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SUMMARY

This report describes the results of the examination of the fourth capsule
(Capsule Y) of the Commonwealth Edison Company, Zion Nuclear Plant Unit |
reactor vessel surveillance progrem. The objective of the program is to
monitor the effects of neutron irradiation on the tensile and fracture
toughness properties of the reactor vessel materials by the testing and
evaluation of tension and Charpy impact specimens. The program was designed
in accordance with the requirements of ASTM Specification E185-70.

The capsule received an average fast fluence of 1.56 x 1019 n/cmé (E > 1.0
MeV) and the predicted fast filuence for the reactor vessel T/4 location at
the end of the tenth cycle is 2.90 x 10'® n/em® (E > 1 MeV). Based on the
calculated fast flux at the vessel wall, an B0% load factor, and the planned
fuel management, the projected fast fluence that the Zion Nuclear Plant Unit
] reactor pressure vessel inside surface will receive in 40 calendar years of
operation is 1.60 x lc19 n/cm2 (E > 1 MeV) and the corresponding T/4 fluence
is calculated to be 8.89 «x lo18 n/cm2 (E >1 MeV). The peak calculated RTNDT
at T/4 vessel wall location is 257F at EOL per Regulatory Guide 1.99, Rev. 2
but appears to be no greater than 200F based on data from this surveillance
capsule. Likewise, the T/4 vessel wall upper-shelf energy is calculated to
decrease to 41 ft-1bs per Regulatory Guide 1.99, Rev. 2 but based on data
from this surveillance capsule should not decrease below 50 ft-1bs prior to
EOL.

The rec:lcs of the tension tests indicated that the materials exhibited
normal behavior relative to neutron fluence exposure. .he Charpy impact data
results exhibited the characteristic shift to hiuher temperature for th¢ 30
ft-1b transitior temperature and a decrease in upper-shelf energy. These
results demonstrated that the current techniques used for predicting the
change in both the increase in the RTNDT and the decrease in upper-shelf
properties due to irradiation are conservative.
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1. INTRODUCTION

This report describes the results of the examination of the fourth capsule
(Capsule Y) of the Commonwealth Edison Company, Zion Nuclear Plant Unit 1
(Zion-1) reactor vessel material surveillance program (RVSP). The capsule
was removed and evaluated after being irradiated in the Zion Nuclear Plant
Unit-1 as part of the reactor vessel materials surveillance program (WCAP-
8064).1 The capsule experienced a fluence of 1.56 x 1019 n/cmz (E > 1 MeV),
which 1s the equivalent of approximately 31 effective full power years’
(EFPY) operation of the Zion Nuclear Plant Unit 1 reactor vessel inside
surface. The first capsule (Capsule T) from this program was removed and
examined after the first year of operation; the results are reported in BCL-
585-4.2 The second capsule (Capsule U) was removed and examined after
irradiation for 4 cycles, or 3.5 EFPY; the results are reported in WCAP-
9890.3 The third capsule (Capsule X) of the program was removed and evaluat-
ed after 6 cycles, or 5 EFPY and the results reported by Southwest Research
Institute in SWRI 06-7484-001.4

The objective of the program is to monitor the effects of neut}on irradiation
on the tensile and impact properties of reactor pressure vessel materials
under actual operating conditions. The surveillance program for Zion Nuclear
Plant Unit-1 was designed and furnished by Westinghouse Electric Corporation
(W) as described in WCAP-8064! and conducted in accordance with 10CFRS50,
Appendix H.  The program was planned to monitor the effects of neutron
irradiation on the reactor vessel materials for :he 40-year design life of
the reactor pressure vessel.

1-1
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2. BACKGROUND

The ability of the reactor pressure vessel to resist fracture is the primary
factor in ensuring the safety of the primary system in 1ight water-cooled
reactors. The beltline region of the reactor vessel is the most critical
region of the vessel because it is exposed to neutron irradiation. The
general effects of fast neutron irradiation on the mechanical properties of
such low-alloy ferritic steels as SA533, Grade B, used in the fabrication of
the Zion Unit 1 reactor vessel, are well characterized and documented in the
literature. The low-alloy ferritic steels used in the beltline region of
reactor vessels exhibit an increase in ultimate and yield strength properties
with a corresponding decrease in ductility after irradiation. The most
significant mechanical property change in reactor pressufé vessel steels is
the increase in temperature for the transition from brittle to ductile

fracture accompanied by a reduction in the Charpy upper shelf energy value.

Appendix G to 10CFRS50, “"Fracture Toughness Requirements,"® specifies minimum
fracture toughness requirements for the ferritic materials of the pressure-
retaining components of the reactor coolant pressure boundary (RCPB) of
water-cooled power reactors, and provides specific guidelines for determining
the pressure-temperature limitations on operation of the RCPB. The
toughness and operational requirements are specified to provide adequate
safety margins during any condition of normal operation, including antici-
pated operational occurrences and system hydrostatic tests, to which the
pressure boundary may be subjected over its service lifetime. Although the
requirements of Appendix G to 10CFR50 became effective on August 13, 1973,
the requirements are applicable to all boiling and pressurized water-cooled

nuclear power reactors, including those under construction or in operation on
the effective date.

Appendix H to 10CFR50, "Reactor Vessel Materials Surveillance Program
Requirements."7 defines the material surveillance program required to monitor




changes in the fracture toughness properties of ferritic materials in the
reactor vessel beltline region of water-cooled reactors resulting from
exposure to neutron irradiation and the thermal environment. Fracture
toughness test data are obtained from material specimens withdrawn periodi-
cally from the reactor vessel. These data will permit determination of the
conditions under which tne vessel can be operated with adequate safety
margins against fra(tyre throughout its service life.

A method for guarding against brittle fracture in reactor pressure vessels is
described in Appendix G to the ASME Boiler and Pressure Vessel Code, Section
111, "Nuclear Power Plant COmponents."8 This method utilizes fracture
mechanics concepts and the reference nil-ductility temperature, RTNDT’ which
is defined as the greater of the drop weight nil-ductility transition
temperature (per ASTM E-208) or the temperature that is 60F below that at
which the material exhibits 50 ft-1bs and 35 mils lateral expansion.. The
RTNDT of a given material is used to index that material to a reference
stress intensity factor curve (Klk curve), which appears in Appendix G of
ASME Section 111, The KIR curve ‘s & lceer bound cof dynamic, static, and
crack arrest fracture toughness ~esults obtained from several heats of
pressure vessel steel. When a given material is indexed

0 the KXR curve,
allowable stress intensity factors can be obtained for this material as a

function of temperature. Allowable operating limits can then be determined
using these allowable stress intensity factors

The RINDT and, in turn, the operating 1imits of a nuclear power plant, can
be adjusted to account for the effects of radiation on the properties of the
reactor vessel materials. The radiation embrittlement and the resultant
changes 1in mechanica! properties of a given pressure vessel steel can be
monitored by a surveillance program in which a surveillance capsule contain-
ing prepared specimens of the reactor vessel materials s periodically
removed from the operating nuclear reactor and the specimens are tested. The
increase in the Charpy V-notch 30 ft-1b temperature is added to the original
RTNDT to adjust it for radiation embrittlement. This adjusted RTNDT is used
to index the material to the KIR curve which, 1in turn, is used to set
operating limits for the nuclear power plant. These new limits take into
account the effects of irrad‘ation on the reactor vessel materials.




Appendix G, 1OCFRS50, also requires & minimum Charpy V-notch upper-sheif
energy of 75 ft-1bs for all beltline region materials unless it is demon-
strated that lower values of upper-shelf fracture energy will provide an
adequate margin for deterioration as the result of nreutron radiation. No
action is required for a material that does not meet the 7§ ft-1b requirement
provided the irradiation deterioration does not cause the upper-sheif energy
to drop below 50 ft-1bs. The regulations specify that if the upper-shelf
energy drops below 50 ft-1bs, it must be demonstrated in a manner approved by

the Office of Nuclear Regulation that the lower values will provide adequate
margins of safety.

when a reactor vessel fails to meet the 50 ft-1b requirement, a program must
be submitted for review and approval at least three years prior to the time
the predicted fracture toughness will no longer satisfy the regulatory
requirements. The program must address the following:

A. A volumetric examination of 100 percent of the beltline materials

that do not meet the requirement.

Supplemental fracture toughness data as evidence of the fracture
toughness of the irradiated beltline materials.

Fracture toughness analysis to demonstrate the existence of equiva-
lent margins of safety for continued operation.

If these procedures do not indicate the existence of an adequate margin of

safety, the reactor vessel beltline may be given a therma) annealing treat-
ment to recover the fracture toughness properties of the materials.




3. SURVEILLANCE PROGRAM DESCRIPTION

The surveillance program for Zion Unit 1 comprises eight surveillance
capsules designed to monitor the effects of neutron and thermal environment
on the materials of the reactor pressure coreeregion. The capsules, which
were inserted into the reactor vessel before initial plant startup, were
positioned inside the reactor vessel between the thermal shield and the
vessel wall at the locations shown in Figure 3-1. The eight capsules,
designed to be placed in holders attached to the thermal shield are posi-
tioned near the peak axial and azimuthal neutron flux. WCAP-8064 includes a
full description of the capsule locations and design. During the ten cycles

of operation, capsule Y was irradiated in the 320° position as shown in
Figure 3-1,

Capsule Y was removed during the tenth refueling shutdown of Zion Unit 1.
The capsule contained Charpy V-notch impact test specimens fabricated from
the one base metal (SA533, Grade Bl), one heat-affected-zone, a weld meta)
and a correlation monitor. Tension test specimens were fabricated from the
base metal and the weld metal only. In addition, specimens were included for
determining th: fracture toughness of the weld metal. The number of speci-
mens of each material contained in the capsule are described in Table 3-1,
and the location of the individual specimens within the capsule are described
in Figure 3-2. The chemical composition and heat treatment of the surveil-
lance material in capsule Y are described in Table 3-2.

