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The average upper shelf energy of intermediate shell plate D-8406-1
showed a decrease of 35 ft-1bs after irradiation to 1.25 x 1019
n/cm2 (E » 1.0 MeV) at 550°F for specimens oriented parallel to
the majo. working direction (longitudinal orientation).

The average upper shelf energy of the weld metal showed a decrease of
39 ft-1bs after irradiation to 1.25 x 1019 n/en? (E > 1.0 Mev) at
550°F.

The calculated end-of-1ife (32 EFPY) maximum neutron fluence (E > 1.0
MeV) for the Maine Yankee reactor vessel clad/base metal interface is
2.22 x 1019 n/cm2 assuming the cycle 8 core power distribution,

Based on an EOL (32 EFPY) clad/base metal interface fluence of 2.22 x
1019 n/cm2 (E>1.0 MeV) and Regulatory Guide 1.99 Revision 2 the
intermediate shell plate D-8406-1 and weld metal, contained in the
Maine Yankee Reactor Vessel Surveillance Program, are expected to
exhibit an USE of at least 50 ft-1bs of energy through EOL (32 EFPY).
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The second wall capsule located at 253°F was removed after 11.7 effective

full power years of plant operation. This capsule contained Charpy V-notch and
tensile specimens from intermediate shell plate D-8406-1, weld metal and weld
heat-affected zone (HAZ) material. This capsule also contained Charpy
specimens made from standard reference material (SRM) HSST Plate 01.

The chemical composition of the Maine Yankee beltline materials is presented in
Table 4-101],  The chemical analysis reported in Table 4-1 was obtained from
unirradiated material used in the beltline region of the Maine Yankee Reactor
Vessel,

The Maine Yankee reactor vessel was fabricated from 9-11/16-inch thick steel
plate to ASME specification SA533 Grade B, with Class 1 mechanical properties.
The Maine Yankee surveillance materials are made from the same material. The
steel plates were purchased from Lukens Steel Company, and the heat treatment
of the plates was as follows:

Austenitized: 1550 - 1650°F fer 4 hours and water-quenched
Tempered: 1225°+25°F for 4 hours and air-cooled

Stress Relieved: 1150°+25°F for 40 hours and furnace-cooled to 600°
(plate & welds)

Because the lower and intermediate shell courses of the reactor vessel
experience the highest fluences in the entire vessel, selection of candidate
materials was restricted to the six plates used to fabricate the reactor
beltline region. Plate D-8406-1, exhibiting the highest NDT as determined by
the drop weight test, was selected as the source for the base and HAZ metal
surveillance materials.

Weld metal test material was fabricated by submerged arc-welding lower shell

plates D-8407-1 and D-8407-3. Weld HAZ test material was fabricated by welding
together intermediate shell plates D-8406-1 and D-8406-2.
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SECTION 6.0
TESTING OF SPECIMINS FROM THE WALL CAPSULE LOCATED AT 253°

5.1 Queryiew

The post-irra ‘ation mechanical testing of the Charpy V-notch and tensile
specimens, contained in the surveillance capsule removed from the 253°*
location, was performed at the Westinghouse Science and Technology Center Hot
Cel)l Laboratory with consultation by Westinghouse Power Systems personnel.
Maine Yankee personnel participated in choosing test temperatures for the
testing of the Charpy tpecimens contained in the surveillance capsule. Testing
was performed in accordance with 10CFRS0, Appendices G and H[‘], ASTM
Specification £185-82110) ang Wectinghouse Procedure MHL 8402, Revision 1 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 1ist supplied by the Maine Yankee Atomic Power Co. No
discrepancies were found.

The surveillance capsule had four low melting eutectic alloy thermal monitors
which were removed from Blocks 3541, 3673, and 3514. The thermal monitors were
encapsulated in quartz tubes of 1, 1.25, 1.50, and 1.75 inches long and had
melting temperatures of 536°, 558°, 580° and 590°F,

respectively. Examination of the thermal monitors in the various quartz tubes
indicated melting of the material in the 1 inch tubes (536°F). Hence the
maximum temperatures to which the test specimens were exposed was less than
558°F. Figure 5-1 shows the condition of the therma) monitors

The Charpy impact tests were performed per ASTM Specification £23-88l1l) and
RMF Procedure 8103, Revision 1 on a Tinius-0)sen Model 74, 358J machine. The
tup (striker) of the Charpy machine is instrumented with an Effects Technology
Model 500 instrumentation system. With this system, load-time and energy-time
signals can be recorded in addition to the standard measurement of Charpy
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Percent shear was determ‘ned from post-fracture photographs using the
ratio-of-areas methods in compliance with ASTM Specification AJ?O-I![’II.

The lateral expansion was measured using & dial gage rig similar to that shown
in the same specification,

Tension tests were performed on a 20,000-pound Instron, split-console test
machine (Model 1115) per ASTM Specification £8-89b113) and

£21-79(1988) [ 14], and RMF Procedure 8102, Revision 1. A1l pull rods, grips,
and pins were made of Inconel 718 hardened to HRCAS. The upper pull rod was
connected through a universal joint to improve axiality of loading. The tests
were conducted at a constant cross..ad speed of 0.05 inches per minute
throughout the test.

Extension measurements were made with a linear variable displacement transducer
(LVDT) extensometer The extensometer knife edges were spring-loaded to the
specimen and operated threugh specimen failure. The extensometer gage length
is 1.00 inch. The extensometer is rated as Class B-2 per ASTM £83-85(15],

Elevated test tempgratures were obtained with a three-zone electric resistance
split-tube furnace with a 9-inch hot zone. A1l tests were conducted in air,

Because of the difficulty in remot .1y attaching a thermocouple directly to the
specimen, the following procedure was used to monitor specimen temperature:
Chromel-alumel thermocouples were inserted in shallow holes in the center and
each end of the gage section of a dummy specimen and in each grip. In the test
configuration, with a slight load on the specimen, a plot of specimen
temperature versus upper and lower grip and controller temperatures was
developed over the range of room temperature to 550°'F (288°C). The

upper grip was used to control the furnace temperature. During the actual
testing, the grip temperatures were used to obtained desired specimen
temperatures. Experiments indicated that this method is accurate to +2°F.
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The yield load, ultimate load, fracture load, total elongation, and uniform
elongation were determined directly from the load-extension curve. The yield
strength, ultimate strength, and fracture strength were calculated using the
original cross-sectional area. The fina)l diameter and final gage length were
determined from post-fracture photographs. The fracture area used to calculate
the fracture stress (true stress at fracture) and percent reduction in area was
computed using the final diameter measurement,

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

5.2 Charpy ¥-Notch Impact Test Results

The results of Charpy V-notch impact tests performed on the various materials
contained in the Maine Yankee wall capsule located at 253" irradiated at

§50°F to 1.25 x 1019 n/cm2 (E » 1.0 MeV) are presented in Tables 5-1

through 5-6 and are compared with unirradiated results(!] as shown in Figures
§-2 through 5-5. The transiticn temperature increases and upper shelf energy
decreases for the various materials contained in the Mgine Yankee wall capsule
located at 253° are summarized in Table 5-7.

