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The average upper shelf energy of the weld metal showed a decrease in
energy of 47 ft-1bs after irradiation to 8.87 x 1018 n/cm2 (E »
1.0 MeV).

Both the weld and plate metal Charpy test results are in close
agreement with Regulatory Guide 1.99, Revision 2 predictions.

The calculated End-of-Life (EOL) (32 EFPY) maximum neutron fluence (£
> 1.0 MeV) for the Diablo Canyon Unit 2 reactor vessel is as follows:

Vessel inner radius* - 1.70 x 1019 n/cm2
Vessel 1/4 thickness -~ 9.14 x jo!8 n/cmz
Vessel 3/4 thickness - 1.84 x 1018 n/cm2

* clad/base metal interface
The surveillance capsule data presented in this report may be
considered in the development of heatup and cooldown curves.

However, in selecting the limiting material(s), the entire belt line
components should be considered (Reference 5).

1-2

P —

r———



SECTION 2.0
INTRODUCTION

This report presents the results of the examination of Capsule X, the second
capsule to be removed from the reactor in the continuing surveillance program
which monitors the effects of neutron irradiation on the Pacific Gas and
Electric Company Diablo Canyon Unit 2 reactor pressure vessel materials under
actual operating conditions.

The surveillance program for the Diablo Canyon Unit 2 reactor pressure vessel
materials was designed and recommended by the Westinghouse Electric
Corporation. A description of the surveillance program and the preirradiation
mechanical properties ~° the reactor vessel materials is presented by Davidson
and Yanichko in Refer. e 1. The surveillance program was planned to cover the
40-year design life of the reactor pressure vessel and was based - | ASTM
£185-73, "Standard Recommended Practice for Surveillance Tests for Nuclear
Reactor Vessels", Westinghouse Power Systems personnel were contracted to aid
in the preparation of procedures for removing capsule "X" from the reactor and
its shipment to the Westinghouse Science and Technology Center Hot Cell. The
postirradiation mechanical testing of the Charpy V-notch impact and tensile
surveillance specimens was performed at the remote metallographic hot cell

facility.
This report summarizes the testing of and the postirradiation data obtained

from surveillance Capsule "X" removed from the Diablo Canyon Unit 2 reactor
vessel and discusses the analysis of these data.
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SECTION 3.0
BACKGROUND

The ability of the large steel pressure vessel contiining the reactor core and
its primary coolant o resist fracture constitutes an important factor in
ensuring safety in the nuclear industry. The beltline region of the reactor
pressure vessel 1s the most critical region of the vessel because it is
subjected to significant fast neutron bombardment. The overall effects of fast
neutron irradiation on the mechanical properties of low alloy, ferritic

p 2ssure vessel steels such as SA533 Grade B Class 1 (base material of the
Pacific Gas and Electric Company Diablo Canyon Unit 2 rioactor pressure vessel
intermediate shell plate B5454-1) are well documented 1. the literature.
Generally, low alloy ferritic materials show an increase in hardness and
tensile properties and a decrease in ductility and toughness under certain
conditions of irradiation,

A method for performing analyses to guard against fast fracture in reactor
pressure vessels has been presented in "Protection Against Nonductile Failure,"
fppendix G to Section 111 of the ASME Boiler and Pressure Vessel Codel®],

The method uses fracture mechanics concepts and is based on the reference
nil-ductility temperature (RTypy).

RTnpt 18 defined as the greater of either the drop weight nil-ductility
transition temperature (NDTT per ASTM E—208[7]) or the temperature 60°*F

less than the 50 ft-1b (and 35-mil lateral expansion) temperature as determined
from Charpy specimens oriented normal (transverse) to the major working
direction of the material. The RTypr of a given material is used to index
that material to a reference stress intensity factor curve (Kip curve) which
appears in Appendix G of the ASME Code. The Kip curve is a lower bound of
dynamic, crack arrest, and static fracture toughness results obtained from
several heats of pressure vessel steel. Wher a given material is indexed to
the Kip curve, allowable stress intensity factors can be obtained for this
material as a function of temperature. Allowable operating l1imits cen then be
determined using these allowable stress intensity factors.
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RYNDT and, in turn, the operating limits of nuclear power plants can be
adjusted to account for the effects of radiation on the reactor vessel materia)
properties. The radiation embrittlement changes in mechanical properties of a
given reactor pressure vessel steel can be monitored by a reactor surveillance
program such as the Diablo Canyon Unit 2 Reactor Vessel Radiation Surveillance
Program[l]. in which a surveillance capsule is periodically removed from the
operating nuclear reactor and the encapsulated specimens tested. The increase
in the average Charpy V-notch 30 ft-1b temperature (ARTnpT) due to

irradiation is added to the original RTypr to adjust the RTypp for

radiation embrittlement. This adjusted RTyny (RTypy initial +

ARTypt) 1s used to index the material to the Kip curve and, in turn, to

set operating limits for the nuclear power plant which take into account the
effects of irradiation on the reactor vessel materials.
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SECTION 4.0
DESCRIPTION OF PROGRAM

Six rurveillance capsules for monitoring the effects of neul 2" exposure on the
Diatlo Canyon Unit 2 reactor pressure vessel core resion witerial were inserted
in the reactor vessel prior to initial plant start-up. The six capsules were
positioned in the reactor vessel between the neutron pads and the vessel wall
as shown in Figure 4-1. The vertical center of the capsules is opposite the
vertical center of the core.

