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SUMMARY

This report describes the results of the examination of the fourth capsule of the
Toledo Edison Company’s Davis Besse Nuclear Power Station Unit ] reactor vessel
surveillance program. The capsule was removed and examined at the end of the
sixth fuel cycle. 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, Charpy impazt,
and compact fracture toughness specimens. The program was designed in accordance
with the requirements of Appendix H to 10CFRS50 and ASTM Specification E185-73,

The capsule received an average fast fluence of 9.62 x lolenfcmz (E > 1.0 Mev)
and the predicted fast fluence for the reactor vessel 7/4 location at the end of
the sixth cycle is 1.36 x lolsn/cmz (E > 1 MeV). Based on the calculated fast
flux at the vessel wall, an 80% capacity factor, and the planned fuel management,
the projected fast fluence that the Davis Besse Unit 1 reactor pressure vessel
inside surface will receive in 40 calendar years of operation is 1.11 x 10]9

n/eme (E > 1 MeV).

The results of the tension tests indicated that the materials exhibited normal
behavior relative to neutron fluence exposure., The Charpy impact data results
exhibited the characteristic behaviur of shift to higher temperature for the 30
ft-1b transition temperature as a result of neutron fluence damage and a decrease
in upper shelf energy. These results showed that the current techniques used for
predicting the change in both the increase in the RTNOT and the decrease in upper
shelf properties due to irradiation are conservative. The recommended operating
period was extended to 32 effective full power years. These new operating
limitations are in accordance with the requirements of Appendix G of 10CFRS0.

PBUWEEE Combany



CONTENTS
b SRIRORNETION . -r. s i & ¢ 5% (R f a e e s b alE & e
B ACKOROUMD: .. « v % vla b e A e Ak n e Ay e
3. SURVEILLANCE PROGRAM DESCRIPTION . . . . . . . . . v v v v v v oo 3
4. PRE-IRRADIATION TESTS . . . .« v v v v v v v v v v v h e v v v ey e

B PG bt et s et

4.1, Tension Tests , 4
4.2. Impact Tests . 4.
5. POST-IRRADIATION TESTS . B
5.1. Thermal Monitors . B
5.2, Tension Test Results ., . . . . B
5.3. Charpy V-Notch Impact Test ReSults . 5
5.4. Compact Fracture Toughness Tests . 9.
NEUTRON FLUENCE . . B+
6.1. Introduction . 6-
6.2. Vessel Fluence . 6
6.3. Capsule Fluence . . . 6+
6.4. Fluence Uncertainties . . B
7. DISCUSSION OF CAPSULE RESULTS . . . 7=
7.1. Pre-Irradiation Property Data . . 1
7.2. lrradiated Property Data 7-
7.2.1. Tensile Properties o
7.2.2. Impact Properties . . , 71+
7.3. Reactor Vessel Fracture Toughness : . 71-

8. DETERMINATION OF REACTOR COOLANT PRESSURE BOUMDARY PRESSURE -
TEMPERATURE LIMITS . . . . . J ity i T Fit L A i

B CRAPPARYOF MEBULEE o 7. 0 Ny wte s s eianly bmielim i e e e

BUW SR e an

L N B N

| OEE O N R N e O B P  an DR R R S S B =
o



Contents (Cont’d)
Page
10, SURVEILLANCE CAPSULE REMOVAL SCHEDULE . . . . . . . . . . . . ... . 101
11. CERTIFICATION . . . . . . . . . . : 4 ey Ui A € -4 iy v 11+

APPENDIXES

Reactor Vessel Surveillance Program Background Data
and Information . . T A el 8T T
Pre-Irradiation Ten: 119 Data