A1l test specimens were machined from the 1/4-thickness (1/47) location of
the plate material. Charpy V-notch and tension test specimens were cut from
the surveillance material such that they were oriented with their longitudi-
nal axes either parallel or perpendicular to the principal working direction,




Capsule Y contained dosimeter wires, described as follows:

Rosimeter sShielding

Ua0g Cdo
NpOp Cdo
Ni None
Co-Al Cd

Co-Al None
Fe None
Cu None

Thermal monitors of low-melting alloys were included in the capsule. The
alloys and their melting points are as follows:

Alloy Melting Point, F
97.5% Pb, 2.5% Ag 579
97.5% Pb, 1.75% Ag, 0.75% Sn 590

_ :

Number of Test Specimens Per Capsule

Material Description Tension cwn(®) Impact wot (P)
Plate: B7835-]

Longitudinal 2 10 .-

Transverse .- 10 ..

HAZ .- 8 o
Weld Metal: WF-209-1(€) 2 8 4
Correlation Monitor

HSST Plate 02 ., 2s 8 2=
Total per Capsule 4 44 4

(a)CVN denotes Charpy V-notch.
(b)WOL denotes wedge opening loading.
(C)per BAW-1543, Rev. 3.

i B BB oy



Table 3-2. Chemical Composition and geat Treatment
of Surveillance Materials

Chemical Composition, w/o(d)

Heat N HSST Weld Meta
Element B7835.118) Plate 02(P) (wr-zog-l)lc’

¢ .20 .22

Mn .30 .48
p

)

i : .25
Ni ' .68
Cr - “--
Mo 0. 0.52
Cu 0. 0.14

.09
.45

O DO OO O ©O - 0O

Heat Treatment(e)

Heat No. Jemp, F lime, h Cooling

Plate 1625 9.75 Brine Quenched
B7835-1 1212 9.7% Brine Quenched

1125 25 Furnace Cooled
Weld Metal 1125 23

Furnace Cooled

Correlation 1650 - 1700 Air Cooled
Monitor 1575 - 1625 Water-Quenched
1200 - 1250 Furnace Cooled
1125 - 1178 Furnace Cooled to 600°F

(a)Chemica1 ana1y§is by Westinghouse of surveillance program test
plate B7835-1.

(b)
(c)

Chemical analysis from ORNL-4313.

Chemical ang]ysis by Westinghouse of surveillance program test
weld metal.

(d)
(e)

Expanded chemical analysis is contained in WCAP-8064.1

Post weld heat treatment data.l




Figure 3-1. Reactor Vessel Cross Se?tign Showing Location
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Figqure 3-2.

Loading Diagram for Test Specimens in Capsule Y
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4. PRE-IRRADIATION TESTS

Unirradiated material was evaluated for two purposes: (1) to establish a
baseline of data to which irradiated properties data could be referenced, and
(2) to determine those materials properties to the extent practical from

available material, as required for compliance with Appendixes G and H to
19CFRS50,

The pre-irradiated specimens were tested by Westinghouse as part of the
development of the Zion Unit 1 surveillance program. The details of the

testing procedures are described in WCAP-8064 and are summarized here to
provide cantinuity.
-

4.1. Tension Tests

Tension test specimens were fabricated from the reactor vessel shell plate

and weld metal. The specimens were 4.23 inches long with a reduced section
1.255 inches long by 0.250 inch in diameter. They were tested on a univer-
sal test machine. An exts sion device with a strain gaged extensometer was
used to determine the 0.2% yield point., Test conditions were in accordance
with the applicable requirements of ASTM A370-68.10 For each material type
and/or condition, six specimens in groups of two were tested at room tempera-

ture, 300 and 600F. A1l test data for the pre-irradiation tensile specimens
are given in Appendix B.

4.2. lmpact Tests

Charpy V-notch impact tests were conducted in accordance with the require-
ments of ASTM E23-7211 on an impact tester certified to meet Watertown stan-
dards.12 Test specimens were of the Charpy V-notch type, which were nomi-
nally 0.394 inch square and 2.115 inches long.




Impact test data for the unirradiated baseline reference materials are
presented in Appendix C. Tables C-1 through C-5 contain the basis data that
are plotted in Figures C-1 through C-5. These data were replotted and re-
evaluated to be consistent with the irradiated Charpy curves and evaluations.
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5. POST-IRRADIATION TESTING

2.1, Visual Examination and Inventory

The capsule was inspected and photographed upon receipt. Figure 5-1 confirms
the markings as those of Capsule Y. The contents of the capsule were
inventoried and found to be consistent with the surveillance program report
inventory., A1l specimens were visually examined and no signs of abnor-
malities were found. There was no evidence of rust or of the penetration of
reactor coolant into the capsule. The weld metal wedge opening loading (WOL)
specimens were stored for future disposition.

5.2. Thermal Monitors

Surveillance capsule Y contained two temperature monitors in two holder
blocks which also contained dosimeters. * The upper holder block contained a
thermal monitor designed to melt at 590F and the lower holder block contained
a thermal monitor designed to melt at 570F. The holder blocks were radio-
grephed for evaluation. None of the thermal monitors exhibited any signs of
melting. From these data, it was concluded that the irradiated specimens had
been exposed to a maximum temperature of less than 579F during the reactor
vessel operating period. This is not significantly greater than the nominal
inlet temperature of 558F, and is considered acceptable for inclusion of the
data in the general pool of irradiated surveillance data. There appeared to
be no significant signs of a temperature gradient along the capsule length.

2.3. Jension Test Results

The results of the post-irradiation tension tests are presented in Table 5-1.
Tests were performed on specimens at both room temperature and 550F. They
were tested on a 55,000-1b load capacity universal test machine at a cross-
head speed of 0.005 inch per minute to yield point and thereafter 0.050 inch
per minute. A 4-pole extension device with a strain gaged extensometer was
used to determine the 0.2% yield point. Test conditions were in accordance
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with the applicable requirements of ASTM A370-77.'% For each material type
and/or condition, specimens were tested at both room temperature and 550F.
The tension-compression load cell used had a certified accuracy of better
than +0.5% of full scale (25,000 1b). Photographs of the tension test
specimen fractured surfaces are presented in Figure 5-7.

In general, the ultimate strength and yield strength of the material increas-
ed with a corresponding slight decrease in ductility as compared to the
unirradiated values; both effects were the result of neutron radiation
damage. The type of behavior observed and the degree to which the material
properties changed in within the range of changes to be expected for the
radiation environment to which the specimens were exposed.

The results of the pre-irradiation tension tests are presented in Appendix B,

5.4. Charpy V-Notch Impact Test Results

The test results from the irradiated Charpy Y-notch specimens of the reactor
vessel beltline material are presented in Tables 5-2 through 5-5 and Figures
5-2 through 5-6. Photographs of the Charpy specimen fracture surfaces are
presented in Figures 5-8 through 5-12. The Charpy V-notch impact tests were

conducted in accordance with the requirements of ASTM [23—8614 on an impact
tester certified to meet Watertown standards.12

The data show that the materials exhibited a sensitivity to irradiation
within the values to be expected based on their chemical composition and the

fluence to which they were exposed. Detailed discussion of the results are
provided in Section 7.

The results of the pre-irradiation Charpy V-notch impact tests are given in
Appendix C.

5.5, Chemical Composition Check Analysis

Nine tested irradiated Charpy specimens from the base metal and the weld
metal were analyzed by emission spectrograph to determine the nickel and
copper content of the individual specimens. The results of these analysis
are presented in Table 5-6. The National Institute of Standards and Techno-

logy (NIST) Standard Reference Materials (SRM) used and their nominal
composition for the elements of interest are shown in Table 5-8. Also




presented, for comparison, is the nominal composition for Mn-Mo-Ni/Linde 80

Submerged-arc weld metal. This comparison shows that all elements are well
bracketed,

2.6. Medge Opening Loading Specimens

The weld metal wedge opening loading specimens were not tested. Two speci-
mens were stored for testing at a future date. Two specimens were trans-

ferred to the B&W Owners Group Master Integrated Reactor Vessel Surveillance
Program for further irradiation.




Tensile Properties of Capsule}; Base Metal and Weld
Metal Irradiated to 1.56 x 10°° n/cm? (E > 1 MeV)

Strength, psi Fracture _Elongation, % Reduction

Test Temp, Lead, Stress, Stréngth. in Area,
e B

Specimen
_No. F _Yield Uit lbs  _msi___psi _ Uniform Total

Base Metal, B7835-1, longitudinal
E5 70 77,300 3 190,700 65,000

E6 550 67,700 153,000 68,300

Weld Metal, Transverse

Wi3 7e 108,400 185,600
Wi4 S 103,900 165,400




Table 5-2. Charpy Impact Results for Capsule Y Base Meta]QLongi§udinal
(LT) Orientation, Heat No. B7835-1, 1.56 x 10°° n/cm

Test Impact Lateral Shear
Specimen Temperature Energy Expansion Fracture

B | RN SR ft-1bs B —
£E62 40 14, .013 5
£66 70 28. .023 10
£63 35. .030 30
£64 46. .040 50
E70 72. .060 50
E69 .078 90
£68 .080
£6S .082
£67 .090
13 .083

O OO O O O O O O O

Table 5-3. Charpy Impact Results for Capsule Y Base MetalgTrans¥erse
(TL) Orientation, Heat No. B7835-1, 1.56 x 10°'° n/cm

Test Impact Lateral Shear
Specimen Temperature Energy Expancion Fracture

s | ey R ft-1bs RCR 11| oot
ET68 70 17. 016 10
ET70 110 30. 025 30
ET63 140 32. .029 40
ET66 150 42. .039 50
ET65 175 55. .049 60
ET6l 225 82. .068 85
£ET62 275 96. .078
ET67 350 95. .076
ET69 400 87. .070
ET64 550 95. .080

OO O M b O ' »n
O O O DD DO DD O




Table 5-4. Charpy Impact Results for Capsule v HeangffeCQed
Zone Metai, Heat No. B7835-1, 1.56 x 10°° n/cm