Capsule X was removed avter 3.11 effective full power years of prant

operation. This capsule ~ontained Charpy V-notilh, tonsile, 1/2 T compact
tension (CT), and bend bar specimens (see Figure 4-2) from intermediate shell
plate B5454-1. Capsule X, also, .ontained Charpy V-notch, tensile, and 1/2 T
compact tension (CT) specimens from weldment which was made from sections of
intermediate shell plate B5454-1 and adjoininy intermediate shel ‘late B5454-2
using weld wire representative of that used in the original fabrication and
Charpy V-notch specimens from weld Heat-Affected-Zone (HAZ) material. A1l weld
HAZ specimens were obtained from within the weld HAZ of intermediate shell
plate B5454-1,

The chemical composition and heat treatment of the surveillance material is
presented in Table 4-1. The chemical analyses reported in Table 4-1 were
obtained fru. unirradiated material used in the surveillance program. In
addition, a chemical analysis using Inductively Cor~led Fiasma Spectrometry
(1CPS) was performed on one irradiated Charpy spec.men from intermediate shell
plate B5454-1 and three weld metal Charpy specimens and is reported in Table
4-2. The chemistry results from the NBS certified reference standards are
reported in Table 4-3.
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Test material was obtained from the intermediate shell course plate after
thermal heat treatment and forming of the plate. A1l test specimens we.e
machined from the 1/4 thickness location of the plate after performing a
simulated postweld stress-relieving treatment on the test material. The test
specimens represent material taken at least one plate thickness (9 5/8 inches)
from the quenched end of the plate.

Base metal Charpy V-notch impact specimens from intermediate shell plate
B5454-1 were machined in both the longitudinal orientation (longitudinal axis
of tie specimen parallel to the major working direction of plate B5454-1) and
transverse orientation (longitudinal axis of the specimen perpendicular to the
major working direction of plate B5454-1). The core region weld Charpy V-notch
impact specimens were machined from the weldment such that the long dimension
of the Charpy specimen was normal to the weld direction; the notch was machined
such that the direction of crack propagation in the specimen will be in the
weld direction,

Base metal tension specimens from the intermediate shell plate B5454-1 were
machined so as to produce some with the longitudinal axis of the specimen
normal to and some perpendicular to the major rolling direction of the plate,
The core region weld tension specimens were machined from the weldment such
that the long dimension of the specimen was oriented normal to the weld
direction.

The bend bar specimen, contained in Capsule X, was machined from plate B5454-1
with the longitudinal axis of the specimen oriented normal to the rolling
direction of the plate such that the simulated crack would propagate in the
rolling direction of the plate. The bend bar specimen was fatigue precracked
according to ASTM E£389.
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The 1/27 Compact Tension (CT) test specimens in Capsule X from intermediate
shell plate B5454-1 were machined in both the longitudinal and transverse
orientations. Thus, these (T specimens will generate fracture toughness data
both normal and parallel to the rolling direction of plate B5454-1. (7
specimens from the weld mela)l were machined normal to the weld direction, with
the notch oriented in the direction of the weld. All 1/27 CT specimens were
fatigue precracked according to ASTM E399,

Capsule X contained dosimeters of pure copper, iron, nickel, and aluminum-0.15
weight percent cobalt wire (cadmium-shielded and unshielded). In addition,
cadmiun shielded dosimeters of neptunium (Np237) and uranium (U238) were
included to measure the integrated flux at specific neutron energy levels.

The capsule contained two low-melting-point eutectic alloy thermal monitors.
These thermal monitors were used to more accurately define the maximum
temperature attained by the test specimens during irradiation. The thermal
monitors were sealed in Pyrex tubes and inserted in spacers located at three
axial locations throughout the capsule The composition of the two
low-melting-point eutectic alloys and their melting points are as follows:

2.5% Ag, 97.5% Pb Melting Point: S579°F (304°C)
1.75% Ag, 0.75% Sn, 97.5% Pb Melting Point: 590'F (310°C)

The arrangement of the various mechanical specimens, dosimeters and thermal
monitors contained in Capsule X are shown in Figure 4-2,
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TABLE 4-2

CHEMICAL COMPOSITION OF DIABLO CANYON UNIT 2 CAPSULE X

1 10.
n No.