Pre-Irradiation Charoy impact Data

Fluence Analysis Methodology

Capsile Dosimetry Data

References ¢ woed

>

Mmoo
OO D
S

List of Tables
Table

3-1. Specimens in Surveillance Capsule TE1-A . . . . . . . . . . .. .. 3.2
3-2. Chemical Composition and Heat Treatment of
Surveillance Materials . . ., AT . |
5-1. Tensile Properties of Capsule TEl D lrradlated Base Meta]
and Weld Metal . . . feon 'l 5 g BB
5-2. Charpy Impact Data for Cepsu1% TE) U Base Metal, Heat BCC241.
Irradiated to 9.62 » 10'"n/cm® (E > 1 Mev) . . . . . .. .. .. . 5.4
5-3. Charpy Impact Data for Capsule TEl- Dlgeat ffected Zone Metal,
Heat BCC241, Irradiated to 9.62 x 10°" n/em® (E > 1 MeV) . . . . . 5-4
5-4. Irradiated Charpy lmpac Dala gbr Capsule TE1-D Weld Metal
Irradiated to 9.62 x 10 n/cm (E > 1 Mev) . , . . e v v s B8
Surveillance Capsule Dosimeters . . TP Ey
Davis Besse Unit 1 Reactor Vessel Fast Flux S T
Calculated Davis Besse Unit ] Reactor Vessel Fluence
Surveillance Capsule TE1-D Fluence, Flux, and DPA .
Estimated Fluence Uncertainty . o Tl e
Comparison of Tensile Test Results
Summary of Davis Besse Unit 1 Reactor Vesse] Surve11lance CapSules
Tensile Test Results . . . PATSIAIE
Observed Vs, Predxctedlghang In Irradiated Charpy xmpact
Properties - 9.62 x 10 (E > ] Mev) . . . LR 1)

NOTOYO OO
L | » . * . '
NWOWOO I

NN OOV O
. . A ‘
w PO o N B W DD e

~

“« 4y -

BUW S Eomeany




BUW SEE Eoian




ELY

BéW NUCLEAR
SERVICE COMPAN ¥

]

&



1. INTRODUCT]ION

This report describes the results of the examination of the fourth capsule of the
Toledo £discn Company’s Davis Besse Nuclear Power Station Unit 1 reactor vesse)
material surveillance program. The capsule was removed and examined at the eno
of the sixth fuel cycle (5.45 EFPY). The first capsule of the program was
removed and evaluated after the first year of operation; the results are reported
in 8AN-1701.’ The second capsule of the program was removed a ¢ evaluated after
the third fuel cycle (2.58 EFPY); the results are reported in BAN~1834.2 The
third capsule was removed and evaluated after the feurth fuel cycle (3.33 EFPY);
the results are reported in BAH'1882.3

The objective of the program is to monitor the effects of neutron irradiation on
the tensile and impact properties of reactor pressure vessel materials under
actua) operating conditions. The surveillence program for Davis Besse Unit | was
designed and furnished by Babcock & Wilcox (BAW) as described in BAN-IOIOOA.‘
The program, designed in accordance with the requirements of 10CFRS0, Appendix
HS and ASTM Specification £185-736‘ is being conducted in accordance with BANW-
15437 and ASTM specification [185-828 and was planned to monitor the effects of
neutron irradiation on the reactor vessel materials for the 40-year design 1ife,
i.e., 32 effective full power years (EFPY), of the reactor pressure vessel, The
future operating limitations established after the evaluation of the surveillance
capsule are 21so in accordance with the requirements of 10CFRS0, Appendixes 69
and HS. The recommended operating period was extended to 32 EFPY as a result of
the fourth capsule evaluation,

1-1
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3, SURVEILLANCE PROGRAM DESCRIPTION

The surveiilance program comprises six surveillance capsules designed to monitor
the effects of neutron and thermal environment on the materials of the reactor
pressure vessel core region. The capsules, which were inserted into the reactor
vessel before initial plant startup, were positioned inside the reactor vesse)
between the thermal shield and the vessel wall at the locations shown in Figure
3-1. The six capsules, originally designed to be placed two in each holder tube,
are positioned near the peak axial and azimuthal neutron flux. However, with the
use of Davis Besse Unit ] as one of the irradiation sites of the 177-fuel-
assembly integrated reactor vesse) material surveillance program, the capsules
are irradiated on a schedule integrated with the capsules of the other
participating reactors. This integrated schedule 1s described in BAW-1543. BAW-
10100A includes a full description of the capsule design.