Test Impact Lateral Shear
Specimen Temperature Energy Expansion Fracture
| PN SR : AR SR
H55 -50 20.0 0.016 10
H49 -25 45.0 0.033 20
H54 0 46.0 0.036 50
H52 40 §7.5 0.048 60
H51 70 99.0 0.073 85
H56 150 106.0 0.079 100
H53 275 116.0 0.091] 100
H50 400 118.5 0.087 100

Table 5-5. Charpy Impact Results for ggpsu1e Y Weld
n

Metal, WF-209-1, 1.56 x 10°7 n/cm@
Test Impact Lateral Shear
Specimen Temperature Energy Expansion Fracture
B e s o, A,
W53 70 7.5 0.005 5
W55 140 20.0 0.018 40
W52 175 25.5 0.022 40
W54 225 30.0 0.028 70
w49 290 43.0 0.041 100
W50 350 43.5 0.046 100
W56 400 44.5 0.042 100
W51 550 46.5 0.046 100

F LY T ISR RN T N e v eo—
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Table 5-6. Charpy Impact Results for Capsule Y Correlation Monigor Material,
HSST PL-02 Longitudinal (LT) Orientation, 1.56 x 10°° n/cm

Test Impact Latera) Shear
Specimen Temperature Energy Expansion Fracture
|

PG | SRRSO ARSI, - ) . SRR | T RS R, I
R53 150 22. 0.018 20
RSS 175 37. 0.032 40
RS0 200 40. 0.034 40
RS2 225 54, 0.044 60
R56 260 76. 0.061
RS1 300 80. 0.066
R49 350 93. 0.077
R54 550 98. 0.084

O O MO " " O O




-7. Chemical Analysis Results of Selected Charpy Speci

Chemical Composition, w/o
S Si Ni A .

Charpy
Specimen

Base Metal, B7835-1

£E64 0.24
Weld Metal, WF-209-1

.70 .55

W49 0.09 .52 0.019

g2 .55

W50 i .48 0.020

.70 .54

W51 33 - 0.020

.69 .54

W52 .09 .51 0.020

.68 .54

W53 .09 .48 0.020

70 .54

W54 .10 .50 0.020

J2 .55

W55 .10 .54 0.020

© © © © © © © ©
© © © © © © o e

.53

® © © © © ©o o o
® © © o © ©o o o

W56 .09 .50 0.021 .009 .70

Mean 0.10 1.51 0.020 .009 .70 .54
Std. Dev. 0.014 0.021 0.001 .001 .014 .007

*Analysis performed with an emission spectrograph (see paragraph 5.5).




Standard
Reference
Material
_Number
1261
1262
1263
1264

1265

Table 5-8. Chemical Composition of NIST Standard Reference Materials

Nominal Chemical Composition, Weight %

P

S

Si

Ni

Cr Mo

0.015
0.042
0.029
0.010
0.002

0.017
0.037
0.008
0.028
0.006

0.223
0.39
0.74
0.067
0.008

1.99
0.59
0.32
0.14
0.041

0.69
0.30
1.31
0.06
0.007

Nominal
Weld Metal

0.016

0.014

0.48

0.59

0.09
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Figure 5-4. Charpy Impact Data for Irradiated Plate Material,
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Monitor Material, HSST PL-02. Heat No, A1195-1
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Figure 5-7. Photographs of Tension Test Specimens Fracture Surfaces

Base Meta)

Specimen ES (70F) Specimen E6 (550F)
B

Weld Metal

Specimen W13 (70F)
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Figure 5-9. Photographs of Charpy Impact Specimen Fracture Surfaces
Plate Material Tramsverse Orientation, Heat Ne. B7835-1
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Figure 5-12. Photographs of Charpy Impact Specimen Fracture Surfaces
Correlation Monitor Material, HSST PL-02
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6. NEUTRON FLUENCE

£.1. Introduction

The neutron fluence (time integral of flux) is a quantitative way of express-
ing the cumulative exposure of a material to a pervading neutron flux over a
specific period of time. Fas' neutron fluence, defined as the fluence of
neutrons having energies greater than ] MeV, is the parameter that is pre-
sently used to correlate radiation induced changes in material properties.
Accordingly, the fast fluence must be determined at two locations: (1) in
the test specimens located in the surveillance capsule, and (2) in the wall
of the reactor vessel. The former is used in developing the correlation
between fast fluence and changes in the material properties of specimens, and
the latter is used to ascertain the point of maximum fluence in the reactor
vessel, the relative radial and azimutha! distribution of the fluence, the
fluence gradient through the reactor vessel wall, and the corresponding
material properties.

The accurate determination of neutron flux is best accomplished through the
simultaneous consideration of neutron dosimeter measurements and analytically
derived flux spectra. Dosimeter measurements alone cannct be used to predict
the fast fluence in the vessel wall or in the test specimens because (1) they
cannot measure the fluence at the points of interest, and (2) they provide
only rudimentary information about the neutron energy spectrum. Conversely,
reliance on calculations alone to predict fast fluence is not prudent because
of the length and complexity of the analytical procedures involved. In
short, measurements and calculations are necessary complements of each other
and together they provide assurance of accurate results.

Therefore, the determination of the fluence is accomplished using a combined
analytical-empirical methodology which is outlined in Figure 6-1 and describ-
ed in the following paragraphs. The details of the procedures and methods
are presented in general terms in Appendix D and in BAN-]QSSP.15
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Figure 6-1. General Fluence Determination Methodnlogy

MEASUREMENTS OF NEUTRON
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TN %W&"

mi i im r ivi P

The analytical calculation of the space and energy dependent neutron flux in
the cest specimens and in the reactor vessel is performed with the two
dimensional discrete ordinates transport code, DOT-IV.I6 The celculations
employ an angular quadrature of 48 sectors (S8), a third order LeGendre
polynomial scattering approximation (P3), ‘the CASK23E cross section set17
with 22 neutron energy groups and a fixed distributed source corresponding to
the time weighted average power distribution for the applicable irradiation
period.

In addition to the flux in the test specimens, the DOT-1V calculation deter-
mines the saturated specific activity of the .arious neutron dosimeters
located in the surveillance capsule using the ENDF/BS dosimeter reaction
cross sech’ons.18 The saturated activity of each dosimeter is then adjusted
by a factor which corrects for the fraction of saturation attained during the
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dosimeter's actua) (finite) irradiation history. Additional corrections are
normally made to account for the following effects:

o Photon induced fissions in U and Np dosimeters (without this correc-
tion the results underestimate the measured activity).

o Fissile impurities in U dosimeters (without this correction the
results underestimate the measured activity).

o Short half-1ife of isotopes produced in iron and nickel dosimeters
(303-day Mn-54 and 71-day Co-58, respectively). (Without this
correction, the results could be biased high or low depending on the
fong term versus short term power histories.)

¢ Pu-239 generated in the U-238 dosimeter. Subsequent fissions in the
Pu would generate Cs-137 activity that was not a result of U-238 fast
fission, but which would be present in the dosimeter. (Without this
correction the results underestimate the measured activity.)

Measurement of Neutron Dosimeter Activities

The neutron dosimeters located in the surveillance capsules are listed in
Table 6-1 along with their characteristic reactions. Both activation type
and fission type dosimeters are listed. The ratio of measured dosimeter
activity to calculated dosimeter activity (M/C) is determined for each
dosimeter, as discussed in Appendix D. These M/C ratios are evaluated on a
case-by-case basis to assess the dependability or veracity of each individual
dosimeter response. After carefully evaluating al) factors known to affect
the calculations or the measurements, an average M/C ratio is calculated and
defined as the "normalization factor." The normalization facter is applied
as an adjustment factor to the DOT-calculated flux at all points of interest.

Neutron Fluence

The determination of the neutron fluence from the time averaged flux requires
only a simple multiplication by the time in EFPS (effective full-power
seconds) over which the fiux was averaged, i.e.

fiJ (AT) .}g: 6 139 AT

where
fij (4T) = Fluence at (1,J) accumulated over time 4T (n/em?),

g = Energy group index,
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o,]g « Time-average flux at (1,j) in energy group g, (n eme-sec),

AT = Irradiation time, EFPS.

Neutron fluence was calculated in this analysis for the following components
over the indicated operating time:

Test Specimens: Capsule irradiation time in EFPS
Reactor Vessel: Vesse)l irradiation time in EFPS

Reactor Vessel: Maximum point on inside surface extrapolated to 32
effective full power years
The neutron exposure to the reactor vessel and the material survei)lance

specimens was also determined in terms of the iron atom displacements per

atom of iron (DPA). The iron DPA is an exposure index giving the fraction of

iron atoms in an iron specimen which would be displaced during an irradia-
tion. It is considered to be an appropriate damage exposure index since
displacements of atoms from their normal lattice sites is a primary source of
neutron radiation damage. : DPA was calculated based on the ASTM Standard

£693-79 (reapproved 1985).‘9 A DPA cross section for iron is given in the
ASTM Standard in 641 energy groups. DPA per second is determined by multi-

plying the cross section at a given energy by the neutron flux at that energy

and integrating over energy. DPA is then the integral of DPA per second over
the time of the irradiation.

For the DPA values reported herein, the ASTM
OPA cross sections were first collapsed to the 2¢ neutron graoup structure of
CASK-23E; the DPA was then determined by summing the group flux times the DPA

cross section over the 22 energy groups and multiplying by the time of the
irradiation.

£.2. Vessel Fluence

The maximum fluence (E > 1.0 MaV) exposure of the reactor vesse) during Zion
1 Cycles 1-10, was determined to be 5.22 x 1018 r.,‘:m2 based on a maximum
neutron flux of 1.93 «x 1010 n/emé-s (Tables 6-2 and 6-3). The maximum
fluence occurs at the cladding/vessel interface at an azimutha)l location of
45 degrees from a major horizontal axis of the core. The above value also
includes an axial peaking factor at the reactor vessel of 1.21.