IRRADIATED CHARPY IMPACT SPECIMENS

Diablo Canyon Unit 2: irradiated Low Alloy Steel
PT-56 PW-55 PW-56 PN-58

Ll A 2 L b LR B B R R R R L e T T T Iy TSttt

—Metals

Fe
Co
Cu
Cr
Mn
Mo
Ni

§
Si

—toncentration in Weight Percent
MATRIX ELEMENT: Remaindes by Difference

0.003 0.018 0.004 0.010
0.137 0.22% 0.213 0.225
0.070 0.043 0.071 0.043
1.226 1.432 1.355 1.391]
0.453 0.54% 0.484 0.506
0.656 0.875 0.856 0.877
<0.0050 0.0131 0.0105 0.0118
0.002 0.006 0.009 0.006
0.237 0.152 0.134 0.066
0.011% 0.0054 0.0026 0.0025
0.134 0.157 0.155 0.18%
bethod of Analysis

Analyses
Metals

Carbon
Sul fur
Silicon
Iron

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

Dissolution/gravimetric

(Matrix Element: Remainder by Difference)
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SECTION 5.0
TESTING OF SPECIMENS FROM CAPSULE X

5.1 Qverview

The po-t-irrad ation mechanical testing of the Charpy V-notch and tensile
specin.ns was performed at the Westinghouse Science and Technology Center with
consultation by Westinghouse Power Systems personnel. Testing was pertermed in
accordence with 10CFRSC, Appendices G and H[‘), ASTM Specification

£185-82(8), and Westinghouse Procedure MHL 8402, Revision | as modified by

RMF Procedures 8102, Revision 1 and 8103, Revision 1.

Upon receipt of the capsule at the laboratory, the specimens and spacer blocks
were carefully removed, inspected for identification number, and checked
against the master list in NCAP-8783[‘]. No discrepancies were found.

Examination of the two low-melting point 304°C (579°F) and 310°C

(590°F) eutectic alloys indicated no melting of either type of thermal
monitor. Based on t'is examination, the maximum temperature to which the test
speciwens were exposed was less than 304°C (579°F).

The Charpy impact tests were performed per ASTM Specification £23-88(%) and
RMF Procedure 8103, Revision 1 on a Tinius-0Olsen Model 74, 358J) machine. The
tup (striker) of the Charpy machine is instrumented with an Effects Technology
Mode! 500 instrumentation system., With this system, load-time and energy-time
signals can be recorded in addition to the standard measurement of Charpy
energy (Ep). From the lexd-time curve, the Toad of general ytelding (Pgy),
the time to general yielding (tgzy), the maximum load (Py), and the time to
maximum load (ty) can be determined. Under some test conditions, & sharp
drop in load indicative of fast fracture was observed. The load at which fast
fracture was initiated is identified as the fast fracture load (Pp), and the
load at which fast fracture terminated is identified as the arrest load (Pp).
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The energy at maximum loat (Ey) was determined by comparing the energy-time
record and the load-time record. The energy at maximum load 1s approximately
equivalent to the energy required to initiate a crack in the specimen.
Therefore, the propagation energy for the crack () is the difference
between the total energy to fracture (Ep) and the energy at maximum load.

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

oy« Pgy * [L/ (B* (W-0)% * ¢ )) (1)

where the constant C is dependent on the notch flank angle (@), notch root
radius (p), and the type of loading (1.e., pure bending or three-point
bending). In three-point bending a Charpy specimen in which ¢ « 45°

and p = 0.010", Equation ' 15 valid with with C « 1,21, Therefore (fo* | »
&),

oy = Poy * [L / (B (W-2) * 1.21)) = [3.3PgyN)/[B(W-2)?) (2)

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

oy = 33.3 x Pgy (3)
where oy is in units of psi and ng 1s in units of 1bs. The flow
stress was calculated from the average of the yield and maximum loads, also

using the three-point bend formula.

rercent shear was determined from post-fracture photographs using the
ratio-of-areas methods in compliance with ASTM Specification As70-89(10]

The lateral expansion was measured using a dial gage rig similar to that shown

in the same specificaiion,
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5.2 (harpy Y-Notch lmpact Test Results

The results of Charpy V-notch impact tests performed on the various materials
contained in Capsule X irradiated to 8.87 x lOlo n/cm2 (E » 1.0 MeV) are
precented in Tables 5-1 through 5-4 and are compared with unirradiated
resultst1] ag shown in Figures §-1 through 5-4. The transition temperature
increases and upper shelf energy decreases for the Capsule X surveillance
materials are summarized in Table 5-5.

Irradiation of the reactor vessel intermed:ate snol) plate B5454-1 Charpy
specimens to 8.87 x 1018 n/cm2 (E » 1.0 MeV) at 550F (Figure 5-1)

resulted in a 30 ft-1b transition temperature increase of 101 *F and a 50

ft-1b transition temperature incry se of 12) *F for specimens oriented with

the longitudinal axis parallel to the major working direction of the plate
(longitudinal orientation). This resulted in a 30 ft-1b transition temperature
of 105.7 *F and a 5C ft-1b transition temperature of 154.6 *F for

specimens oriented with the longitudinal axis parallel to the major working
direction of the plate (longitudinal orientation).

The average voper shelf energy (USE) of the intermediate shell plate Bb454-)
Charpy specimens (longitudinal orientation) resulted in a average upper shelf
energy decrease of 30 ft-1bs after irradiation to 8.87 « 1018 n/em? (€ »

1.0 MeV) at 550°F. This results in a average USE of 115 ft-1b (Figure

5-1).