Capsule TE)-D was removed during the sixth refueling shutdown of Davis Besse Unit
1. This capsule contained Charpy V-notch impact test specimens fabricated from
one base metal (SAS08, Class 2), a weld metal, and heat-affected-zone material.
Tensile specimens were fabricated from one base metal and the weld meta) only,
In addition, there are compact fracture specimens fabricated from the weid meta),
The specimens contained in the capsule are described in Table 3-1, and the
location of the individua)l specimens within the capsule are described in Figure
3-2. The chemical composition and heat treatment of the surveillance materia)
in capsule TE1-D are described in Table 3-2.

A1l test specimens were machined from the 1/4-thickness (1/47) location of the
forging material. Charpy V-notch and tension test specimens from the vesse)
material were oriented with their longitudinal axes perpendicular to the

3-1

BWESE EoMbany




principal working direction of the forging

wires, described as follows:

Dosimeter Wire

U-A1 alloy

Np-A) alloy

Nickel

0.66 wt % Co-A)l alloy
0.66 wt % Co-A) alloy

fFe

Capsule TE)-D contained dosimeter

=hielding
Cd-Ag alloy
Cd-Ag alloy
Cd-Ag alloy
Cd-Ag alloy
Nore

Note

Thermal monitors of low-melting metals and alloys were included in the capsule.

The metals and alloys and their melting points are as follows:

Alloy

90% Pb, 5% Ag, 5% Sn
97.5% Pb, 2.5% Ag

97.5% Pb, 1.5% Ag, 1.0% $n

Cadmium
Lead

Melting Point, F

558
580
588
610
621

Table 3-1. Specimens in Surveillance Capsule TE1-D

ri i
Weld Meta)

Weld, HAZ
Heat SS, Transverse

Base Metal
Heat SS, Transverse

Total Per Capsule

Material
ldentity
Wk-182-]
BCC24)

BCC24]

3-2

No. of Test Specimens

lension (YN _Impact [
2 12 8
12
4 12 :
4 36 8
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4. PRE-IRRADIATION TESTS

Unirradiated material was evaluated for two purposes: (1) to establish @&
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 M to 10CFRSO,

4.1, . Jension Tests

Tension test specimens were fabricated from the reactor vesse! shell course
forging and weld metal. The subsize specimens were 4.25 inches long with a
reduced section 1.750 inches long by 0.357 inch in diameter. They were tested
on a 55,000-1b Toad capacity universal test machine at a crosshead speed of 0,050
inch per minute. A 4-pole extension device with a strain gaged extensometer was
used to determine the 0.2% yield point. Yest conditions were in accordance with
the applicable requirements of ASTM A37o-72.1} For each material ‘ype and/or
condition, six specimens in groups of three were tested at both room temperature
and 5B0F, The tension-compression load cell used had a certified accuracy of
better than £0.5% of full scale (25,000 1b). A1l test data for the pre-irradia-
tion tensile specimens are given in Appendix B.

4.2, . lmpact Tests

Charpy V-notch impact tests were conducted in accordance with the reguirements
of ASTM Standard Methods A370-72 and £23w72]20n an impact tester certified to

meet Watertown standards. Test specimens were of the Charpy V-notch type, which
were nominally 0.394 inch square and 2.165 inches long.