The end-of-1ife reactor vessel fluence value was calculated by taking the
calculated cumulative fluence for cycles 1-10 and linearly extrapolating to
32 EFPY. This extrapolation was done using & flux of 1.46 x 1010 n/emé- sec
for cycles beyond cycle 10. The flux was calculated as follows: (1) the
cycle 7 vessel flux from a Westinghouse report VCAP-109622° was assumed to be
constant for cycles 7 and beyond, (2) & time-weighted average flux was then
calculated for cycles 1-10, (3) a ratio of the average flux beyond cycle 10
to the average flux of cycles 1-10 was taken, and finally (4) this factor was
applied to the average flux obteined in this analysis to give us the average
flux value used in the extrapoiation. At 32 EFPY, the cumulative fluence of
the reactor vessel inside surface was determined to be 1.60E+19 n/emé,

Relative fluence and displacements per atom (DPA) as a function of racvial
location in the reactor vessel wall is shown in Figure 6-2. Reactor vesse)
neutron fluence lead factors, which are the ratio of the neutron flux at the
clad interface to that in the vessel wall at the T1/4, T/2 and 37/4 locations,
are 1.8, 3.8, and 8.5, respectively. DPA lead factors at the same locations
are 1.5, 2.6, and 4.7, respectively. The relative fluence as a function of
azimuthal angle is shown in Figure 6-3. The peak occurs in the fast flux (E
> 1.0 MeV) at 45° degrees with a corresponding value of 1.93 x 1010 n/cm2~s.

6.3, Capsyle Fluence

Capsule Y was irradiated in Zion for Cycles 1-10 (3131.9 EFPD) at a location
40 degrees off a major horizontal axis. The cumulative fast fluence of the
surveillance capsule was calculated to be 1.56 x 1019 n/emé. This fluence
value represents an average value for the center location of the Charpy
specimens in the capsule. It includes an axial peaking factor in the capsule
of 1.19 and a normalization factor of 0.967. The fluence is approximately
11% higher at the center of the Charpy specimens closest to the core and
approximately 1.:% lower at the center of the Charpy specimens away from the
core.

6.4. Fluence Uncertainties

Uncertainties were estimated for the fluence values reported herein. The
results are shown in Table 6-5 and are based on comparisons to benchmark
experiments, when available; estimated and measured variations in input data;
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end on engineering Judgement, The values in Table 6-5 represent best

estimate values based on past experience with reactor vesse! fluence ana-
1yses.

Table 6-1. Surveillance Capsule Dosimeters

Lower Energy

2) Limit for Isotope
Reaction, MeV Half-Life

Dosimeter Reactwons(

54

fe(nlga)sa

SBN\(n,p)Se
238,

23

Mn 2.9 3]2.5 days
Co 2.3 70.85 days
b 1.1 30.03 years
7Np(n.f)137(s 0.5 30.03 years

63(u(n.o)60

(n,f)

Co 6.0 5.27 years

(‘)Reaction activities measured for capsule flux evaluation.

Igble 6-2. Zion Unit 1 Reactor Vessel Fast Flux
Fast Flux (E > 1 MeV), n,cmz-s Flux n/emé-s

(E > 0.1 MeV)
Inside Surface Inside Surface
Cycle {(Max Location) 1/4 122 <18 (Max location)

Cycles 1-10, 1.93E+]10* 1.07E+]0*% §.0BE+9*  2.27E+9* 4 .86E+]10*
3131.9 EFPD

15 EFPY 1.46E+10%** B 11E+9** 3.BAE+9%* ] 72E+9%+
24 EFPY 1.46E410%** B 11E+0%% 3 BAE+9%* ] 72[+0%
32 EFPY 1.46E+10%** 8 11E+9%* 3 . BAE+9** ] .72E+9%*

*"Tncludes axial peaking factor of 1.21.

**Divide flux at inside surface by the appropriate lead factors on p. 6-5 to
obtain these T/4, T/2 and 3T7/4 fast flux values.

***Assumes future fuel designs are similar to low leakage cycles 7-10.




T.I‘jg g:?\, !“:’tnalgc Z\Slf; “(‘\}‘I kgis!;! yg‘ﬁﬁ} n“g!\&g
Fast Fluence, n/cm? (E > 1 MeV)
Cumulative Inside Surface
lrradiation Time (Max Location) 1/4 1/2 21/4

End of Cycle 10 $.220+18 90E+18 376418 6.14E417
(8.57 EFPY)

15 EFPY 8.17E«18%% 4418 150+]18* 9.61E+17
24 EFPY 1.23E4]9%%e 83E+18* 3.24F+]8* 1,650+ ) 6%
32 EFPY 1. 60E+]9%ee .89E+] 8% 21E«18* 1.8BE+10*

*Calculated using these . . 1.8
lead factors

Ny e Y

Fluence (E > ] #eV) 1.50E-2] %+ ] . B5E-2) % 2.20E-2) %0 2.70E-2]1%*
to DPA

—

**Multiply fast fluence values (E > 1 MeV) in units of n/cmé by these
factors to obtain the corresponding DPA values.

***Assumes future fuel designs are similar to low leakage cycles 7-10.

Table 6-4. Zion Unit ] Surveillance Capsule Y Fluen fFl nd DPA

Flux (E >_1 MeV), r1uen59,
Irradiation Time n/cmé-s n/cm

DPA

LTS ——

Cycles 1-10 5.78E+10 1.56E+19 2.41E-2
(3131.9 EFPD)




Table 6-5. Estimyted Fluence Uncertainty

~Lalculated Fluence

In the capsule

In the reactor vesse!
at maximum location

In the reactor vessel
at the maximum location
for end-of-1ife extra-
polation

Estimat

ed

Uncertainty ST AT —
+ 15%

+ 21%

4+ 23%

6-8

Activity measurements, cross

section fission yields, satu-
ration factor, deviation from
average fluence value

Activity measurements, cross
sections, fission yields, fac-
tors, axial factor, capsule
location, radial/ezimutha) ex-
trapoletion, normalization
factor

Factors in vessel fluence above

plus uncertainties for extra-
polation to 32 EFPY
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tlux And DPA Values Normalized To Inside Surface Of Reactor Vessel
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7. DISCUSSION OF CAPSULE RESULTS

L1, Pre-lrradiation Property Data

The weld meta) and base metals were selected for inclusion in the surveil-
lance program in accordance with the criteria in effect at the time the
program was designed for Zion Unit 1. TYhe applicable selection criterion was
based on the unirradiated properties only. A review of the original unir-
radiated properties of the reactor vessel core beltline region materials
indicated no significant daviation from expected properties except in the
case of the upper shelf properties of the weld metal which was below the
current required 75 ft-1bs. Based on the design end-of-service peak neutron
fluence value at the 1/47 vessel wall locetion and the copper content of the
weld metal, it was predicted that the end-of-service Charpy upper-shelf
energy (USE) will be below 50 ft-1b.

1.2, lrradiated Property Data

L2.]. Tensile Properties

Table 7-1 compares irradiated properties from Capsule Y with the unirradiated
tensile properties. At both room temperature and elevated temperature, the
ultimate and yield strength changes in the base metal as a result of
irradiation and the corresponding changes in ductility are within the limits
observed for similar materials. There is some strengthening, as indicated
by increases in ultimate and yield strengths and decreases in ductility
properties. A11 changes observed in the base metal are such as to be
considered within acceptable limits. The changes, at both room temperature
and 550-600F, in the properties of the base metal are not as large as those
observed for the weld metal, indicating a lesser sensitivity of the base
metal to irradiation damage. In either case, the changes in tensile
properties are insignificant relative to the analysis of the reactor vessel
materials at this time period in the reactor vessel service life.




A comparison of the tensile data from previcusly evaluated capsules (Capsules
T, U and X) with the corresponding data from the capsule reported in this
report is shown in Table 7-2. The currently reported capsule experienced a
fluence that is approximately six times greater than the first capsule.

The general behavior of the tensile properties as a function of neutron
irradiation is an increase in both ultimate and yield strength and a decrease
in ductility as measured by both total elongation and reduction of area. The
most significant observation from these data is that the weld metal exhibited
greater sensitivity to neutron radiation than the base metal.

1.2.2. Impact Properties
The behavior of the Charpy V-notch impact data is more significant to the

calculation of the reactor system’s operating limitations. Table 7-3

compares the observed changes in irradiates Charpy impact properties with the
predicted changes.

The 30 ft-1b transition temperature shift for the base metal is in relatively
good agreement with the value predicted using Regulatory Guide 1.99, Rev.
221 and the predicted value is conservative. It would be expected that these
values would exhibit good agreement when it is considered that the data used

to develop Regulatory Guide 1.99, Rev. 2, was taken at the 30 ft-1b tempera-
ture.

The transition terperature measurements at 30 ft-1bs for the weld metal is in
good agreement with the predicted shift using Regulatory Guide 1.99, Revision
2 and the predicted value is also conservative. The shift being in good
agreement with the predicted value which indicates that the estimating
technique based on the Regulatory Guide 1.99, Rev. 2, are conservative for
predicting the 30 ft-1b transition temperature shifts since the method
requires that a margin be added to the calculated value to provide a conser-
vative value.

The data for the decrease in Charpy USE with irradiation showed good agree-
ment with predicted values for the base metal in both the longitudinal and
transverse directions. The weld metal decrease in Charpy USE was over
predicted. However, the poor comparison of the measured weld metal data with
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the predicted value is to be expected in view of the lack of data for
medium-, or high-copper-content materials at medium fluence values that were
used to develop the estimating curves.

A comparison of the Charpy impact data from the previously evaluated capsules
from Zion Unit-] with the corresponding data from the capsule reported in
this report is shown in Table 7-4. The currently reported data experienced a
fluence that is six times greater than the first capsule.