Irradiation of the roactor vessel intermediate shell plate B5454-]1 Charpy
specimens to 8.87 x 1018 n/cmz (E > 1.0 MeV) at 550°F (Figure 5-2)

resulted in a 30 ft-1b transition temperature increase of 99 * and 50 ft-1b
transition temperature increase of 99 *F for specimens oriented w..h the
Tongitudinal axis perpendicular to the major working direction of the plate
(transverse orientation). This resulted in a 30 ft-1b transition temperature
of 126 *F and a 50 ft-1b transition temperature of 173 *f for specimens
orfented with the longitudinal axis perpendicular to the major working
direction of the plate (transverse orientation).
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9 yekisge upper shelf energy (USE) of the intermediate shell plate B54%54-)
harpy specimens (Transverse Orientation) resulted in a average upper shelf
energy decrease of 10 ft-1bs after irradiation to 8.87 x 1018 n/cm2 (€ »

1.0 MeV) at §50°F. This results in an average USE of 85 ft-1b (Figure

§-2).

Irradiation of the reactor vessel core region weld metal Charpy specimens to
8.87 x 108 n/cm2 (E > 1.0 Me\) at 550°F (Figure 5-3) resulted in a 30

ft-1b transition temperature increase of 204 *F and 50 ft-1b transition
temperature increase of 214 *F.  This resulted in a 30 ft-1b transition
temperature of 181 'F and & 50 ft-1b transition temperature »f 229 °F,

The average upper shelf energy (USE) of the reactor vessel core region weld
metal resulted in a average upper shelf energy decrease of 47 ft-1bs after
irradiation to 8.87 x 10" n/em® (£ > 1.0 MeV) ac 550°F. This results

in an average USE of 74 ft-1b (Figure 5-3).

Irradiation ¢f the reactor vesse)l weld meta) Heat-Affected-Zone (MAZ) specimens
to 8.87 x 10'? n/en? (E » 1.0 MeV) at 550°F (Figure 5-4) resulted in a

30 ft-1b trarsition temperature increase of 252 *F and a 50 fi-1b

transition temperature increase of 247 *F. This results in a 30 ft-1b
transition temperature of 26 *F and a 50 ft-1b transition temperature of 96

.

The average upper shelf energy (USE) of the resctor vessel weld HAZ metal
resulted in a average upper shelf energy decrease of 46 ft-1bs after
irradiation to 8,87 x 1018 n/cm2 (E » 1.0 MeV) at 850°F. This results

in an average USE of 101 ft-1b (Figure §-4).

The fracture appearance of each irradiated Charpy specimen from the various

materials is shown in Figures 5-5 through -8 and show an increasingly ductile
or tougher appearance with increasing test temperature.
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TABLE §-2

CHARPY V-NOTCH IMPACT DATA FOR THE DIABLO CANYON UNIT 2 REACTOR
VESSEL WELD METAL AND HAZ METAL IRRADIATED AT
50°F, FLUENCE 8.87 x 10'® n/en? (£ > 1.0 Mev)

Tesperature lspact Eper Lateral Expansion Shear
Saple No. (B0 L0 (tdh) O (aide)  lw) &
Yold Metal

PWig 100 38 6.0 (2.5 14.0 50.35 10
PYs? 1560 66 16.0 21.6 16.0 0.38 16
PWES 185 86 19.0 26.0 17.0 (0.43 35
P¥60 185 85 25.0 34.0 25.0 0.64 26
PW4p 168 vl 32.0 43.5 2.0 0.81 80
P¥50 166 ¥l 33.0 4.5 28.0 0.7 60
P¥50 210 L 37.0 50.0 30.0 0.78 60
PW4? 210 9% 50.0 88.0 41.0 1.04 96
P¥56 250 121 63.0 72.0 45.0 1.14 85
P¥46 250 121 63.0 85.5 56.0 1.42 8b
PW53 300 149 74.0 100,56 62.0 1,87 100
PW51 350 177 71.0 0e.& 62.0 1.87 100
PYs2 378 191 76.0 103.0 87.0 1.70 100
PW4s 400 (204 72.0 87.% 82.0 1.87 100
PW64 420 (218 73.0 .0 §6.0 2.16 100
BAZ Meta)
PHS® 0 (-18 18.0 24.52 16.0 0.38) 156
PREL 50 10 36.0 40.0 34.0 0.86 36
PHS3 50 : 26.0 30.5 26.0 0.60 25
PHED 7% ( 24 24.0 32.8 23.0 0.58 25
PHS4 75 24 75.0 101.5 §2.0 1.32 65
PH46 126 62 §4.0 127.5 73.0 1.85) a0
PHG2 125 &2 §7.0 77.8 4.0 1.12) 60
PHES 176 7% 3 0 78.5 47.0 1.1% 85
PHS? 1786 79 48.0 66.0 45.0 1.14 70
PRS0 200 83) §8.0 78.5 55.0 1.40 @0
PH4® 275 (138) 113.0 163.0) B84.0 2.13; 100
PH47 276 (135 §7.0 131.5) 80.0 2.08 100
PH48 300 (140 123.0  (167.0 81.0 2.06) 100
PHS6 300 (148 71.0 g 96.5 67.0 1.70; 100
PESO 325 (163) 102.0 138.5 76.0 1.93 100
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Normelised Bnergies