Irradiation of the reactor vessel intermediate shell plate D-8406-1 Charpy
specimens to 1.25 x 1019 n/cmz (E > 1.0 MeV) &t *S0F (Figure 5-2)

resulted in & 30 ft-1b transition temperature increase of 120'F and a 50
ft-1b transition temperature increase of 150°F for specimens oriented
parallel to the major working direction (longitudinal orientation). This
results in a 30 ft-1b transition temperature of 120°F and a 50 ft-1b
transition te werature of 175°F.

The average upper shelf energy (USE) of the intermediate shell plate D-8406-1
Charpy specimens (longitudinal orientation) resulted in a decrease of 35 ft-lbs
after irradiation to 1.25 x 10'? n/em® (E > 1.0 Mev) at 550°F. This

results in an USE of 105 ft-1bs (Figure 5-2).

5-4
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Irradiation of the reactor vessel core region weld metal Charpy specimens to
1.25 x 1019 nsen? (€ > 1.0 MeV) at 550°F (Figure 5-3) resulted in a 30

and 50 ft-1b transition temperature increase of 260°F., This resulted in a
30 ft-1b transition temperature of 230°F and a 50 ft-1b transition
temperature of 270°F.

The average upper shelf energy (USE) of the reactor vessel core region weld
metal resulted in a energy decrease of 39 ft-1bs after irradiation to 1.25 x
1019 n/em? (€ > 1.0 MeV) at $50°F. This resulted in an USE of 66 ft-1b

(Figure 5-3).

Irradiation of the reactor vessel weld metal Heat-Affected lone (HAZ) specimens
to 1.25 x 1019 n/cm2 (f > 1.0 MeV) at 550°F (Figure 5-4) resulted in a

30 ft-1b transition temperature increase of 90°F and a 50 ft-1b transition
temperature increase of 110°F. This results in a 30 ft-1b transition
temperature of 30°F and a 50 ft-1b transition temperature of 65°F

The average upper shelf energy (USE) of the reactor vessel HAZ metal resulted
in an decrease of 37 ft-1bs after irradiation to 1.25 x 10'% n/en? (€ > 1.0
MeV) at 550°F. This resulted in an USE of 98 ft-1b (Figure 5-4).

Irradiation of the Standard Reference Material (SRM) HSST - Plate 01 to 1.25 x
1019 n/en? (€ > 1.0 MeV) at 550°F (Figure 5-5) resulted in a 30 ft-1b
transition temperature increase of 160°F and a 50 ft-1b transition

temperature increase of 180°'F for specimens oriented parallel to the major
working direction (longitudinal orientation). This results in a 30 ft-1b
transition temperature of 175°F and a 50 ft-1b transition temperature of

220°F,

The average upper shelf energy (USE) of the Standard Reference Material (SRM)
HSST - Plate 01 Charpy specimens (longitudinal orientation) resulted in a
decrease of 34 ft-1bs after irradiation to 1.25 x 10'9 njem? (E > 1.0 Mev)

at 550°F. This results in an USE of 96 ft-1bs (Figure 5-5).

$-5
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The fracture appearance of each irradiated Charpy specimen from the various
materials is shown in Figures 5-6 through 5-9 and show an increasingly ductile
or tougher appearance with increasing test temperature.

A comparison of the 30 ft-1b transition temperature increases and the upper
shelf energy decreases for the various Maine Yankee surveillance materials with
predicted increases using the methods of NRC Regulatorv Guide 1.99, Revision
2[7] is presented in Table 5-8. This comparison indicates that the 30 ft-1b
transition temperature increases and USE decreases resulting from irradiation
to 1.25 x 1019 n/cmz (E > 1.0 MeV) are in close agreement with Regulatory
Guide 1.99, Revision 2 predictions.

Figure 5-10 is a plot of the measured 30 ft-1b transition temperature shift vs,
fluence.

Figure 5-11 1s a plot of the measured upper shelf energy decrease vs. fluence.

Figure 5-12 is a plot of the measured upper shelf energy percent decrease vs.
fluence.

$.3 Jension Test Resylts

The results of tension tests performed on the reactor vessel intermediate shell
plate D-8406-1 (longitudinal orientation), weld metal and weld HAZ meta)
irradiated to 1.25 x 1039 n/cmz (E > 1.0 MeV) at 550°F are shown in

Table 5-9 and are compared with unirradiated resu1ts[1] as shown in Figures
5-13, 5-14 and 5-15.

Irradiation of the reactor vessel intermediate shell plate B-8406-1 tensile
specimens to 1.25 x 109 n/em® (E > 1.0 MeV) at 550°F (Figure 5-13)

resulted in an increase of 15 to 20 ksi in 0.2 percent offset yield strength
and an increase of 10 to 17 ksi in ultimate tensile strength for specimens
oriented with the ‘ongitudinal axis parallel to the major working direction of
the plate (longitudinal orientation)

5-6
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Irradiation of the reactor vessel weld metal tensile specimens to 1.25 x 1019
n/cmz (E » 1.0 MeV) at 550°F (Figure 5-14) resulted in an increase of 27

to 36 ksi for the 0.2 percent offset yield strength and an increase of 22 to 28
ksi for the ultimate tensile strength,

Irradiation of the reactor vessel weld HAZ metal tensile specimens to 1.25 x
1019 nen? (E > 1.0 MeV) at 550°F (Figure 5-15) resulted in an increase

of 14 to 18 ksi for the 0.2 percent offset yield strength and an increase of 11
to 18 ksi for the ultimate tensile strength.

The fractured tension specimens for the reactor vessel intermediate shell plate
B-8406-1 tensile specimens are shown in Figure 5-16.

The fractured tension specimens for the weld metal are shown in Figure 5-17,

The fractured tension specimens for the weld HAZ metal are shown in Figure
5-18.

Engineering stress-strain curves for the tension specimens are shown in "igures
§-19 through 5-23.

5.4 Hardness Test Results

The results of Rockwel) B hardness tests are presented in Table 5-9.

5.5 Chemical Analysis Results

A chemical analysis using Inductively Coupled Plasma Spectrometry (ICPS) was
performed on irradiated weld specimens 312 and 3AZ and SRM specimens 61D and
61F and is reported in Table 5-11. The chemistry results from the NBS
certified reference standards are reported in Table 5-12.