The base metal exhibited transition temperature shifts at the 30 ft-1b levels
for the latest capsule that were similar in magnitude to those of the
previous capsule. The corresponding data for the weld metal also showed a
further increase at the 30 ft-1b level a$ compared to the previously reported
increase at the 30 ft-1b level. This may be related, in part, to a further
decrease in the upper-shelf energy and the change in the slope of the Charpy
curve in the transition region,

Both the base metal and the weld metal exhibited decreases in the upper-shelf
values similar to the previous capsules. The weld metal in this capsule
exhibited a decrease similar to the weld metal in the previous capsule.
These data confirm that the upper-shelf drop for this weld metal may have
reached a stabilized condition, or "saturation" as observed in the results of
capsules evaluated by othors.zz This behavior of Charpy USE drop for this
weld metal should not be considered indicative of a similar behavior of
upper-shelf region fracture toughness properties. This behavior indicates
that other reactions may be taking place within the material besides simple
neutron damage. Verification of this relativaship must await the testing and
evaluation of the data ‘rom compact fracture toughness test specimens.

Results from other surveillance capsules also indicate that RTNDT estimating
curves have greater inaccuracies than originally thought. These inaccuracies
are a function of a number of parameters related to the basic data available
at the time the estimating curves are established. These parameters may
include inaccurate fluence values, inaccurate chemical composition values,
and variations in data interpretation, The change in the regulations
requiring the shift measurement to be based on the 30 ft-1b value has
minimized the errors that resulted from using the 30 ft-1b data base to
predict the shift behavior at 50 ft-1bs.
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The design curves for predicting the shift will continue to be modified as
more data become available; until that time, the desion curves for predicting
the RTNDT shift as given in Regulatory Guide 1.99, Pevision 2, are considered
adequate for predicting the RTNDT shift of those materials for which data are
not available. These curves will be used to establish the pressure-tempera-
ture operational limitations for the irradiated portions of the reactor

vessel until the time that improved prediction curves are developed and
approved.

The relatively good agreement of the change in Charpy upper-shelf energy is
in support of the accuracy of the prediction curves for medium copper content
materials. However, for high copper content materials such as weld meta) the
predicted values may be too conservative. Although the prediction curves are
conservative in that they generally predict a larger decrease in upper-shelf
energy than is observed for a given fluence and copper content, the conser-
vatism can unduly restrict the operational limitations. These data support
the contention that the upper-shelf energy drop curves will have to be
revised as more reliable data become available; until that time the design

curves used to predict the decrease in upper-shelf energy of the controlling
materials are considered conservative.

1.3, Reactor Vessel Fracture Toughness

An evaluation of the reactor vessel end-of-life fracture toughness and the

pressurized thermal shock criterion was made and the results are presented in
Table 7-5,

The fracture toughness evaluation shuws that the controlling weld metal may
have a T/4 wall location end-of-1ife RTNDT of 265F based on Regulatory Guide
1.99, Revision 2, including a margin of 56F. This predicted shift is

excessive since data from an Integrated Reactor Vessel Surveillance Program

surveillance -capsules exhibit measured RTNDT significantly less for com-

parable fluence values, It is estimated *hat the end-of-life RTNDT shift
will be significantly less than the value predicted using Regulatory Guide
1.99, Revision 2. This reduced shift will permit the calculation of less

restrictive pressure temperature operating limitations than if Regulatory
Guide 1.99, Revision 2, was used.




An evaluation of the reactor vessel end-of-1ife upper-shelf energy for each
of the materials usea in the fabrication was made and the results are
presented in Table 7-6. This evaluation was made because the weld metals
used to fabricate the reactor vessel are characterized by relatively low-
upper-shelf-energy and high copper contents; and, consequently, are expected
to be sensitive to neutrc  radiation damage. Two methods were used to
evaluate the radiation induced decrease in upper-shelf energy; the method of
Regulatory Guide 1.89, Revision 2, which is the same procedure used in
Revision 1, and the method presented in BAW-18031% which was developed
specifically to address the need for an estimating method for this class of
weld metals (Automatic Submerged-Arc: #Mn-Mo-Ni Wire/Linde 80 Flux).

The method of Regulatory Guide 1.99, Revision 2, shows that all of the weld
metals used in the fabricatien of the beltline region of the reactor vesse)
will have an upper-shelf energy below 50 ft-1bs prior to the 32 EFPY design
1ife based on the T/4 wall location. Regulatory Guide 1.99 method predicts a
decrease below 50 ft-1bs for the controlling weld metal at the vessel inside
wall,  However, based on surveillance data and the prediction techniques
presented in BAW-1803, it is calculated that none of the reactor vesse)

material upper-shelf energies will decrease to below 50 ft-1bs during the
vessel design life.

1.4, Neutron Fluence Analysis

The neutron fluence analysis shows a sharp reduction in the neutron flux as
the result of improved fuel management schemes to lower core leakage. These
new analysis calculated an end-of-1ife fluence value of 1.60 x 101 n/emé (E
> 1 MeV) at the reactor vessel inside surface peak location. The correspond-
ing value for the vessel wall T7/4 location 1s calculated to be 8.89 x 10le
n/cm2 (E > 1 MeV). These values represent a 9 percent reduction compared to
the values calculated for the pressurized thermal shock una1ys1s.2°
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lable 7-1. Comparison of Zion Unit 1. Capsyle Y Tension Test Results

E;)Qm Tgﬂ]p Tgh! L\ﬁ!l!ﬁg 12_.’!)‘.‘_1“1
Unirr irrad Unirr* lr e

Base Metal -- B7835-1. Longitudina)

Fluence, 1019 n cm2 (E > 1 MeV)

Ultimate tensile strength, ksi
0.2% yield strength, kst
Uniform elongation, %

Tota) elongation, %

Reduction of area, %

weld Metal -- WF-209-]
19

Fluence, 10'Y n/emé (E > 1 MeV)
Ultimate tensile strength, ksi
0.2% yteld strength, ksi
Uniform elongation, %

Total elongation, %

Reduction of area, %

*Test temperature 1s 600F.

**Test temperature is 550F.
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Jable 7-2. Summary of Zion Unit 1 Reactor Vessel Surveillance Capsules Temsile Test Results
Ductility, %

Strength, ksi
L. F e, Test Total Reduction
Material  1.D. m]r:; Temp. F Ultimate % () vield % @ flon. 2 ¥ of Area x ¥
Base metal ; 00. RT 838 -- 630 -- 28 72 -
Longitudinal 300 % (PO v SRS S 70 ¥
(B7835-1) 600 - EEERCEE 1 R e 63
1 02.5 7y 9.5 +80 684 486 28 0.0 68 5.6
550 854 +56 649 4195 23 -80 62 1.6
u 0e 5 zso::; 880 +15.3 69.3 +23.8 22 -83 64 - 8.6
580 896 +10.8 63.1 +16.2 20 -200 62 - 1.6
Y 15.6 70, 9.0 469 77.3 2.7 24 143 6 8.3
5501¢ 91.5 +13.1 67.7 28.7 20 -20.0 55 -12.7
Weld metal - 06. RT A i T = W . 63 !
(WF-209-1) 200 83.0 el A 4
600 By e e e 50
T 02.5 My 1035 4158 86.2 8.6 2 77 58 1.9
570 97.1 +10.7 799 4202 19 -95 52 s 4
) 08.5 zrsa’; 98.8 +19.0 83.5 +24.4 21 -87 S 12.5
580 1018 +16.1 825 +24.1 17 -190 & 16.0
X 126 300, 102.3 4233 848 %4 20 130 15.6
550 1016 +158 83.4 254 17 -130 54 + 8.0
Y 15.6 70, 1084 4213 9.1 281 2 115 S .85
550 1039 +18.5 84.7 +27.4 19 -95 82 . 8.0

(3)change relative to unirradiated.
(®)compared to 300F unirradiated data.
(C)Coaned to 600F unirradiated data.



Table 7-3. Observed Vs. Pradicted Chanqefgfor
impact Properties 1.56 x 10" n/c

ﬁgpsule Y Irradiated Charpy
{E > 1 Me¥)

predicted - RG 1.9972'Y

Observed “ﬁti-‘ 21 “*iitﬁ(h)
’ Margin

Material Unirrad. Irrad. Diff. Margin

Increase in 30 ft-1b Trans. Temp.. F

Base Material (B7835-1)
Longitudinal
Transverse

Heat -Affected Zone (B7835-1)
Weld Metal
Correlation Material (HSST PL-02)

Decrease in Charpy USE, ft-1b

Base Material (B7835-1)
Longitudinal 140
Transverse 117 96

Heat -Affected Zone (B7835-1) 150
Weld Metal 64 44
Correlation Material (HSST PL-02) 124 a8

(a)Hean value per Regulatory Guide 1.99, Revision 2, May 1988.

(b)Hean value per Regulatory Guide 1.99, Revision 2, May 1988, plus margin.

N.A. - Not applicable.




. Summary of Zion Unit ] Reactor Vess:l Surveillance Capsuies Charpy Impact Test Results

Transition Temperature Upper-Shelf Energy,
Irense. §F PO . |
Predicted 30 ft 1b served Predicted'™
Flgence,, 30 ft-1b — - —
10°° n/cm Observed W/0 Wargin W/Margin USE AUSE USE /USE

Material

Base material (B7835-1)

: : (b)
Longitudinal .g(b)

6P
6

(b)
Transverse .g(b)

6(®
3

Heat -affected zone _5(3)
‘5(b)
si0)
.6

Weld metal -5}:,’)
()
6
b

i : (b)

Correlation material .5

S(b)

(HSST plate 02) .
12.6'P)

15.6

() poy RG 1.99. Revision 2, May 1988.
20

(b)Prior capsule fluence values are the calculated values per WCAP-10926.
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Table 7-5. Evaluation of

Reactor Vessel End -of -Liie Fracture Toughness - Ziom Umit |

et Material Description

" Reactor Vessel

Beltiine Region location
Intermediate Shell
Intermediate Shell
{ower Shell
Lower Shell
Upper Circum. Weld (1.0 82%)
Upper Circum Weld (0.0 I8%)
Middle Circum. Weld (100%)
Interm. longit WNeld (100%)
interm longit. Weld (1.0 39%)
Interm. longit. Weld (0.0 5I%)
lower longit Welds (Both 100%)
Middle Circom Weld (100%) ')

Heat
Number

3795 1
B7835 1
87823 1
3799 1
w154
SA-1769
w70
w4
w8
w4
w8
Atypical

Type

SAS33, B
SAS33. B
SAS33, 81
SAS33, BI
ASA/1 inde 80
ASA/L inde 80
ASA/L inde B0
ASA/L inde B0
ASA/ 1L inde 80
ASA/i inde B0
ASA/1 inde 80
ASA/L inde 80

(A pey Regulatory Guide 1 99 Revision 2, May l”."
() per 1 iconsing Documents BAW-10164A. February 1980,2° and BAW 1895, Janwary 1986 °°

(materials chemical compositions per WCAP 10962, Decewber 1985, and BAW 1799, July 1983 2°

D por saw 1803, Janwary 1984 2%

"’M Commonwealth fdison s*ﬂta!.”