Test Jharpy Charpy Maximum Prop Yield Time Wex imum Time to Fracture Arrest VYield Floe
Semple Temp Energy Em/A Ep/A Loed to Yield lLoad Maximus Load Loud Strese Stress
Number (°F)} (ft-1b) (£¢-1b/in?) _ f(kipes) _(weec) (kipe) {pmec) (kipe) (kipe) {kei) (kwi)

Weld Metal

126
145
126
* 35
1356
136
135
188
145
125
220
210
190
145

AR
-~

BUAMADDMANUMNRDLADEN
W 0 00 W e e e

8.
3
2
3
8.
2
3
3
3
2
3
3
8
K
2

Metal

-

124 21 4.00
174 80 3.80
247 <3 3.78
COMPUTER MALFUNCTION
259 345 40
231 228 .55
214 £43 70
2354 183 a0
206 282 w5
220 247 Z
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TABLE 5-7
TENSILE PROPERTIES FOR DIABLO CANYVON UNIT 2 REACTOR VESSEL SURVEILLANCE MATERIAL
IRRADIATED AT S50°F T0 8.87 x 1018 n/ca? (£ > 1.0 Mev)

Test 0.2% Yield Ultimate Mm M—-. Fracture Uniform Total Beduction

m Temp. Strength Sirength Strength Elongetion Rlongetion in Ares

Material £r) _(ked) fkei) __Ikllln _Illil__ Akwi) (%) (%) —i)
Plate BS4b4 -1 PL1O T4 TT.e o2 .8 3.20 18¢.8 a5.32 13.6 28 .1 ®3
(Longitudinel) PL11 300 71.3 00.7 s.10 208.8 es.3 1.1 22.2 70
PL12 560 81.0 es.7 8.90 200 .2 7%.5 9.0 i8.2 a0
Plate B5454-1 PT10 T4 7.5 100.7 2.70 198 .3 TE.4 13.0 22.1 82
(Tranvermse) PT11 300 1.8 90.7 3.%0 159.1 87.3 10.8 18.5 5B
PT12 550 as.2 eL.7 2.50 188 .8 71.3 10.5 is.1 E8
Weld P¥io Te 0.7 106 .9 3.70 198 .1 75 .4 13.5 24 .3 a2
P¥i1 BROO 81.5 es. 8 83.80 187 .13 7a.8 10.5 21 .3 e3
rmia 850 77 .4 85.8 2.7Ts i51.5 78.4 10.2 i®. 0O 50
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of varying neutron yield per fission and fission spectrum introduced by the
build-up of plutonium as the burnup of individua) fuel assemblies increased.

The absolute cycle specific data from the adjoint evaluations together with
relative neutron energy spectra and radial distribution information from the
forward calculation provided the means to:

1. Evaluate neutron dosimetry obtained from surveillance capsule
locations.

2. Extrapolate dosimetry results to key locations at the irner radius
and through the thickness of the pressure vessel wall,

3. Enable a direct comparison of analytical prediction with measurement .

4. Establish a mechanism for projection of pressure vessel exposure as
the design of each new fuel cycle evolves.

The forward transport calculation for the reactor model summarized in Figures
4-1 and 6-1 was carried out in R, 8 geometry using the DOT two-dimensiona)
discrete ordinates codel!®) and the SAILOR cross-section library[lsl. The
SAILOR library is a 47 group ENDFB-IV based data set produced specifically for
Tight water reactor applications. In these analyses anisotopic scattering was
treated with a Py expansion of the cross-sections and the angular
discretization was modeled with an Sg order of angular quadrature,

The reference core power distribution utilized in the forward analysis was
derived from statistical studies of long-term operation of Westinghouse 4-loop
plants. Inherent in the development of this reference core power distribution
is the use of an out-in fuel management strategy; i.e., fresh fuel on the core
periphery. Furthermore, for the peripheral fuel assemblies, a 20

uncertainty derived from the statistical evaluation of plant to plant and cycle
to cycle variations in peripheral power was used. Since it is unlikely that a
single reactor would have a power distribution at the nominal +2¢
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level for a large number of fuel cycles, the use of this reference distribution
is expected to yield somewhat conservative results.

A1l adjoint analyses were also carried cut using an Sg order of angular
quadrature and the Py cross-section approximation from the SAILOR library.
Adjoint source locations were chosen at several azimuthal locations along the
pressure vessel inner radius as well as the geometric center of each
surveillance capsule. Again, these calculations were run in R, © geometry

to provide neutron source distribution importance functions for the exposure
pavameter of interest; in this case, ¢ (E > 1.0 MeV). Having the

importance functions and appropriate core source distributions, the response of
interest could be calculated as:

R(r, 8 = [ Jo Jg 1(r, 8, ) S (r, 8, E) r dr 48 dt
where: R (r, 8) = ¢ (E > 1.0 MeV) at radius r and azimuthal angle &

I (r, 6, E) = Adjoint importance function at radius, r, azimuthal
angle 6, and neutron source energy E.