5-7
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TABLE §-1
CHARPY V-NOTCH IMPACT DATA FOR THE MAINE YANKEE
REACTOR VESSEL INTCRMEDIATE SHELL PLATE D-8406-1 IRRADIATED
AT §50°F, FLUENCE 1.25 x 101% n/em® (£ » 1.0 Mev)

Temperature Ilampact Ener Lateral Expansion Shear
i s T lz=)

Sagple No. (nils)
Longitudinal Orientation
121 28 -4 7.0 ( 9.5 1.0 0.18 5
138 110 43) 28.0 ( 38.0) 26.0 0.66 20
121 118 48) 26.0 ( 35.5) 28.0 0.66 20
15M 126 52) 27.0 ( 38.5) 26.0 0.55 20
124 135 57) 42.0 ( 57.0) 36.0 0.91 30
12C 175 79) 43.0 ( 58.5) 38.0 0.97 35
126 180 82) B67.0 ( 77.5) 50.0 1.27 50
124 185 85) 57.0 ( 77.5) 49.0 1.24 50
12P 230 110) 86.0 (116.5) 67.0 1.70 90
12D 250 121  99.0 (134.0) 78.0 1.98 100
12U 325 163) 113.0 183.0) 85.0 2.16 100
13K 400 204) 104.0 (141.5) 86.0 2.18 100
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CHARPY V-NOTCH IMPACT DATA FOR THE MAINE YANKEE REACTOR
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TABLE §-2

VESSEL WELD METAL AND HAZ METAL IRRADIATED AT
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CHARPY V-hOTCH IMPACT DATA FOR THE MAINE YANKEE STANDARD

TABLE 5-3

REFERENCE MATERIAL (MSST - PLATE 01) IRRADIATED AT
§50°F, FLUENCE 1.25 x 10'® njen® (E » 1.0 Mev)

Sagple No.
61E 40
614 115
61P 120
81C 15§
61N 178
627 185
624 210
61A 215
61D 230
817 250
61U 570
61J 400
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TABLE 5-8

MAINE YANKEE SURVEILLANCE MATERIAL 30 FT-LB TRANSITION
TEMPERATURE SHIFTS AND UPPER SHELF ENERGY DECREASES

Measured 30 ft-1b Measured Upper
Temperature Shelf Energy
Fluence Shift Decrease(l)
Material Capsule 1019 n/em? (*F) (ft-1b) (%)
Plate D-8406-1 W-263 0,572 97.0 113.0 15.0
(Longitudinal W-283 1.25 120.0 105.0 19.0
Orientation) A-25 1.79 120.0 96.0 31.0
A-35 6.53 185.0 85.0 39.0
Plate D-8406-1 N-263 0.572 93.0 96.0 16.0
(Transverse) W-253 1.25 .- “w- .
Orientation) A-25 1.79 .- e .-
A-3% 6.53 195.0 71.0 38.0
Weld Metal W-263 0.572 222.0 59.0 44.0
W-253 1.28 260.0 66.0 37.0
A-25 1.78 270.0 §7.0 45.0
A-35 6.53 345.0 50.0 53.0
HAZ Metal W-263 0.572 91.0 103.0 22.0
W-253 1.25 90.0 98.0 27.0
A-25 1.79 85.0 103.0 23.0
A-35 6.53 155.0 94.0 30.0
SRM (HSST - W-263 0.572 - - -
Plate 01) W-253 1.25 160.0 96.0 26.0
(Longitudinal A-25 1.78 150.0 100.0 23.0
Orientation) A-35 6.53 - - -

(1) The measured USE (% decrease) reported here for capsules A-25, A-35 and
W-263 is from the capsule analysis reports (3,4,5) The measured USE
(¥ decrease) reported here for capsule W-253 is based on the data
presented in Table 5-7,



TABLE 5-9
TENSILE PROPERTIES FOR MAINE YANKEE REACTOR VESSEL SURVEILLANCE AND REFERENCE MATERIAL
IRRADIATED AT 550°F T0 1.25 x 1019 n/cw? (£ > 1.0 MeV)

Teet ©0.2% Yield Ultimete Fracture Fracture Fracture Uniforms Total Reduction
m Temp. Strength Strength Load Stress Strength Blongation Rlongatios 1ia Areas
Material £F)  (kei}  (ked)  (kip) (kol)  (kei) (%) % (%)
Plate 1Le 74 BO.6 301 .4 3.30 182.3 a7.2 13.5 as.1 a3
D-8408-1 1K 300 T4.4 4.7 3.20 i81.1 66.2 1a.m a23.1 L2 3
1JL 580 68.8 e3.7 3.356 200.¢ a8 .2 10.5 2.3 an
Wald, Plates 3JM 74 107.0 116.1 4.00 162.3 B1.5 12.7 24.8 an
D-8408-1 and 3J7 300 853.7 106.9 a.90 i71.8 7.5 i32.0 21.8 ra
D-8407-3 8L4 &80 a7.8 106.9 4.20 174.8 86.8 10.5 iT.e B1
BAZ, Plate 4L3 74 74.9 101.9 2.50 194 .4 7.3 10.5 2: .9 a3
D-84086-1 4NK 300 73.3 5.7 3.20 181.1 a85.2 ®.8 18.5 na
4K 580 73.3 o8 .8 i.80 186.7 73.3 e.8 iI8. 6 a1
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TABLE §-12
Chemistry Results from the NBS
Certified Reference Standards

Material 1D Low Alloy Steel: NBS Certified Reference Standards

NES 361 SRR |} |7 S—

Certified Measured Certified Measured
Metals Concentration in Meight Percent
Fe . 95.60 (matrix) 95.30 8matrix)
Co 0.032 0.0305 0.30 3205
Cu 0.042 0.04) 0.50 0.50€
Cr 0.694 0.692 0.30 0.302
Mn 0.66 0.656 1.04 1.046
Mo 0.19 0.192 0.068 0.06%
Ni 2.00 1.992 0.59 0.577
p 0.014 0.0177 0.04] 0.N406
v 0.011 0.009 0.040 0.04:
Al 0.021 0.0191 0.095 0.0793
As 0.017 0.0177 0.092 0.0920
B 0.00037 0.0003% 0.0025 0.00253
Nb 0.022 0.018 0.29 0.315
Sn 0.010 0.0100 0.0le 0.0172
Ti 0.020 0.0235 0.084 0.0995
W 0.017 0.0187 0.20 0.2103
Ir 0.009 0.012 0.19 0.203
¢ 0.383 0.38] 0,160 0.159
S 0.014 N.A. 0.036 0.0360
S 0.222 0.219 0.39 N.A.