()¢ timated mean value per BAW 10046P. March 1976

NA - Not Applicable

27

Material

(h‘i(fl
(10:(“&
Copper Nickel
912 LU L
012 0.4
013 0.48
0.1% 0.50
0. 31 0.59
0.26 2.61
9.35 0.5%
0.9 0.55
0.29 0.55%
0.29 0.5%
2.9 0.5%
0.4 0.10

Estimated
inside ; /4 wall
Surfage focat
n/ n/

1 6019 8 9%.:i8
i 608419 8 8%+18
1 386+19 7 69318
1.386+19 7.69+18
1 085419 5. 7BEsI8
NA NA
1 3BE+19 7.6%+08
5. 526418 3 0718
5. 57%+18 3 07518
NA NA
4 77518 2. 656+18
1.388+19 7.6%418

End of Life RI
il

Initial
"o
o
* s"’

o®

20!
sl®

‘“’
‘“'
1 ‘(‘)
‘“,
0”"'

Inside
Surface

154
i3

i?s
168
261
LE
292
216

216
NA
208
253

, ¢19

/4 ¥all
locat o

i
n7
1t
151
729
NA
257
i87
187
NA

3
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Table 7-6. Evaluation of Reactor Vessel End-of-Life Upper Shelf Emergy - Zion Unit 1

Material
fhemical fstimated Fstimatoad FOM m, Fst imated ‘ﬂ‘h?
Compos jhjon. 0L Fluemce Por B G 1 99/7 Per BAW 1803
_____ Material Descrigtion w0 inside  1/4 Wall leﬁu,l ————— e R fstimated CEPY
Reactor Vessel Heat : , Surfage locatjom WUse laside 1/ Wall Imside 1/8 Wall 1o 50 ft Ibs &t /4
Belitline Region location L Type Cogpper Wickel m/ n/c ft Ths Surface location Serface location RG] 99/7 BAG 1803
Intermediate Shell €3795 1 SAS33, 81 012 o4ee 160619 sewas (o' n 74 A na 32 A
intermediate Shell 87835 1 SAS3I. B1 32 04 1606419 8aoras 1179 o0 2 A nA 32 A
fower Shell 87823 1 SAS33. B1 013 oa8 13ma9 7608 (32)' n n nA A 32 A
Lower Shell (3799 1 SAS33, B 015 050 1389 7698 (92)'")  ea n A nA 2 A
Upper Circum Weld (ID 87%) W5 150 ASA/Linde 80 031 059 1089 s 7sas (70)') a0 a 53 53 ? 32
Upper Circum Weld (00 18%) SA 1769 ASA/linde 80 026 061 WA a0’ aa nA A A A A
Middle Circum. Meld (1008) W5 70 A"Yiinde 80 035 059 138619 76%a8 (93') 39 .« 52 53 5 »32
Intorm longit Weld (100E) W & AS/linde ® 029 055 5528 3078 (10)') e o 55 [ 8 32
Joterm fongit Weld (10 39%) W 8 ASA/iinde 80 029 055 Ss248 207as (20)') e % 55 56 8 32
Interm longit Weld (0D 61%) W @  ASA/linde 80 029 055 WA we 0 awa A A A A A
Lower Longit Welds We  ASAiinde S0 029 05 e7mae 2estas (o' s “ I % 7 »32
(Both 100%)
.« o A A 2 A

Middle Circum Weld (M)"’ Atypical ASA/L inde 80 0.4 0.10 1.386+19 7. 6%+18 79

(3)pey Requiatory Guide 1.9, Revision 2, Way 1988 7'

)y, gaw 1803, Janwary 1984 7°

‘(’&a value per BAM 1803, January t’..“

(Mgaterials chemical compositions per WOAP 10962, December 1985,
() pey 1 iconsing Document BAW 10144, February 1980 7>

"’ht imated wean value per BAW 10046P, March lﬂ‘."

9) o woar sose !

NA - No! Applicable

20 25

and BAW 1799, July 1983
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Figure 7-3. Comparison of Unirradiated and Irradiated Charpy Impact
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Figure 7-5. Comparison of Unirradiated and Irradiated Charpy
Impact Data Curves for Correlation Monitor
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8. SUMMARY OF RESULTS

The analysis of the reactor vessel material contained in the fourth surveil-
lance capsule (Capsule Y) removed for evaluation as part of the Zion Nuclear
Plant Unit 1 Reactor Vessel Surveillance Program, led to the following
conclusions:

1,

The capsule received an average fast fluence of 1.56 x 1()]9 n/cm2 (E
> 1.0 MeV). The predicted fast fluence for the reactorlnessel T/4
location at the end of the tenth fuel cycle is 2.90 x 10 n/cm2 (E
> 1 MeV).

The fast fluence of 1.56 x 10'% n/em® (E > 1 MeV) increased the
RT of the capsule reactor vessel core region shell materials a
maquum of 205F.

Based on the calculated fast flux at the vessel wall, an 80% load
factor and the planned fuel management, the projected fast fluence
that the Zion Nuclear Plant Unit 1 reactor pressure vessel insi?;
surfgce will receive in 40 calendar year’'s operation is 1.60 x 10
n/emé (E > 1 MeV).

The increase in the RT for the shell plate material was in good
agreement with that pre Eted by the currently used design curves of
RT py Versus fluence (i.e., Regulatory Guide 1.99, Revision 2), and
thg Erediction techniques are conservative.

The increase in the RTNDT for the weld metal was in good agreement
with that predicted.

The weld metal upper-shelf energy at the T/4 location, based on
surveillance capsule results, will not decrease below 50 ft-lbs
prior to 32 EFPY.

The current techniques (i.e., Regulatory Guide 1.99, Revision 2)
used to predict the change in weld metal Charpy upper-shelf proper-
ties due to irradiation are conservative.

The analysis of the neutron dosimeters demonstrated that the
analytical techniques used to predict the neutron flux and fluence
were accurate.
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9. SURVEILLANCE CAPSULE REMOVAL SCHEDULE

Based on the postirradiation test results of Capsule Y the following schedule
is recommended for the examination of the remaining capsules in the Zion
Nuclear Plant Unit 1 RVSP:

Evaluation Schedule(')

ldeCapsMe Location(gf Lead(b) Removal Expected Capsule)
ntification Capsules Factor Time Fluence (n/cm¢)
S 40 1.13 Standby 1.70 x 101°
v 1760 1.13 Standby 1.70 x 10!°
N 1840 1.13 Standby 1.70 x 10'°
Z 3560 1.13 Cycle 21 2.20 x 10%°

(a)Reference reactor vessel irradiation locations, Figure 3-1.

(b)The factor by which the capsule fluence leads the vessels maximum inner
wall fluence.

(C)Based on current capsule analysis and BAW-1543, Rev. 3.29

9-1
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10. CERTIFICATION

The specimens were tested, and the ¢:2*: ~%tained from Commonwealth Edison
Company Zion Nuclear Plant Unit 1, reactor vessel surveillance Capsule Y were
evaluated using accepted techniques and established standard methods and
procedures in accordance with the requirements of 10CFR50, Appendixes G and
H.

Project Technica] Manager

This report has been reviewed fa:ilijhnica1 content and accuracy.

Wisr” 4/infoo
L. B. Grgss, P.E. (Material Analysis) ate
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M&SA Unit
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J. F. Walters ; "Date
Program Manager
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APPENDIX A

Reactor Vessel Surveillance Program
Background Data and Information
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1. Material Selection Data

The data used to select the materials for the specimens in the surveillance
program, in accordance with E185-82, are shown in Table A-1. The locations
of these materials within the reactor vessel are shown in Figures A-1 and A-
-

2. Definition of Beltline Region

The beltline region of Zion Unit 1 was defined in accordance with the
definition given in ASTM E185-82.

3. Capsule Identification

The capsules used in the Zion Unit 1 surveillance program are identified
below by identification, location, and lead factor.

Lead Factors(b)

& Capsule Capsu1t‘) Previouic) Current
entification Location Analysis Analysis

T 400 3.74 3.00

U 140° 3.74 3.00

X 2200 3.74 3.00

Y 3200 3.74 3.00

S 40 1.09 1.13

v 176° 1.09 1.13

3 1840 1.09 1.13

4 356° 1.09 1.13

(‘)Reference irradiation capsule locations as shown in
Figure A-3,.

(b)The factor by which the capsule fluence leads the vessels
maximum inner wall fluence.

(C)Previous analysis as reported in WCAP-9890.
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4. Specimens per Surveillance Capsule

Material

Plate B7835-1
Longitudinal
Transverse

Weld metal

HAZ

Correlation Monitor

e ALY e

Plate B7835-1
Longitudinal
Transverse

Weld metal

HAZ

Correlation monitor

Capsules Y and Z
Material Charpy lensile WOL

late B7835-1

Longitudinal
Transverse
Weld metal
HAZ

Correlation munitor




Figure A-1. Location and Identification of Materials Used in the Fabrication
of Zion Unit 1 Reacior Pressure Vessel

NS
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1/2"

WF=8 (Inner 39%)
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|
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WF=4 (100%)

~ WF=70 (100%)

WF=8 Both (100%)

B7823~1
Lower Shell { ~3750_5
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Figure A-2. Location of Longitud‘nal Welds in Zion

Unit 1 Upper and Lower Shell Courses

WF-4 (100%) 0°

795 -
C37956-2 {WF-—A (Outer 61%)

180° WF=8 (Inner 39%)
Intermediate Shell

0.