S (r, 8, E) = Neutron source strength at core location r, 6 and
energy £,

Although the adjoint importance functions used in the Diablo Canyon Unit 2
analysis were based on a response function defined by the threshold neutron
flux (E > 1.0 MeV), prior calculations have shown that, while the
implementation of low leakage loading patterns significantly impact the
magnitude and the spatial distribution of the neutron field, changes in the
relative neutron energy spectrum are of second order. Thus, for a given
location the ratio of dpa/¢ (F > 1.0 MeV) is insensitive to changing core
source distributions. In the application of these adjoint important functions
to the Diablo Canyon Unit 2 reactor, therefore, calculation of the iron
displacement rates (dpa) and the neutron flux (E > 0.1 MeV) were computed on a
cycle specific basis by using dpa/¢ (E > 1.0 MeV) and ¢ (E > 0.1

MeV)/¢ (E > 1.0 MeV) ratios from the forward analysis in conjunction with

the cycle specific ¢ (E > 1.0 MeV) solutions from the individual adjoint
evaluations.
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The reactor core power distributions, used in the plant specific adjoint
calculations, were taken from the fuel cycle design report for the first three
operating cycles of Diablo Canyon Unit 2 [16 through 18]). The relative power
levels in fuel assemblies that are significant contributors te the neutron
exposure of the pressure vessel and surveillance capsules are summarized in
Figure 6-2. For comparison purposes, the core power distribution (design
basis) used in the reference forward calculation is also i1lustrated in Figure
6-2.

Selected results from the neutron transport analyses performed for the Diablo
Canyon Unit 2 reactor are provided in Tables 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 exposure of the
pressure vessel wall.

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

> 0.1 MeV), and dpa] are given at the geometric center 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 calculatien 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 cycles 1 through 3 plant specific
power distributions, It is important to note that the data for the vessel
inner radius were taken at the clad/base metal interface; 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 a relativa basis for each exposure parameter at
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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.

For example, the neutron flux (E > 1.0 MeV) at the 1/47 position on the 45°
azimuth 1s given hy:

91 /47(45°) $(220.27, 48*) F (225.75, 45°)

Projected neutron flux at the 1/4T position on
the 45* azimuth

where: ‘1/41(45.)

¢ (220.27,45°)

Projected or calculated neutron flux at the
vessel inner radius on the 45* azimuth,.

Relative radial distribution function from
Table 6-3.

F (225.75, 45°)

Similar expressions apply for exposure parameters in terms of ¢ (E > 0.1
MeV) and dpa/sec,

6.3 Neutron Dosimetry

The passive neutron sensors included in the Diablo Canyon Unit 2 surveillance
program are listed in Table 6-6. Also given in Table 6-6 are the primary
nuclear reactions and associated nuclear constants that were used in the
evaluation of the neutron energy spectrum within the capsule and the subsequent
determination of the various exposure parameters of interest [¢ (E > 1.0

MeV), ¢ (E > 0.1 MeV), dpa].

The relative locations of the neutron sensors within the capsules are shown in
Figure 4-2. The iron, nickel, copper, and cobalt-aluminum monitors, in wire
form, were placed in holes drilled in spacers at several axial levels within
the capsules. The cadmium-shieided neptunium and uranium fission monitors were
accommodated within the dosimeter block located near the center of the capsule.
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proceeded to adjust a priori (calculated) group fluxes to produce a best fit
(in a least squzres 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 p~iori 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:

(§,%) (s) ()
f b

where 1 induxes the measured values belonging to a single data set s, g
designates the energy group and « delineates spectra that may be
simultaneously adjusted. For example,

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-II code [34]. This procedure was carried out by first
expanding the a priori spectrum into the SAND-I1 620 group structure
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using a SPLINE interpolation procedure for interpolation in regions where group
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 I1 with calculated spectra (as expanded to 620 groups) as weighting
functions. The cross sections were taken from the ENDF/B-V dosimetry file.
Unce=tainty estimates and 53 x 53 covariance matrices were constructed 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 crosc sections, a multigroup covariance matrix is used. More often,
a simple parameterized form is used:

gg' " "N * Rg Rg Pggr

where Ry specifies an overall fractianal 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:

i
o N A AT e =(g-9")
ng (1 ) 699 + 0 exp | 272 )
The first term specifies purely random uncertainties while the second term
describes short-range correlations over a range y (9 specifies the
strength of the latter term).
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wall are provided in Table 6-14. In order to access RTypt vs- fluence trend
curves, dpa equivalent fast neutron fluence levels for the 1/47 and 3/41
positions were defined by the relations

¢ (1/47) = § (Surface) [MS]

$ (3/4T) = ¢ (Sur‘faCE) [dp‘ (Surface)]

Using this approach results in the dpa equivalent fluence values listed in
Table 6-14.