* Matrix element calculated as difference for material balance. ( )
Tentative value, certified + 100% of value. t
N.A. - Not analyzed




TAB(I $-12 (con't)
Chemistry Results from the NBS
Certified Reference Standards

Material 1D Low Alloy Steel: NBS Certified Reference Standards
NES 363 NBS 364
Certified Measured Certified Measured

Pg;‘]g Concentration in ﬂsjgg; Percent
¢ ¢ 94.4 (matrix) 6. ématrix)

Co 0.048 0.0477 0.1% 1574
Cu 0.10 0.097 0.249 N.A.
Cr 1.31 1,338 0.063 N.A.
Mn 0.30 0.304 0.144 N.A.
Mo 1.50 1.505 0.255 N.A,
Ni 0.028 0.029 0.49 N.A.
p 0.029 0.0326 0.0] N.A.
v 0.31 0.317 0.105 N.A.
Al 0.24 0.2383 0.008 t 0.0081
As 0.010 0.0118 0.052 0.0520
B 0.00078 0.00071 0.0106 0.01074
Nb 0.049 0.037 0.157 0.157
Sn 0.10% 0.1040 0.0008 <0.0066
Ti 0.050 0.0566 0.24 0.2392
W 0.046 0.0680 0.10 0.1367
Ir 0.049 0.050 0.068 0.071
C 0.62 N.A, 0.87 N.A,
S 0.0068 N.A. 0.0250 0.0251
Si 0.74 N.A. 0.065 N.A.
Nitrogen LECO Std #656 LECD Std #657

0.0193 0.196 ¢.0102 0.0104

+0.0008 -0.0004

* Matrix element calculated as difference for material balance. ( )
Tentative value, certified + 100% of value. t
N.A. - Not analyzed
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SECTION 6.0
RADIATION ANALYSIS AND NEUTRON DOSIMETRY

6.1 Introduction

Knowledge of the neutron environment within the reactor pressure vessel
and surveillance capsule geometry is required as an integral part of LWR
reactor pressure vessel surveillance programs for two reasons. First, in
order to interpret the neutron radiation-induced material property changes
observed in the test specimens, the neutron environment (energy spectrum,
flux, fluence) to which the test specimens were exposed must be known.
Second, in order to relate the changes observed in the test specimens to
the present and future condition of the reactor vessel, a relationship
must be established between the neutron environment at varicus positions
within the reactor vessel and that experienced by the test specimens. The
former requirement is normally met by employing a combination of rigorous
analytical technigues and measurements obtained with passive neutron flux
monitors contained in each of the surveillance capsules. The latter
information is derived solely from analysis.

The use of fast neutron fluence (E > 1.0 MeV) to correlate measured
materials properties changes to the neutron exposure of the material for
1ight water reactor applications has traditionally been accepted for
development of damage trend curves as well as for the implementation of
trend curve data to assess vessel condition. In recent years, however, it
has been suggested that an exposure model that accounts for differences in
neutron energy spectra between surveillance capsule locations and
positions within the vessel wall could lead to an improvement in the
uncertainties associated with damage trend curves as well as to a more
accurate evaluation of damage gradients through the pressure vessel wall,

Because of this potential shift away from a threshold fluence toward an
energy dependent damage function for data correlation, ASTM Standard
Practice EBS3, “Analysis and Interpretation of Light Water Reactor
Surveillance Results," recommends reporting displacements per iron atom

6-1



(dpa) along with fluence (E > 1.0 MeV) to provide a data base for future
reference. The energy dependent dpa function to be used for this
evaluation 1s specified in ASTM Standard Practice £693, "Characterizing
Neutron Exposures in Ferritic Steels in Terms of Displacements per Atom."
The application of the dpa parameter to the assessment of embrittlement
gradients through the thickness of the pressure vessel wall has already
been promulgated in Revision 2 to the Regulatory Guide 1.99, "Radiation
Damage to Reactor Vessel Materials.”

This section provides the results of the neutron dosimetry evaluations
performed in conjunction with the a alysis of test specimens contained in
Capsule W-253. Fast neutron exposur® parameters in terms of fast neutror
fluence (E > 1.0 Mev), fast neutron fluence (E > 0.1 Mev), and iron atom
displacements (dpa) are established for the capsule irradiation history.
The analytical formalism relating the measured capsule exposure to the
exposure of the vessel wall is described and used to project the
integrated exposure of the vessel itself. Also uncertainties associated
with the derived exposure parameters at the surveillance capsule and with
the projected exposure of the pressure vessel are provided.

6.2 Qiscrete Ordinates Analysis

A plan view of the reactor geometry at the core midplane is shown 1in
Figure 4-2. A plan view of Capsule W-253 is shown in Figure &-1. In
regard to the azimuthel locations of the surveillance capsules and vessel
structures, it should bz noted that positions; i.e. 253 degrees, are
referenced to “pressure vessel 0.0" as indicated in the vessel design
drawings. In performing neutron transport analyses, however, it is common
practice to reference azimuthal 0.0 to an axis extending radially through
the core flats. In the case of Maine Yankee, these two coordinate systems
are displaced by 10 degrees. Thus, Capsule W-253 is located at 7 degrees
relative to core 0.0. Likewise, vessel inner radius positions of 260,
275, 290, and 305 degrees relative to vessel 0.0 translate to 0, 15, 30,
and 45 degrees in the core coordinate system.

6-2
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of varying neutron yield per fission and fission spectrum introduced by the
build-up of plutonium as the burnup of individual 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 inner 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 Fi

4-2 and 6-1 was carried out in R, © geometry using the DOT two-dimensio
discrete ordinates codel}7] and the SAILOR .ross-section 11brary[18]. The
SAILOR library is a 47 group ENDFB-IV based data set produced specifically for
1ight 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 3g order of angular quadrature.

In regard to the geometric model used in the transport analysis, it should be
noted that in performing the current capsule evaluation an explicit model of
Capsule W-253 was not included in the geometric mode)l. However, in the prior
evaluatiens documented in reference 16, a model of Capsule W-263 was included.
Since the forward transport results at the capsule location are used only to
establish a relative anergy distribution for use as an a priori guess in the
spectrum adjustment procedure described later in this section, it was judged
that the W-263 degree spectrum would be sufficient and that expenditure of
additional resources to update the forward calculation was not warranted. HNote
that relative to the core 0.00 azimuthal position the two capsules are only &
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degrees apart; 1. e., they are positioned at 3 and 7 degrees. Maine Yankee
Atomic Power Company concurred with this judgement. Due to the proximity of
the two capsules, the assumption of a similar spectrum is valid and is -
supported by the measured reaction rate ratios from the respective capsule
dosimetry sots[37].