270° — 3 g 90°

WF-8 (100%) WF-8 (100%)

180°
Lower Shell




Figure A-3. Location of Surveillance Capsule Irradiation Sites in Zion
Unit 1 Reactor Vessel (Lead Factors for the Capsules Shown

ip_Parentheses are for the Original Fuel Management)

REACTOR VESSEL
270°

THERMAL SHIELD
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APPENDIX B

Pre-Irradiation Tensile Data
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Table B-1. Tensile Properties of Unirradiated Shell Plate |
Material, Heat No. B7835-1, Longitudinal

Specimen }:;;, Strength, psi Elongation, % Reduction of ‘
No. £ Yield ~ Ultimate  Uniform  Total Area, % |
.- RT 62.60 83.85 15.4 27.5 71.3
.- 300 56.05 76.30 14.8 23.7 71.3
-~ 300 56.00 76.25 13.6 24.1 69.6
600 54.30 80.90 14.0 25.0 63.1

Table B-2. Tensile Properties of Unirradiated She]l Plate
Material, Heat No. B7835-1, Transverse

Specimen ;:;;, Strength, psi Elongation, % Reduction of
_No. 3 Yield  Ultimate Uniform  Total _Area. %
.- RT 61.55 82.95 15.5 27.6 69.1
.- RT 61.10 82.50 15.4 27.1 69.1
.- 300 55.80 75.70 13.8 23 0 63.1
-- 300 55.70 76.15 13.2 23.7 67.6

600 52.60 73.40 14.8 24.5 64.4
.- 600 53.40 81.40 14.0 23.3 62.6

o RT 63.40 83.75 15.2 27.6 7.7
\
|

Table B-3. Tensile Properties of Unirradiated Weld Metall

Specimen ¥§;;. Strength, psi Elongation, % Reduction of
No, f Yieid ~ Ultimate Uniform  Total Area, %
RT 69.85 87.15 15.5 26.7 . 63.5 |
. RT  75.55 91.60 14.4 24.8 61.9 ?
.- 300 65.50 82.05 13.4 23.3 64.1
300 68.60 83.85 13.6 23.5 63.6
.. 600 66.30 87.45 13.3 21.0 51.4
600 66.75 87.95% 13.2 21.0 49.1
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APPENDIX C

Pre-Irradiation Charpy Impact Data
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Table C-

14

Charpy Impact Da

Lon

TestFTemp.

300
300
300
210
210
210
140
140
140
75
75
75
40
40
40
10
10
10

- 20
- 20

20
50
50
50

Absorbed

-

)

178.
134,
131.
132.
136.
142,
122.
127.
115.
103.
100.
90.
63.
68.
69.
87,
39.
37.
b3
21,
20.
6.

o O O O OO " O M OO OO O OO 0O 0O O OO0 O UCwO O O

:

ta From Unirradiated Base Material,

C-2

Latera)

Expa
10

sion,
3 in.

92
94
93
93
97
96
89
93
87
80
79
73
53
57
59
49
36
32
13
19
20

6

8

6

Shear
Fracture,
%

100
100
100
100
100
100
93
96
23
59
57
53
38
43
47
43
35
33
21
23
23
5
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Table C-2. Charpy Impact Data From Unirradiat
Ir

Test Temp,
F

L

300
300
300
210
210
210
140
140
140
75
75
75
40
40
40
10
10
10
20
20
20
50

- 50

50

Absorbed
Ener?y.
ft-1b

119.
115.
116.
113.
115.
113.
102.
103.
88.
65.
69.
58.
44,
42.
25.
33.
32.
2b.
15.
10.
10.

O O O DML O O O OO0 OO0 OO0 0 W»mO O

7
6.
5

C-3

Lateral
Expagsion,
10 © in

91
82
85
89
90
89
82
82
76
58
60
51
40
40
27
30
30
25
14

ed Base Materieal,

i

|

Shear
Fracture,
%

100
100
100
100
100
100
96
96
9l
47
52
43
33
33
23
29
29
27
13

w o " O W
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Table C-3. Charpy Impact Data from Unirradiated Base Metal,
HAZ ., Longj}udjnll_QL1gn1111934_H£11_NQ*_5153§-1-

Absorbed Lateral Shear
TestFTemp, Ener?y. Expagsion. Frac;ure,
210 155.0 96 100
210 142.5 94 100
210 168.0 94 100 ‘
110 139.5 95 100 1
110 157.0 97 100 |
110 123.5 97 100 ‘
10 183.0 9 100 4
10 120.0 89 100 1
10 133.0 .- 100 j
- 50 87.0 66 52
- 50 130.5 90 71
- 50 49.0 38 30
-100 61.5 N 34
-100 17.0 15 16
-100 75.0 56 5]
-12% 29.0 22 17
-125 21.0 15 18
-125 16.0 12 18
-200 40.5 25 25
-200 8.5 6 5
-200 29.0 2l 25
C-4



Table C-4. Charpy Impact Data from Unirradiated Weld Metal. WF-209-]

Absorbed Lateral Shear
Test Temp, Energy, Expagsion, Fracture,
ft-1b 10 7 in, e

68.0 73 100
61. 72 100
6. 67 100
62. 66 100
63. 66 100
65. 67 100
65. 70 100

59, 64 95
46. e e 90

5l. 54 90
52. 56 91
87 31 43
37. 37 47
31. 34 43
3. 24 37
18. 20 32
25. 26 37
9. 11 12

17 17 2l
16. 17 17
7 5

7 9

7 5




Table C-5.

Charpy Impact Data from Unirradiated Correlation Monitor

Test Temp,

L]

F

300
300
300
210
°10
210
160
160
160
110
110
110
85
85
85
40
40
40
10
10
10
20
20
20

- 50
- 50

50

Absorbed
Ener$y,
ft-1b

127.
117.
125.
121.
115,
17,
109.
8l.
108.
63.
85.
82.
52.
41.
58.
35.
36.
22.
13.
14,
12.

O OO MO OO MO OO WML O MO O OO0 O O O WO

o, W o OO

c-6

Latera)

Expa
10

sion,
9 in.

84
83
87
87
88
84
79
69
72
54
71
60
45
42
5]
32
32
23
14
14
15

9
10

6
4
5
3

1 Plate 02

Shear
Fracture,
%

100
100
100
100
98
98
87
85
84
55
67
58
42
41
43
29
29
33
23
23
23
13
1

W W W W w
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Figure C-3. Charpy Impact Data From Unirradiated Heat-Affected-Zone
Base Metal, Heat No. B7835-1
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Figure C-4. Charpy Impact Data From Unirradiated Weld Metal. WF-209-1

-

4

Shear Frocture,

in

Kotch Lateral Exponston,

T

—— DATA SUMMARY -

L o
TNI)Y

T., (35 wmeg) _s8F

cv
" 1. (50 pr-wp) *75f

\'v e —— -
Y’v 3 rFrewp) obf

[ C,~USE (ave) b4 ft-lbs

ft-1b

f NDT
-

jmpoct Energy Absorption,

MATERIAL Weld Metal
FLuence None

"uY m ¢ HF-?.OQ -1
1 1 A "
200 300 400 500

Test Temperoture, F

C-10




Sheor Frocture, %

in,

Notch Lateral Exponsion,

Impoct Energy Absorption, ft-ib

Figure C-5. Charpy Impact Data for Unirradiated
Lorr i g
100 - : :
75r 4
50 §
25 :
o) 1 i i
0.10 ' . ' ; : :
0.08p i
0.06p y
.0k 4
0.02p 4
0 i i
220 . , . ; ' :
= DATA SUMMARY =
2NP'T~DY - J
Tey (35 me) __62f
0T, (50 prews) 82 :
Tey (30 prewp) _52f
uo"CV-USE (ave) 124 ft-lbs ¢
RT -
ok T |
1201~ ]
1004~ :
L11] o i
601~ 4
40 b 4
MateriaL _ Correl,Monitor
X FLugnce ___None .
Heat No, _ HSST PL-02
0 E I | < .
-100 0 100 200 300 %00 50 =

Test Temperoture, F

C-11

PBUWSENEE Eiban




APPENDIX D
Fluence Analysis Methodology
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1. Analytical Method

A semiempirical method is used to calculate the capsule and vessel flux. The
method employs explicit modeling of the reactor vessel and internals and uses
an average core power distribution in the discrete ordinates transport code
DOTIV, version 4.3. DOTIV calculates the energy and space dependent neutron
flux for the specific reactor under consideration. This semiempirical method
is conveniently outlined in Figures D-1 (capsule flux) and D-2 (vessel flux).

The two-dimensional transport code DOTIV was used to calculate the energy-
and space-dependent neutron flux at all points of interest in the reactor
system, DOTIV uses the discrete ordinates method of solution of the Boltz-
mann transport equation and has multi-group and asymmetric scattering
capability. The reference calculational model is an R-©@ geometric represen-
tation of a plan view through the reactor core midplane which includes the
core, core liner, coolant, core barrel, neutron pad, pressure vessel, and
concrete. The material and geometry model, represented in Figure D-3, uses
one-eight core symmetry. In order to include reasonable geometric detail
within the computer memory limitations, the code parameters are specified as
P3 order of scattering, Sg quadrature, and 40 energy groups. The P3 order of
scattering adequately describes the predominately forward scattering of
neutrons observed in the deep penetration of steel and water media, as
demonstrated by the close agreement between measured and calculated dosimeter
activities, The Sg symmetric quadrature has generally produced accurate
results in discrete ordinates solutions for similar problems, and is used
routinely in the B&W R-8 DOT analyses.

Flux generation in the core was represented by a fixed distributed source
which the code derives based on 2 235U fission spectrum, the input relative
power distribution, and a normalization factor to adjust flux level to the
desired power density.

