY OF HEAT AFFECTED ZONE MATERIAL IN CALCULATING
NIL-DUCTILITY REFERENCE TEMPERATURE (RT,)
SAN ONOFRE UNIT 3

Background Information

The original Unit 3 1imiting beltline material based on the 1979 Combustion
Engineering (CE) analysis of unirradiated surveillance capsule specimens was
the heat-affected-zone (HAZ) metal. On June 12, 1989, Southern California
Edison (SCE) submitted Proposed Change Number (PCN) NPF-15.292 revising
Technical Specification (75) 3/4.4.8, "Pressure/Temperature Limits," to be
effective up to 8 Effective Full Power Years (EFPY) of operation. In the
submittal, SCE noted the MAZ was no longer the 1imiting materia)l based on the
Battelle materials test report, and that the limiting material 1s now
intermediate shell plate C-6802-1.

Riscussion

From the original CE HAZ metal V-Notch Charpy impact energy test data, three
date points appeared to be anomalous in comparison to the other data (see
Figure l%. These anomalous data points led CE to use conservative bounding
values (low values) for the HAZ metal Charpy Upper Shelf Energy (USE). As a
result, the calculated RT,,, in the CE analysis was believed to be high and
overly conservative,

The Battelle materials test performed in 1989 re-evaluated the conservatism of
the CE analysis. Battelle fabricated new specimens from archive MAZ metal,
which was the 11m1t1n? meterial at that time, and tested these samples. The
results of the Battelle material test indicated much higher Charpy USE values
for the HAZ metal than determined by CE (see Fi?uro 2). We believe the
inconsistencies were due to the use by CE of only 2 data points per test
temperature and the three anomalous data points, Other factors contributing
to the inconsistencies could have been from the non-standardized techniques in
the preparation of the samples, the location of the machined notch relative to
the HAZ metal, and an off-centered impact for some specimens.

The 1991 Westinghouse data from the first Unit 3 irradiated surveillance
capsule specimens did not consider the HAZ meta) data in the calculation of
RTyor  This is consistent because HAZ metal is not limiting. Also, HAZ data
shows significant scatter and, therefore, may not be representative of the
strength of the full thickress of the HAZ material,

Results of SCE Evaluation

The Westinghouse Chargy USE curve for the HAZ metal is consistent with the CE
Charpy USE curves with the exception of the three anomalous CE data points,
The Battelle Charpy USE test results indicated values up to 59 ft-1bs higher
than the Westinghouse values.
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TABLE 1
SAN ONOFRE NUCLEAR GENERATING STATION

UNIT 3
Predicted Values of RT,, for Reactor Vessel Beltline Materials at 8 EFPY
NOTE : The predicted values in this Table were based on CE

unirradiated specimen data. The predicted values need to be
updated based on the surveillance capsule frradiated
specimen test results,

Plate or Cu Ni Intl. Adj RT
Description Block No. % % RT o1 RT o1 shift Margin
Inter. Shell C-6602-1 0.05 0.57 +40 92.4 27.3 25.]
Inter. Shell C-6802-2 0.0 0.5 +0 44.6 22.9 21.7
Inter. Shell C-6802-3 0.05 0.57 +20 72.4 7.3 2B.i
Lower Shell (-6802-4 0.05 0.57 +55 7.4 7.3 36.1
Lower shel) C-6802-5 0.056 0.57 +10 62.4 27.3 25,1
Lower shell C-6802-6 0.06 0.62 +20 71.7 32.5 19.2
Long. Weld 2-203A 0,06 1.00 -40 71.2 9.8 5.4
Long. Weld 2-2038B 0.05 1.00 -40 {1.2 9.8 51.4
Long. Weld 2-203C 0.05 1.00 -40 71.2 59.8 L11.4
Long. Weld 3-203A 0.04 0.16 -10 58.1 6.1 32.0
Long. Weld 3-2038 0.4 0.16 <10 58.1 36.1 32.0
Long. Weld 3-203C 0.0 0.16 10 58.1 6.1 32.0
Circum, Weld 9-203 0.05 0.04 -50 2.4 27.3 25.1
HAZ (Battelle Data) 0.05 0.04 -40 21.7 2.5 29.2
HAZ (CE Data) . . +70
Predicted Fluence at 1/4 T = 6.51E18 n/cn’
WESTINGHOUSE DATA

Plate or Predicted Test Data

Description Block No. RTor Shift RT,or Shift
Inter. Shel) Transverse C-6802-1 31 55
Inter, Shell Longitudinal C-6802-1 31 50
Weld Metal 27 32
HAZ Meta) . 45
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