In the analyses documented in reference 16, forward calculations were carried
out for core designs representative of conventional out-in and low leakage fuel
management. Plant specific core power distributions utilized in the forward
analyses were based on a burnup weighted average of the cycles 1-6 core design
for the first computation and on the cycle 8 fuel management for the second.
The cycle 1-6 analysis was representative of reactor operation prior to the
implementation of low leakage fuel management, while the cycle 8 calculation
was typical of low leakage operation. Results of these two evaluations showed
that the relative neutron spectra in the capsules and vessel wall are not
significantly impacted by the implementation of low leakage core designs

A1l adjoint analyses were also carried out using an Sg order of angular
quadrature and the Py cross-section approximation from the SAILOR library.
Adjaint source locations were chosen at several azimuthal locations along the
pressure vessel inner radius as well as the geometric center of the
surveillance capsule. Again, these calculations were run in R, 8 geometry

to pro.‘de neutron source distribution importance functions for the exposure
parameter «f 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) = §,. g §¢ I(r, &, £E) S (r, 8, E) r dr a8 dE
where: R (r, 8) « § (E » 1.0 MeV) at radius r and azimuthal angle &

I (r, 8, E) = Adjoint importance function at radius, r, azimuthal
angle @, and neutron source energy E.
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$ (r, §, E) = Neutron source strength at core location r, 8 and
energy E.

Although the adjoint importance functions used in the Maine Yankee analysis
were based on a response function defined by the threshold neutron flux (E >
1.0 MeVY), prior calcu]ationsils] 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 & given location the ratio of

dpa/¢ (E > 1.0 MeV) is insensitive to changing core source distributions.

In the application of these adjoint importance functions to the Maine Yankee
reactor, therefore, 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,

Again, 4ith the forward analysis, an explicit adjoint library was not
generated for the Capsule W-253 location. Rather, the Capsule W-263 library
was used in conjunction with an azimuthal translation factor applied to the
problem normalization to estimate the exposure at the center of Capsule w-253.
This approach assumes that the relative neutron energy spectra at the center of
the two capsules is the same and that the capsules are in ¢lose enough
proximity that the ratio of the exposure rates at the capsule center 1s
independent of core power distribution. In this case, considering core
symmetry, the capsules are only 4 degrees anart in an area of the vessel that
does not exhibit extreme azimuthal gradients in the observed exposure rates.
Therefore, it was judged that using this method of calculation does not
introduce significant uncertainty in the overall evaluation.

The reactor core power distribution and fission fractions by isotope used in
the plant specific adjoint calculations were supplied by Maine Yankee Atomic
Power Company[ael.

Selected results from the neutron transport analyses performed for the Maine
Yankee reactor are provided in Tables 6-1 through 6-5. The data listed in

§-¢
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these tables establish the means for absolute comparisons ot 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 MeV), ¢(E

> 0.1 MeV), and dpa) are given at the geometric center of Capsule W-253., These
plant specific data, based on the adjoint transport analysis, are meant

to establish the absolute comparison of measurement with analysis. Similar
data are given in Table 6-2 for the pressure vessel inner radius. Again, the
three pertinent exposure parameters are listed for the cycle 1 through 11 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.

Radia) gradient information for neutron flux (€ > 1.C MeV), neutron flux (E >
0.1 MeV), and iron atom displacement rate is given in Tables 6-3, 6-4, ang 6-5,

respectively.

The data, obtained from the forward neutron transport

calculation, are presented on a relative basis for each exposure parameter at

several azimuthal locations.

Exposure parameter distributions within the wall

may be obtained by normalizing the calculated or projected exposure at the
vessel inner radius to the gradient data given in Tables 6-3 through 6-5.

For example, the neutron flux (E > 1.0 MeV) at the 1/4T position on the O
azimuth is given by:

where:

¢ /41(0")

#1/41(0%)

¢ (221.67,0%)

. $(221.F  °) F (227.15, 0°)

« Projecied neutron flux at the 1/4T position on
the 0* azimuth

« Projected or caiculated neutron flux at the
vessel inner radius on the 0* azimuth.
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F (227.15, 0*) « Relative radial distribution function from
Table 6-3.

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 Maine Yankee surveil? “ce 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 o
Figure 6-1. The individual sensors were placed in holes drilled in the dosimeter
blocks at several axial levels within the capsules. Al)l sensors were positioned
at the radial center of the dosimetry blocks.

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

The specific activity of each monitor.

The operating history of the reactor.

The energy response of the monitor.

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

o © o o ©o
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The specific activity of each of the neutron monitors was determined using
established ASTM procedures (19 through 32] = ry11owing sample preparation and
weighing, the activity of each monitor was determined by means of a
lithium-drifted germanium, Ge(Li), gamma spectrometer.

In regard to the condi*ion of the sensors removed from Capsule W-253, 1t is of
interest to note that all of the uranium foils were oxidized and reduced to a
powder form requiring dissolution and uranium separation to obtain accurate
counting results. In addition, rapid oxidation of the titanium wires was
observed upon removal from the capsule. In this case, the oxidation did not
impair the ability to obtain measured specific activities. Also, in the case of
Compartment 3541 the copper wire was fused with its cadmium jacket and could not

be be recovered for analyris.

The irradiation history of the Main. Yankee reactor during cycles 1 through 1l
was obtained from NUREG-0020, "Licensed Operating Reactors Status Summary Report”
for the applicable period and is given in Table 6-7. Measured and saturated
reaction product specific activities as well as measured full power reaction
rates are listed in Table 6-8. Reaction rate values were derived using the
pertinent data from Tables 6-6 and 6-7. Due to its extremely short product
half-1ife, no attempt was made to include reaction rates from the sulfur monitor

in this evaluation.

Values of key fas: neutron exposure parameters were derived from the measured
reaction *ates using the FERRET least squares adjustment code (33, The FERRET
appriach u 3d the measured reaction rate data and the calculated neutron energy
spectrum at the the center of the surveillance capsule as inpu* and proceeded to
adjust a priori (calculated) group fluxes to produce a best fit (in a least
squares sense) 1o the reaction rate data. The exposure parameters along with
ascociated uncertainties where then obtained from the adjusted spectra.

In the FERRET evaluations, a log normal least-squares algorithm weights both the
¢ priori values and the measured data in accordance with the assigned
uncertainties and correlations. In general, the measured values f are linearly



R P e ———

related to the flux ¢ by some response matrix A:

(s,2) (s) (=)
f B A ?
9 9 9
where i indexes the measured values belonging to a single data set s, g
designates the energy group and a delineates spectra that may be

simultaneously adjusted. For example,

R =2 0 ®
LI 9 9
relates a set of measured reaction vates 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 dosimetr~y 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 (3841 1his procedure was carried out by

first expanding the a priori spectrum into the SAND-11 620 group structure
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 strutture using
SAND Il with calculated spectra (as expanded to 620 groups) as weighting
functions. The cross sections were taken from the ENDF/B-V dosimetry file.
Uncertainty estimates and 53 x 53 covariance matrices were 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 cross sections, a multigroup covariance matrix is used. More often,
a simple parameterized form is used:
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A sumns*v of the measured and calculated neutron exposure of Capsule W-283 15
presented in Tes's €-12. The agreement be‘ween caiculation and measurement
falls within & 20% for a1l fast neutron exposure parameters listed with the
caleulation underpredicting measurement in all cases.