Prior to testing, specimens were temperature-controlled in liquid immersion
baths, capable of covering the temperature range from -85 to +550F. Specimens

4-]
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5. POST-IRRADIATION TESTS

$.1. Thermal Monitors

Capsule TE1-D contained three temperature monitor holder tubes, each containing
five fusible alloy wires with melting points ranging rom 558 to 621F. A1 the
thermal monitors at 558, 580, and SBBF had melted while those at the 610f
location showed no signs of melting of sTumping; the monitor at the 621F location
melted in all three holder tubes, 1t was heretofore assumed that the 6]10F and
621F monitors were placed in the wrong locations in the holder tubes, and based
on these observations, it was concluded that the capsule had been exposed to a
peak temperature in the range of 610 te 621F during the reactor operating veviod,

In the case of TE1-D the original loading diagram was consulted. This drawing
Tists the five materials used in the monitors, and showed the position in which
each wire was loaded. Both show the lead wire (621F melting point) to be in the
fourth position, with the cadmium wire (610F melting point) in the fifth
position,

This supports the observation that the 610F monitor did not melt while the 621F
monitor did melt. It is believed that the lead wire softened (and presented the
appearance of melting) due to long term exposure to elevated temperatures, which
were not sufficient to melt the cadmium wire. Therefore, it is probable that the
capsules was exposed to temperatures in excess of 588F but not as high as 6)0F,
and that this was sufficient to cause the lead wires to slump and appear to have
melted.

These peak temperatures are attributed to operating transients that are of short
durations as described in BAN-204013and are judged to have insignificant effect

on irradiation damage. Short duration operating transients cause the use of

5-1
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6. NEUTRON FLUENCE
£l lntreduction

The neutron fluence (time integral of flux) is a quantative way of expressing the
cumylative exposure of a material to a pervading neutron flux over & specific
period of time. Fast neutron fluence, defined as the fluence of neutrons having
energies grester than | MeV, 1s the parameter that is presently used to correlate
radiation induced changes fn material properties, Accordingly, the fast fluence
must be determined at two locatiens: (1) in the test specimens located in the
surveillance capsule, and (2) in the wall of the reactor vessel, The former is
used in develeping 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 azimuthal
distribution of the fluence, the fluence gradient through the reactor vessel
wall, and the corresponding material properties.

The sccurate determination of neutron flux 1s best accomplished through the
simultaneous consideration of neutron dosimeter measurements and analytically
derived flux spectra. Dosimeter measurements alone cannot be used to predict the
fast fluence in the vessel wall or in the test specimens because (1) they cannot
measure the fluence #t 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 s outlined in Figure 6-1 and described
in the following paragraphs. The details of the procedures and methods are pre-
sented in genera)l terms in Appendix D and in sAw-xaasr.‘s

6-1
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MEASUREMENTS OF NEUTRON ANALYTICAL DHUNI& ON OF
DOSIMETER ACTIVITIES DOSIMETER ACTIVITI Tim
NEUTRON FLLX
ADJUSTED ENERGY
DEPENDENT NEUTRON
FLUX
ERATING
NELUTRON HISTORY PRE -
FLUENCE DICTED FUTURE
OPERATION
Analytical Determination of Dosimeter Activities and Neutron Flux

The analytical calculation of the space and energy dependent neutron flux in the
test specimens and in the reactor vessel is performed with the two dimensional
discrete ordinates transport code, DOTIV.16 The caiculations employ an angular
quadrature of 48 sectors (S8), a third order LeGendre polynomial scattering
approximation (P3), the CASK23E cross section 50117 with 22 neutron energy groups
and & 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 DOTIV calculation determines
the saturated specific activity of the various neutron dosimeters located in the
surveillance capsule using the ENDF/BS dosimeter reaction cross sech‘ons.]8 The
saturated activity of each dosimeter is then adjusted by a factor which corrects

6-2
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wnere
fig (aT) = Fluence at (1,J) accumulated over time ol (n/em’),
g = Energy group index,
'i)g « Time-average fluy at (1,J) in energy group g, (n/cm’-sec).
a1 =« Irradiation time, EFPS,

Neutron fluence was calculated in this ana ' ysis for the following comporents over
the indicated operating time:

Test Specimens: Capsule irradiation time in EFPS
Reactor Vessel: Vessel irradiation time in FFPS

Reactor Vessel: Maximum point on inside surface extrapolated to 32
effective full power years