G trical Confi i
For modeling purposes, the actual geometrical configuration is divided into
three parts, as shown in Figure D-3. The first part, Model "A," is used to

generate the energy-dependent angular flux at the inner boundary of Model
"B," which begins at the inside surface of the core barrel. Model A includes

D-2
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¢ detailed representation of the core baffle (or liner) in R-@ geometry that
has been checked for both metal thickness and total meta® volume to ensure
that the DOT approximation to the actua)l geometry ‘< a° accurate as possible
for these two very important parameters. The seceny. Model B, contains an
explicit representation of the surveillance capsule and associated compo-
nents. The BAW Owners Group’s Flux Perturbation E'pev\ment?s verified that
the surveillance capsule must be explicitly incluced in the DOT models used
for capsule and vessel flux calculations in order to obtain the desired
accuracy. The magnitude of the perturbations in the fast flux due Yo the
presence of the capsule was determined in the Perturbation txperiment 15 be
as high as 47% at the center of BAW capsules and as high as 10% at the inner
surface of the reactor vessel. Detailed explicit modeling of the capsule,
capsule holder tube, and internal components is therefore incorporated into
the DOT calculationa) models. The third, Model “C." 1s similar to Mode! B
except that no cepsule 1s included. Mode! C is used in determining the
vessel flux in quadrants that do not contain a surveillance capsule: typi-

cally these quadrants contain the azimutha) flux peak on the inside surface
of the reactor vessel,

An overlap region of approximately -3.47 cm is specified between Mode! A anu
Models B or C. The width of this overlap region, which is fixed by the
placement of the Model A vacuum boundary and the Mode) B boundary source, is

greater than the distance determined by an iterative process that resulted in

close agreement between the overlap region flux as predicted by Models A and

B or (. The outer boundary was placed sufficiently far into the concrete
shield (cavity wall) that the use of a "vacuum" boundary condition does not

-éuse a perturbation in the flux at the points of interest.
Feoroscopic Cross Sections

Macroscopic cross sections, required for transport analyses, are obtained
with the mixing code GIP. Nominal compositions are used for the structura)
metals. Coolant compositions were determined using the average boron concen-
tration over a fuel cycle and the bulk temperature of the region. The core
region s a homogeneous mixture of fuel, fuel cladding, structure, and
coolint,




the cross-secton 1ibrary presently used 1s the (22-neutron group and 18-
gamma Qroup) CASK 23E 40-group set. The dosimeter reaction cross sections

aré dased on the ENDF/BS 1ibrary, and are listed in Table E-3. The measured

and calculated dosimeters activities are compared in Table D-1.
Distributeg Source

The neutron population in the core during full power operation is a function
of neutron energy, space, and time. The time dependence is accounted for in
the analysis by calculating the time-weighted average neutron source, 1.e.
the neutron source corresponding to the time-weighted average power distribu-
tion. The effects of the other two independent variables, energy and space,
are accounted for by using & finite but appropriately large number of
discrete intervals in energy and space. In each of these intervals the
neutron source 1s assumed to be invariant and independent of all other
variables. The space and energy dependent source function can be considered

as the product of a discretely expressed "spatial function" and & magnitude
(ogf(it\ent. i.e.

Sv‘,Jq « [v/K Pp] X \(RPD‘IQ_{?__!, (D-1)

\\--———. D aantamttd “—————

magﬁﬂtude spatial
where .
Sv. . Energy-and space-dependent neutron source, n/cc-sec,
Fission neutron production rate, n/w-sec,
Average power density in core, w/cc,

Relative power density at interval (1,3), unitless,

Fission spectrum, fraction of fission neutrons having energy
in group "g,"

Radial coordinate index,
J Azimuthal coordinate index,
g = Energy group index.

The spatial dependence of the flux is directly related to the RPD distribu-
tion. Even though the entire (eighth-core symmeiric) RPD distribution is
modeled in the analysis, only the peripheral fuel assemblies contribute

BA MY BMUCLEAR
174 e
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significantly to the ex-core flux. The axial average RPD distribution is
calculated on a quarter-core symmetric basis for the entire capsule irradia-
tion period. The time-weighted average RPD distributicn is used to generate
the normalized space and energy dependency of the neutron source. Calcula-
tions for the energy and space dependent, time-averaged flux were performed
for the midpoint of each DOT interval throughout the mode). Since the
reference model calculation produced fluxes in the R-0 plane that averaged
over the core height, an axial correction factor was required to adjust these
fluxes to the capsule elevation. This factor was calculated to be 1.19.

L), Capsule Flux and Fluence Calculation

As discussed above, the DOTIV code was used to explicitly model the capsule
assembly and to calculate the neutron flux as a function of energy within the
capsule. The calculated fluxes were used in the following equation to obtain

calculated activities for comparison with the measured data. The calculated
activity for reaction product Dy, in (uCi/gm) is:

Dy o ot Tt T on (6) ()T Fy (1a"MU) o “M(T - T9) (g
7 X 10%)An € j

Avogadro’s number,
Atomic weight of target material n,

Either weight fraction of target isotope in n-th material or the
fission yield of the desired isotope,

Group-averaged cross sections for material n (listed in Table
£-3)

Group averaged fluxes calculated by DOTIV analysis,

Fraction of full power during j-th time interval, t

Decay constant of the ith isotope,

Sum of total irradiation time, 1.e., residual time in reactor,
and the wait time between reactor shutdown and counting times,

Cumulative time from reactor startup to end of j-th time period.

Length of the j-th time period




Adjustments were made to the calculated dosimeter activities to correct for
the effects listed below:

Short half-1ife adjustments to Ni and Fe dosimeter activities.

238 23

Photofission adjustments to 7Np dosimeter activities.

U and
Fissile impurity adjustments to 2380 dosimeter activities.

After making these adjustments the calculated dosimeter activities were used

with the corresponding measured activities to obtain the flux normalization
factors:

L Dy (measured)
‘ »
Dy (calculated)

These normalization factors were evaluated, averaged, and then used to adjust
the calculated test specimen flux and fluence to be consistent with the

dosimeter measurements. The ratio of measurea to calculated dosimeter
activities are listed in Table D-).

Table D-1. Capsule Normalization Constant

Measure ) (a1cu1at?g)
Activity, Activity, (¢)
uCi/g kCi/g M/C

54 54

Fe(n,p) 4Mn 667.86 884542 1.050(9)

8xi(n,p)%8co 1111.99 1333.805 © 1.121(9)
238, ¢)137Cs 14,30 16.434 0.870
2370 (n £137Cs 120.07 128.118 0.937
63(u(n.\)60(o

5

5.7] 6.93] 0.824

co(n,v)%%0 166283.76 156018.016 1.002
(Cd covered)

Average Normalization Constant (M/C Value) = 0.967

(a)

Average of dosimeters from Table E-2 with impurity and photo-
fission corrections for U-238 and Np-237.

Average of calculated activities.

(b)
(¢)

Ratio of average measured activity to average calculated activity.
(d)lncludes short half-1ife correction for Fe and Ni dosimeters.

B8 MW MUCLEAS
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Figure D-1. Rationale for the Calculation of Dosimeter

Activities and Neutron Flux in the Capsule




Figure D-2. Rationale for the Calculation of
Neutron Flux in the Reactor Vessel
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Table [-1 Tists the characteristics of the neutron dosimeters. Table £-2
shows the measured activity per gram of target material (i.e., per gram of
uranium, nickel, etc.) for the capsule dosimeters. Activation cross sections

for the various materials were flux-weighted with the 235U fission spectrum
shown in Table £-3.

lable £-1. Detector Composition and Shielding
Detector Material % larget Shielding Reaction
U30g 84.80% 238y Cd0 238y (n, £)137¢s

NpO; 88.11% 2 np ¢do N (n, £)137¢s

Ni 68.27% 8y None 58Ni(n.p)58(o
0.15% oo td co(n,v)%%0
0.15%%Co 9co(n,v)%%0

5.82%  Fe ren,p)

69.20%%3Cu 83cuin,y)%%0




Detector
Material

Ny

Fe
U308
Np02
Cu
Co-Al

€3

le €-2. ific Activiti justed) f i in Capsule Y

Dosimeter
Reaction

imeter Activit i of Target)

sa'i(a.’)ssto
s.Fe(n,l’)""m
Zn\l(ﬂ.f)'”(s
B up(n. £) s
63&(!!,0)60(0

5’l:o(u.«r)“(o
(Cd covered)

195411.42

_Upper
1108.80

664 .50

Middle
1092.20
661.7¢

_Lower
1134 97

670.50

Bottom Fission
658.69 --
~ 1L.81
122 .5
117156.10



Table £-3. Dosimeter Activation Cross Sections, bvatOm(a)

G Energy Range, MeV “"Np(n, 2°8L1{n,f) 58?\’1(n,p) o

Fe(n,p) 63Cu(n‘

12.2 - 1 ‘3 1.051E+0 4.830E-1 J33E-1  4.478BE-
10.0 - . 9.851E-1 J738E- . 7128E- 5.361E-
8.18 - : : . 935E- 9BIE- J72E- .378E-
6.36 - 18 .110E- 921E- .714E- . 246E -
9% .36 JT7E- .223E- 321E- 459E -
06 - 4.9 . B 454§ - . 146E - 275k~ . AABE -
01 - 4, : . 340E- . 701E- 193E- 078E-
46 - 3, : .325E- 445 - . 0BOE - .702E-
D+ B . . 399E - . 154E- .613E- e91E-
.83 - § . . 323E- .856E - .940E - A45]E-
i1 - .608E - . 180E - . 948BE - 317E-
99 - . .B45E - . 336E - .999E - 0
11 - 0. 352E-1 .436E - .013E- .419E- 0
0033 - 0. . 200E-2 .818E - .512E- 0 0

a)

ENDF /BS va1g§ that have been flux weighted (over CASK energy groups)

based on a ) fission spectrum in the fast ener;y range plus a 1/ shape
in the xnttrmedwate energy range.
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