Neutron exposure projections at the maximum fluence locations on the pressure
vesse) inner radius are given in Table 6-13. Projections are provided based on
the cycle U core power distribution as well as for the cycle 10 fuel management
design, The cycle B data represents a bounding low leakage pattern commitied
to by Maine Yankee Atomic Power Company while the cycle 10 results are
representa’ ive of typical low leakage operation. Projected data are provided
for periods up to 32 effective full power years of operation,

In developing these projections, the dosimetry from Capsule W-253 was included
in an overall Maine Yankee measurement data base to provide a best estimate
bias factor to be used in generating pressure vessel exposures. The
development of this data base is described in detail in reference 37 and
includes the use of surveillance capsule and reactor cavity dosimetry. Based
on the use of this bias factor approach maximum fluence levels were computed by
applying & factor of 1,22 to the analytical results.

In Table 6-14 estimated lead factors are )isted for each of the remaining Maine
yankee surveillance capsules. For comparison purposes, values are provided for
the cycles 1-6 ncn-low leakage core power distribution as well as for both the
cycle 8 and cycle 10 low leakage core designs. The lead factors are defined as
the ratio of the neutron flux at the center of the respective surveillance
capsules to the maximum flux at the pressure vessel inner radius. These data
may be used as a guide in establishing future withdrawal schedules for these
capsules.

Relative to both the projected meximum vessel fluence and the capsule lead
factors, it should be noted that the capsule results are representative of the
core axial midplane; whereas, the maximum vessel exposure occurs at an axial
elevation approximately 22 inches below core midplane. Adjustments for this
axial effect were included for the vessel projections and the lead factors.
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TABLE 6-)

CALCULATED FAST NEUTRON EXPOSURE PARAMETERS
AT THE CENTER OF CAPSULE W-2853

e.(E2 1.0 Mev) . (n/cné.sec)
CYCLES 16 3,28 x 1019
CYCLE 7 2.86 x 1047
CYCLE 8 2.19 x 1010
CYCLE 9 2.15 x 1010
CYCLE 10 1.69 x 1010
CYCLE 11 1.85 x 1010

@(E > 0.0 Me¥)  (n/cnd.sec)
CYCLES 146 6.59 x 100
CYCLE 7 §.8¢ x 10/0
CYCLE 8 4.47 x 1010
CYCLE 9 4.39 x 1010
CYCLE 10 3.45 x 100
CYCLE 11 3.78 x 1040

IRON ATOM DISPLACEMENT RATE _ (dpa/sec)

CYCLES 1-6 094 x 1071
CYCLE 7 ¢.38 x 1071
CYCLE 8 1.35 x 1071}
CYCLE 9 3.29 x 1071
CYCLE 10 2.69 x 1071}
CYCLE 11 2.83 x 1071}
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TABLE 6-2

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

g(E> 1.0 Mev)  (n/cmb-sec)
260" 210"

CYCLES 1-6 2.41 x 1010 1.97 x 100
CYCLE 7 2.16 x 1019 1.63 x 100
CYCLE 8 1.6 x 1010 1,37 x 1010
CYCLE 9 1.66 x 1010 1,32 x 1010
CYCLE 10 1.26 x 1019 1.18 x 1010
CYCLE 11 1.38 x 10'0  1.23 x 1010

0(E> 0.1 MeV)  (n/cné-sec)
‘ 210

CYCLES 1-6  6.12 x 1010 5,00 x 10%°
CYCLE 7 .48 x 109 4.14 x 1070
CYCLE 0.16 x 1010 3.48 x 100
CYCLE 9 0.21 x 100 3.38 x 1010
CYCLE 10 3.20 x 1010 2.92 x 10!7
CYCLE 11 3.50 x 1010 3.12 x 100

JRON ATOM DISPLACEMENT RATE  (dpa/sec)
260° 2100

CYCLES 1-6  3.86 x 10711 3.15 x 1071
CYCLE 7 3.46 x 10710 2.61 x 1071}
CYOLE 8 2.62 x 1071 2,19 x 1071}
CYCLE 9 2.6; » 10710 2,11 x 107}
CYCLE 10 2.02 x 10711 1.84 x 1071
CYCLE 1) 2.21 x 10710 1,97 x 1071
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TABLE 6-4

RELATIVE RADIAL DISTRIBUTIONS OF NEUTRON FLUX (E > 0.1 MeV)
WITHIN THE PRESSURE VESSEL WALL

Radius
SAsm

221.67(1)
221.94
223.6%
228,57
227.49
229.41
231.33
233.26
235.18
237.10
219.02
240.94
242.74
243.58(2)

NOTES:

Depth
Into
Vesse)

0.000 1.000
0.106 0.98]
0.780 0.816
1.83% 0.639
2.291 0.48]
3.047 0.37%
3.803 0.284
4.563 0.215
5.319 0.161
6.07% 0.121
6.84] 0.0899
7.587 0.0665
8.295 0.0485
8.625 0.0406

1) Base Metal Inner Radius
2) Base Metal Outer Radius
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.000
984
822
646
498
382
291
221
167
26
0938
0695
0813
,0437

.000
982
.823
. 650
. 504
387
. 296
225
A7
129
0965
0719
0.0837
0.0473
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TABLE 6-5

RELATIVE RADIAL DISTRIBUTIONS OF IRON ATOM DISPLACEMENT

RATE (dpa/sec) WITHIN THE PRESSURE VESSEL WALL

Depth
Into
Radius Vesse)
Lem). o)
221.6711)  0.000
221.94 0.106
223.65 0.780
225.87 1.535
227 .49 2.291
229.4) 3.047
231.33 3.803
233.26 4,563
235.18 5.319
237.10 6.075
239.02 6.84]
240.94 7.587
242.74 8.29%
243.58(2) g 628

NOTES:

1) Base Metal Inner
2) Base Metal Outer

Radius
Radius

.000
.988
865
126
611
812
429
387
298
. 246
.20]
160
128
106

O O O © O O O O O O O O O

1.
.985
869
133
617
519
436
.367
307
059
210
169
134
A7

O 0 C OO0 0O OO o0 oo o o o o

000

1.
.98%
870
136
620
525
442
373
314
263
21
AN
142
128

O 0 0O 0O 0 0O 0O O o o o o

000



Monitor
Material

Copper

Iron

Nickel

Uranium-238*

Neptunium-237*

Cobalt-Aluminum*

Cobalt-Alueminum

*Denotes that monitor is cadmium shielded.