The neutron exposure to the reactor vessel and the material surveillance
specimens was also determined in terms of the iron atom displacements per atom
of tron (DPA). The iron DPA is an exposure index giving the fraction of iron
atoms in an fron specimen which would be displaced during an irradiation, It is
considered to be an appropriate damage exposure index since displacements of
gtoms 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).19 A DPA cross section for iron is given in the ASTM Standard in 641
energy groups. OPA per second is determined by multiplying 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. In
the DPA calculations reported herein, the ASTM DPA cross sections were first
collapsed to the 22 neutron group 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,

6-4
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Charpy specimens in the capsule 1t includes an axial peaking factor in the

capsule of 1.14 and a normalization factor of 1.03

.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 variatioms in input data; and or

engineering judgement. The values in Table © 5 represent best estimate values

based on past experience with reactor vessel fluence analyses

fable 6-1. Surveillance Capsule Dosimeters

Loewr Energy

(a) , Limit for _1&02Uv0
Dosimeter Reactions' Reaction, MeV Half-Life
ce(n,p) M 2.5 312.5 days
SBN\(n‘p)sgfo 2.3 70.85 days
238y n, )" cs 1.1 30,03 years
8370 (n, )13 cs 0.8 30.03 years

\
(a’Roa(tnun activities measured for capsule flux evaluation.
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Table 6:2. Deyis Besse Unit 1 Reactor Vessel Fast Flux

Fast Flux (E > ) MeV), n/em-s

Flux n/cm'-s

Inside Surface

~bycle . (Max Location)

Cycle ) 1.61E+10
(374 EFPD)

Cycles 246 1.38(+10
(1615.8 EFPD)

Cycle 7+¢ 1036410
(390 EFPD)

8 LFpy 1.036410
15 EFPY 1.036410
21 EFPY 1.03E+10
32 EFPY 1.03E410

1/4 1/2

B 9049 A 4f+5
7.71E49 3.90E49
0.58(+10* 0.29E+410*
0.586410* 0.29E+410%
0.58E+10* 0.29(+]10*
0.58£+10* 0.29(+10*
0.58(+10* 0.29(+]0*

——— (E>C.1MeV)
Inside Surface

Al/8. . [(Max Location)
2.0E+9 3.4(4]0

]

1
|

]

90E4+9 2.88E410

41049

ALE+9*
A1E49
ALE+9*
A1E49*

*Divide flux at inside surface by the appropriate lead factors on p. 6-8 to
obtain these 1/4, 1/2, and 37/4 fast flux values,

**Assumed cycle length of 390 EFPD for flux extrapolation for Cycle 7.

6-7
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A comparison of the tensile data from the first three capsules (Capsules TEL-F,
TE1-A, and TE1-B) 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 1s 3/4 that of the previous capsule and five 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 irradiated Charpy impact properties with the predicted
changes.,

The 30 ft-1b transition temperature shift for the base metal is not in good
agreement with the value predicted using either Regulatory Guide 1.99, Rev, 220
or Rev. 2 plus margin, It would be expected that these values would exhibit
better agreement when it is considered that the data used to develop Regulatory
Guide 1.99, Rev, 2, was taken at the 30 ft-1b temperature.

The transition temperature measurements at 30 ft-1bs for the weld metal is in
good agreement with the results using Regulatory Guide 1.99, Revision 2, but is
in poor agreement with the results using Regulatory Guide 1.99, Revision 2 plus
margin. At the 30 ft-1b level, the shift relationship to the predicted value
demonstrates that the estimating curves of Regulatory Guide 1.99, Rev. 2 are
conservative for predicting the 30 ft-1b transition temperature shifts.

The 50 ft-1b transition temperature shift for the base metal is not in good
agreement with the shift that would be predicted according to Regulatory Guide
1.99, Rev. 2. The less than ideal comparison may be attributed to the spread in
the data of the material was based only on the 30 ft-1b transition data combined

7-2
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with a small number of data points to establish the irradiated curve. Under
these conditions, the comparison indicates that the estimating curves in RG 1.99
for low-copper materials are not conservative for predicting the 50 ft-1b
transition temperature shifts.