In Tabi2 6-15 updated lead factors are listed for each of the Diablo Canyon
Unit 2 surveillance capsules. These data may be used as a guide in
establishing future withdrawal schedules for the remaining capsules.
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TABLE 6-1

CALCULATED FAST NEUTRON EXPOSURE PARAMETERS

AT THE SURVEILLANCE CAPSULE CENTER

IRRADIATION ¢ (E > 1.0 MeV) ¢ (E > 0.1 MeV) dpa/sec
CYCLE TIME [n/caz-sec] [n/cnz-sec]
(EFPS) 31.5° 34.0° 31.5° 34 0" 31.5° 34.0°
DESIGN BASIS 1.11 x 10! 1.29 x 101! 4.88 x 10! 5.3 x 10l! 221 x 10719 262 x 10710
CYCLE 1 3.13 x 107 8.35 x 1010 9.52 x 10!0 3.67 x 10!} 4.37 x 10! 1.66 X 10710 93 x 10710
CYCLE 2 3.15 X 107 7.00 x 1010 8.01 x 100 3.08 x 10!! 3.68 x 10!} 1.40 x 10019 162 7 10710
CYCLE 3 3.52 X 167 6.70 X 1010 7.61 X 1010 2.95 x 10! 3.49 x 10t} 1.3 x 10710 158 10710
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TABLE 6-2

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

¢(E > 1.0 MeV) [n/cmz-sec]

IR -\ A B | L. S| A RN | N,
DESIGN BASIS 1.45 x 1019 2.21 x 1010 1.69 x 1010 2.44 - 1010
Cycle 1 1.08 x 1010 1.62 x 1019 1.27 x 1010 1.81 x 1010
Cycle 2 7.99 x 10° 1.20 x 100 1.02 x 1010 1.49 x 1010
Cycle 3 8.19 x 10° 1.20 x 1010 9.84 x 10° 1.37 x 1010

¢(E > 0.1 Mev) [n/cmz—sec]

e AT i e —— e < PIBRE. | A
DESIGN BASIS 3.02 x 1010 4.66 x 1010 4,25 ¥ 1010 6.11 x 1010
Cycle 1 2.25 x 1010 3.41 x 1010 3,20 « 1010 4.53 x 1010
Cycle 2 1.67 x 1010 2.53 x 1010 2.5/ x 1010 3,73 x 1010
Cycle 3 1.71 x 1010 2.63 x 1010 2.48 x 1010 3,43 x 1010

dpa/sec

e (LR 15° 30° SR | A
DESIGN BASIS 2.2 x 10711 3,41 x 10711 2,73 x 10711 3.88 x 1071}
Cycle 1 1.68 x 10711 280 x 10711 2,08 x 10°1)  2.88 x 107!}
Cycle 2 1.2 x 10011 1.88 x 10711 1,65 x 10710 2,37 x 1071}
Cycle 3 1.24 x 10711 185 x 10711 159 x 10711 2,18 x 1071
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TABLE 6-5

RELATIVE RADIAL DISTRIBUTIONS OF IRON DISPLACEMENT RATE (dpa)
“ITHIN THE PRESSURE VESSEL WALL

Radius

Sem) S | A L. — I L e
220.27(1) 1.00 1.00 1,00 1.00
220,64 0.982 0.982 0.986 0.984
221.66 0.911 0.910 0.923 0.915
222.99 0.813 0.812 0.837 0.821
224,31 0.721 0.718 0.751 0.730
226.63 0.637 0.633 0.673 0.646
226.9% 0.562 0.558 0.602 0.572
228.26 0.496 0.491 0.539 0.508
229.60 0.438 0.433 0.481 0.447
230,92 0.367 0.381 0.430 0.394
232.25 0.341 0.335 0.383 0.347
233,57 0.300 0.295 ¢.341 0.305
224.89 0.263 0.258 ", %G 0.266
236.22 0.230 0.226 0.2%7 0.2
237,54 0.199 0.195 0.234 0.199
236.86 0.171 0.168 0.203 0.169
240.19 0.145 0.142 0.174 0.140
241,81 0.121 0.117 0.146 0.113
242.17(2) 0.116 0.110 0.140 0..06

NOTES: 1) Base Metal Inner Radius
2) Base Metal Outer Radius



TABLE 6-6

NUCLEAR PATAMETERS FOR NEUTRON FLUX MONITORS

Reaction Target Fission
Moniter of Weight Response Product Yield
Material interest fraction _Range Half-life _ %)
Copper cu®3(n,e)co® 0.6917 £ > 4.7 MeV 5.272 yrs
Iron Fe3%(n pyMn>t 0.0582 £ > 1.0 Me¥ 312.2 days
Nicke! Ni%8(n, p)co>8 0.6830 £> 1.0 MeV 70.90 days
Uranium-238* u38(n £ycsid’ 1.0 £ > 0.7 Ae¥ 30.12 yrs 5.99
Neptunium-237+ N3 (n, Fycs 137 1.0 £ > 0.08 Moy 30.12 yrs 6.52
Cobalt-Aluminum* Co>2(n,y)Co® 0.001S  0.4ev>E> 0.0IS MeV  5.272 yrs
Cobalt-Aluminum* Co>O(n,y)Ce®® G.0015 £ > 0.015 Mo¥ $.272 yrs

*Denotes that monitor is cadmium shielded.