NUCLEAR PARAMETERS FOR NEUTRON FLUX MONITORS

Reaction
of

Interest
C053(n,c)C06°
Fe3¥(n, )"
Ni58(n,p)Co>®
¥238(n ycs!3?
w23 (n, F)cs13
€0°%(n,3)Co®®

o 9(n,a300%0

TABLE 6-6

Target
Weight
fraction
0.6917
0.9582
0.6830
1.0
1.C

0.0015

0.6015

Response
_Range

£ > 4.7 MeV

£ > 1.0 MeV

£ > 1.0 MeV

£ > 0.4 MeV

£ > 0.08 MeV

0.8ev>E> 0.015 MeV

£ > 0.015 NeV

Product
Half-Life

5.272 yrs

312.2 days

70.90 days

30.12 yrs

30.12 yrs

5.272 yrs

5.272 yrs

Fission
Yield

5.99

6.50



TABLE 6-7

IRRADIATION HISTORY OF NEUTRON SENSORS
CONTAINED IN CAPSULE W-253

Irradiation PJ PJ Irradiation Decay
Period (M ) PRef . Time (days) Time (days)
Vi 728 20 B 5 R 6468
12/72 134) 497 3] 6437
1/73 1608 598 3l 6406
2/73 929 344 28 6378
3/73 1023 379 3l 6347
4,73 1813 672 30 6317
§/73 1597 591 3l 6286
6/73 1273 472 30 6256
7/13 0 .000 3] 622%
8/73 787 .280 3l 6194
9/73 665 246 30 6164
10/73 1450 582 31 6133
11/73 1923 112 30 6103
12/73 1727 .640 3] 6072
1,74 1939 118 3l 6041
2/74 1818 674 28 6013
3/74 1826 676 3] 5982
4/74 1851 .686 3¢ 5952
5/74 1909 107 3 5921
6/74 1772 656 30 5891
7/74 0 .ooc 3 5860
8/74 0 .000 2l 5829
9/74 0 .000 30 5799
10/74 1113 412 3l 5768
11/74 1717 636 30 5738
12/74 1782 .660 31 5707
1/7% 1414 524 3l 5676
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TABLE 6-7 (continued)
IRRADIATION HISTORY OF NEUTRON SENSORS
CONTAINED IN CAPSULE w-2%53

Irradiation Pj P Irradiation Decay
Period (MW ) PRef . Time (days) Time (days)
218 1870 69 BT TTEeas
3/7% 2048 159 31 5617
4/75 2049 759 30 5587
§/78 117 044 3l 5556
6/75 29 011 30 5526
7/7% 1426 528 3l 5495
8/7% 2269 .840 3] 5464
9/75% 234) 867 30 5434
10/7% 2414 894 3l 5403
11/7% 1858 .688 30 §373
12/78 2308 855 31 5342
1/76 2339 867 3 §311
2/76 2230 826 29 8282
3/76 2225 824 31 5251
4/76 2335 .865 30 5221
5/76 2255 838 nj 5190
6/76 2200 818 i8 5160
7/16 2238 829 i 5129
8/76 2385 .883 31 5098
9/76 1274 472 30 5068
10/76 2287 .847 31 5037
11/76 2414 894 30 5007
12/76 2401 .889 3] 4976
yn 2298 ,881 31 4945
2n 2318 859 28 4817
yn 1973 731 3l 4886
an 382 142 30 4856
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TABLE €-7 (continued)
IRRADIATION MISTORY OF NEUTRON SENSORS
CONTAINED IN CAPSULE wW-253

Irradiation Py P Irradiation Decay
Period (MW, ) PRef. Time (days) Time (days)
e 0 000 T Taes
6/77 1237 458 30 479%
nmn 2405 691 3l 4764
8/17 2393 886 3] 4733
9/11 2414 894 30 4703
10/77 2425 .898 31 4672
11/77 2412 893 30 4642
12/17 2373 879 3 4611
1/78 2418 694 3 4580
2/78 517 932 8 4552
3/78 2395 .887 31 4521
418 2349 870 30 4491
5/78 2442 905 3l 4460
6/78 2185 798 30 4430
7/78 643 238 3] 4399
8/78 112 042 3l 4368
9/78 1042 .386 30 4338
10/78 2178 807 3 4307
11/78 2467 914 30 4277
12/78 2466 913 3] 4246
1/79 2389 .885 3] 421%
2/79 2428 .899 28 4187
3/79 1019 376 3l 4156
4/79 0 .000 30 4126
5/79 0 .000 31 4095
6/79 1943 718 30 4065
1/19 2522 934 31 4034
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TABLE 6-7 (continued)
IRRADIATION HISTORY OF NEUTRON SENSORS
CONTAINED IN CAPSULE W-253

Irradiation PJ Pj Irradiation Decay
Period (MW, ) PRef . Time (days) Time (days)
1§ % = ee¢e 3 Taer
12/81 2365 876 3l 31%0
1/82 1712 634 31 3lly
2/82 2304 .853 28 3091
3/82 456 . 169 31 3060
4/82 2490 922 30 3030
/82 2416 895 3] 2999
6/82 2439 .903 30 2969
7/82 2524 938 31 2938
8/82 2264 838 31 2907
9/82 1753 649 30 2877
10/82 0 .000 31 2846
11/82 0 .000 30 2816
12/82 1078 399 3l 278%
1/83 1801 667 3] 2754
2/83 123 046 28 2726
3/83 202% 7150 3l 2695
4/83 2591 . 960 30 2665
5/83 252 093 31 2634
6/83 2595 961 30 2604
7/83 2586 .958 3 2573
8/83 2502 927 3 2542
9/83 2530 937 30 2512
10,83 2591 .960 3] 2481
11/83 1311 485 30 245]
12/83 1631 . 604 i 2420
1/84 2369 877 3l 2389

6-24



TABLE 6-7 (continued)
IRRADIATION HISTORY OF NEUTRON SENSORS
CONTAINED IN CAPSULE w-253

Irradiation PJ PJ Irradiation Decay
Period (Mw,y ) PRef . Time (days) Time (days)
TR 15 ror N T
/84 2176 806 3 2329
484 0 .000 30 2299
5/84 0 .000 3 2268
6/84 181 067 30 2238
7/84 2503 927 3 2207
8/84 2603 964 3 2176
9/84 2600 963 30 2146
10/84 2488 921 3 2115
11784 2024 749 30 2085
12/84 2583 957 31 2054
1/85 2422 897 3 2023
2/8% 2415 895 28 1995
3/88 2443 908 3 1964
4/88 2565 950 30 1934
5/85 2276 843 3 1903
6/85 2558 948 30 1873
7/8% 2221 823 3 1842
8/85 1034 383 31 1811
9/85 0 .000 30 1781
10/85 264 098 3l 1750
11/88 2161 .801 30 1720
12/85 2548 943 3 1689
1/86 e .896 3 1658
2/86 1843 .683 28 1630
3/86 1577 .584 3 1599
4/86 2258 836 30 1569
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TABLE 6-7 (continued)
IRRADIATION HISTORY OF NEUTRON SENSORS
CONTAINED IN CAPSULE w-253