TABLE 6-7

IRRADIATION HISTORY OF NEUTRON SENSORS
CONTAINED IN CAPSULE X

Irradiation Py Py/ Irradiation Decay
Period (MW) PMax Time (days) Time (days)

10/85 734 218 13 1750
11/85 1272 373 30 1720
12/85 1305 .383 31 1689
1/86 750 220 3] 1658
2/86 34] .100 28 1630
3/86 1845 .54 3] 1599
4/86 28%9 .88 30 1569
5/86 3088 908 3l 1538
6/86 2789 Bl 30 1508
7/86 2396 102 3l 1477
8/86 3207 951 3] 1446
9/86 2779 8185 30 1416
10/86 3206 .940 31 1385
11/86 3279 .961 30 1365
12/86 3128 917 31 1324
1/87 3193 910 3] 1293
2/87 2647 176 28 1265
3/87 2029 598 3] 1234
4/87 254 075 30 1204
5/87 0 000 31 1173
6/87 0 .000 30 1143
7/87 980 .287 31 1112

NOTE: Reference Power = 3411 Mw,
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TABLE 6-7 (Cont'd)

IRRADIATION HISTORY OF NEUTRON SENSORS
CONTAINED IN CAPSULE X

Irradiation Py Py/ Irradfation Decay
Period (MW) PMax Time (days) Time (days)
6/89 340) 997 30 412
7/89 2662 781 3] 381
8/89 3082 895 3 380
9/89 3337 278 30 320
10/89 2782 816 3 289
11/89 2767 811 30 259
12/89 3300 967 3] 228
1/90 3405 998 3] 197
2/90 3368 .987 28 169
3/80 2487 129 4 165
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MEASURED SENSOR ACTIVITIES AND REACTION RATES

Monitor and

Axial Location

Cu-63 (n,a) Co-60

Top
Bottom
Average

Fe-54(n,p) Mn-54

Top
Middle
Bottom
Average

Ni-58 (n,p) Cu-58

Top
Middle
Bottom
kverage

U-238 (n,f) Cs-137 (Cd)

Middle

8.85
9.23
9.04

e =

~NN N~

A
49
.48
46

23
.64
57
.48

99

X
£
x

M M x

» x »>

Measured
Activity

(dis/sec-gm)  (dis/sec-gm)

104
104

108
108

106

108
105
108

105

TABLE 6-8
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Saturated
Activity

3
3,
.06

Lo IR . I A

& B B

00
13

19
.95
.93
.89

.32
.87
.53
47

A4

M X x »

X X X =

10°
105

107
107
107

108

Reaction
Rate

{RPS/NUCLEVS)

4.67 x 10717

4.6 x 1071%

6.38 x 10719

2.93 x 10714



TABLE 6-8 (Cont'd)
MEASURED SENSOR ACTIVITIES AND REACTION RATES

Meesured Saturated Rea.tion
Monitor and Activity Activity Rate

Axial Location (dis/sec-qm) (dis/sec-gm) (RPS/NUCLEUS)
Np-237(n,f) Cs-137 (Cd)

Middle 3,13 x 108 4.65 x 107 2.82 x 10713
Co-59 (n,y) Cn-B0

Top 2.17 x 107 7.35 x 107

Middle 1.95 x 107 6.59 x 107

Bottom 2.12 x 107 7.17 x 107

Average 2.08 x 107 7.08 x 107 4.59 x 10712
Co-59 (n,vy) Co-60 (Cd)

Top 1.21 x 107 4.10 x 107

Middle 1.12 x 107 3.80 x 107

Bottom 1.20 x 107 ¢.07 x 107

Average 1.18 x 107 3.99 x 107 2.60 x 10712
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TABLE 6-10

COMPARISON OF MEASURED AND FERRET CALCULATED
REACTION RATES AT THE SURVEILLANCE CAPSULE CENTER

Adjusted

Reaction Measured Calculation LM
Cu-63 (n,a) Co-60 4.67x10°17 4.66x10"17 1.00
Fe-54 (n,p) Mn-54 4.61x1071% 4.67x10°18 1.01
Ni-58 (n,p) Co-58 6.38x10°15 6.40x10°1% 1.00
U-238 (n,f) Cs-137 (Cd) 2.93x10° 14 z 74x10°14 0.94
Np-237 (n,f) Cs-137 (Cd) 2.82x10°13 2.90x10°13 1.03
Co-59 (n,y) Co-60 (Cd) 2.60x10°1¢ 2.61x10712 0.99
Co-59 (n,7) Co-60 4.59x10712 4.56x10°12 1.00
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