Irradiation Py Py Irradiation Decay
Period (M¥y) PRef . Time (days) Time (days)
Y T N1 B 1838
6/86 218) 197 30 1508
7/86 973 361 3 1477
8/86 2465 913 31 1446
9/86 2608 966 30 1416
10/86 2518 933 31 1388
11/86 2469 918 30 1365
12/86 2582 956 3 1324
1/87 2598 962 3 1293
2/81 2360 874 28 1268
3/87 1766 654 3 1224
4/87 0 009 30 1204
5/87 0 000 3 1173
6/87 382 130 30 1143
1/81 23 009 3 1112
8/87 528 196 3 108]
9/87 2585 987 30 1081
10/87 2610 966 3l 1020
11/87 2608 966 30 990
12/87 2692 960 3 959
1/88 2815 932 3 928
2/88 2589 959 29 899
3/88 2628 973 1 868
4/88 2620 971 30 838
5/88 2613 968 3 807
6/88 2598 962 30 m
7/88 2620 971 3 746
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TABLE 6-7 (continued)
IRRADIATION HISTORY OF NEUTRON SENSORS
CONTAINED IN CAPSULE w-253

Irradiation PJ PJ Irradiation Decay
| Period (MW ) PRef . Time (days) Time (days)
} —w— W W W TR

' 9/88 1956 e 30 685
10/88 908§ (33§ 3 654

11/88 0 .0 30 624

12/88 13 008 3 593

1/89 2442 908 1l 562

/89 1798 668 28 534

1/89 2628 973 3 503

4/89 2548 944 10 473

5/89 2629 974 3 442

/89 2611 967 30 412

7/89 2608 966 3 381

8/89 2614 968 3] 3150

9/89 2554 946 30 320

10/89 2134 790 3 289

| 11/89 1713 635 30 259
12/89 2615 969 3 228

1/90 2588 587 3l 197

2/90 2565 .950 28 169

3/90 2548 944 31 138

4/90 2023 749 7 131

NOTE: Reference Power = 2700 MW,
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TABLE 6-8

MEASURED SENSOR ACTIVITIES AND REACTION RATES - cont'd

Monitor and
Axial Location

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

COMP 3514
COMP 354)
COMP 35873
Average

Co-59 (n,d) Co-60

COMP 3514
COMP 354)
COMP 3573
Average

Co-59 (n,d) Co-60 (Cd)

COMP 3514
COMP 3541
COMP 3573
Average

Measured Saturated
Activity Activity

(4 ) s Rk

5.88 x 10° 2.711 x 108
5.69 x 10° 2.98 x 108
§.73 x 10° 2.64 x 108
§.73 x 10° 2.64 x 108
3.59 x .07 §.71 x 107
4.03 x 107 7.53 x 107
2.70 x 107 5.08 x 107
3.44 x 107 6.42 x 107
5.12 x 10° 9.56 x 108
§.34 x 108 9.97 x 108
4.97 x 10 9.28 x 10°
.14 x 108 9.61 x 107

6-29

Reaction
Rate

(RPS/NUCLEUS)

1.76 x 10714

8.19 x 10712

6.27 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
Cu-63 (n,a) Co-60 a.10x10" 17 4.10x10° 7
Ti-46 (n,p) Sc-46 5.88x107 6 §.86x10° 16
Fe-54 (n,p) Mn-54 3.24x10718 3.27x10°18
Ni-58 (n,p) Co-52 4.35x1071% 4. 34x1071%
U-238 (n,f) Cs-137 (Cd) 1.47x10° 14 1.47x10° 14
Co-59 (n,d) Co-60 (Cd) 4.19x107 12 4.18x10° 12
Co-£9 (n,d) Co-60 6.27x16713 6.26xi0"13
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TABLL 6-12

COMPARISON OF CALCULATED AND MEASURED
EXPOSURE LEVELS FOR CAPSULE w-283

Calcylated Measured
(€ > 1.0 MaV) (n/cnf) 1,01 x 1019 1.28 x 1019
$(E > 0.1 MeV) (n/emé) 2.06 x 109 2.61 x 1019
dpa 1.54 x 107¢ 1.82 x 1072
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TABLE 6-13

NEUTRON EXPOSURE PROJECTIONS AT KEY LOCATIONS
ON THE PRESSURE VESSEL CLAD/BASE METAL INTERFACE FOR MAINE YANKEE

$(E>1.0 Mev) (n/cmz)

OPERATING CYCLE & PROJECTION CYCLE 10 PROJECTION
JJIME (EFPY. 260 DEG 270 DEG  _ 260 DEG
11.7 9.20 x 10'8 7.87 x 10'8 9 20 x 1018 7,87 x 1018
15.0 1,13 x 1019 9,31 x 108 1.08 x 10'9 9.03 x 1018
20.0 1,45 x 1019 1.19 x 1019 1.32 x 1017 1.12 x 1007

x
25.0 177 x 1019 1.45 x 1019 1.86 x 1019 1.34 x 1019
30.0 2.00 x 1009 1.71 x 10'9 1.80 x 1019 1.86 x 1017
32.0 2.22 x 101 1.82 x 1019 1.50 x 1019 1.65 x 10}9
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w-83

w-263
W-383
W-283
W-343
W-160
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TABLE 6-14

UPDATED LEZD FACTORS FOR MAINE YANKEE
WALL SURVEILLANCE CAPSULES

head Factor

CYCLES CYCLES CYCLE CYCLE

111 1:6 8 10

1.451 1.454 1.446 1.456
Previously Withdrawn

1.451 1.454 1,448 1.456

1.34] Current Evaluation

]1.341 1.343 1.336 ]1.34%

1.220 1.2283 1.216 1.224
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SECTION 7.0
SURVETLLANCE CAPSULE REMOVAL SCHEDULE

The fo.lowing removal schedule meets ASTM E185-82 and is suggested for future
capsules to be removed from the Maine Yankee reactor vessel:

Capsule Capsule Capsule Estimated
Lezation Lead Removal Fluence
(deg.) Factor EFpy (n/cmz)
A-2§ Withdrawn  «eos- 1,76 x 10'% (a)
A-35 Withdrawn «==n- 6.53 x 1019
W-263 Withdrawn 4.58 0.572 x 1019
W-253 (b) 1.34 11.65 1,25 x 1019 (¢)
W-353 1.45 (d) 22.0 2.2 x 10'% (o)
W-343 1.34 (d) 32.0 (EOL) 2.98 x 1019 )
W-83 1.45 (d) Standby —
W-160 1.22 (d) Standby - ...

W-263 (replacement capsule) Standby - . -

(a) Approximate 15 EFPY fluence

(b) Current evaluation

(¢) Approximate “‘uence at 1/4 thickness reactor vessel wall at end ot life
(32 EFPY)

(d) Estimate based on azimuthal distribution using cycle 8 radial power
distribution

(e) Approximate fluence at reactor vessel clad/base metal interface at end of
life (32 EFPY)

(f) Fluence not less than once or greater than twice the peak end of life (32
EFPY) clad/base metal interface fluence

7-1
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