The data for the decrease in Charpy USE with irradiation showed good agreement
with predicted values for the base metal and only fair agreement for the weld
metal. However, a good comparison of the measured data with the predicted value
is not expected in view of the lack of data for low-, medium-, or high-
copper-content materials at these fluence values that were used to develop the
estimating curves.

A comparison of the Charpy impact data from the first, second and third capsules
(Capsules TE1-F, TE1-A and TE1-B) 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 3/4 that of the previous capsule and five times
greater than the first capsule.

The base metal exhibited shifts at the 30 ft-1b leve)l for the latest capsule that
were greater than those of the second capsules and less than that recorded for
the third capsule. The corresponding data for the weld metal showed about a 20%
increase at the 30 ft-1b level.

Both the base metal and the weld metal exhibited decreases in t-e upper shelf
values comparable to that observed in the previous capsules. These data confirm
that the upper-shelf drop for this weld metal may have reachec a stabilized
condition (saturation) »s observed in the results of capsules evaluaicd by
others. This lack of further decrease in Charpy USE drop for this weld meta)
should not be considered indicative of a similar lack of decrease of upper shelf
region fracture toughness properties. This behavior indicates thai other
reactions may be taking place within the material besides simplz neutron damage.
Verification of this relationship must await the testing and evaluation of the
data from conpact fracture toughness test specimens,

~d
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The fracture toughness evaluation shows that the controlling weld meta)l may have
an end-of-11fe RTnpTOf 216F based on Regulatory Guide 1.99, Revision 2. This
predicted shift is excessive since the latest capsule (Lapsule TEl-D) exhibited

a measured shift of 150F for a fluence of 9.62 x 10'® n/em®. Ratioing this

measured shift to the T/4 wall To~ation fluence, it is estimated that the end-of-
11fe RTNpT shift will be significantly less than the value predicted using
Regulatory Guide 1.99, Revision 2. This reduced shift permits the calculation
of 1ess restrictive pressure temperature operating limitations than if Regulatory
Guide 1,99, Revision 2, was used,

The pressurized thermal shock evaluation demonstrates that the Davis Besse
reactor pressure vessel 1s well below the screening criterion limits and,
therefore, need not take any additional corrective action as required by the
regulation.

An evaluation of the reactor vessel end-of-1ife upper shelf energy for each of
the materials used 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 Linde 80 flux, low-upper-shelf-energy, relative high
copper and are expected to be highly sensitive to neutron radiation damage. Two
methods were used to evaluate the radiation induced decrease "7 upper shelf
energy. The method of Regulatory Guide 1.99, Revision 2, which is the same
procedure as used in Revision 1, and the method presented in BAN~180321which was
developed specifically to address the need of an estimating method for this ¢lass
of weld metals.

The methods of both Regulatory Guide 1.99, Revision 2, and BAW-1803 show that
none of the materials used in the fabrication of the reactor vessel will have an
upper-shelf energy below 50 ft-1bs through 32 EFPY design 1ife based on the T/4
wall lTocation. Regulatory Guide 1.99 method predicts a decrease below 50 ft-1bs
for the controlling weld metal at the vessel inside wall. Contrary to this
prediction, the actual weld metal surveillance data does not support such a large
decrease in upper-shelf energy.

7-5
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Table 7-3. Observed Vs. Predicted Changes in Iry"dratvq
Charpy Impact Properties - 9.62 x 10" n/cm®

Predicted. . Predicted

Material Observed RG 1.99/2'¢) RG 1.99/24M(%/
Increase in 30 ft-1b Trans, Temp., F
Base material (BCC-24])

Transverse 3 20 40
Heat-affected zone (BCC-24]) 101 20 40
Weld metal (WF-182-1) 150 167 223
Increase in 50 ft-'b Trans. Temp., F
Base Material (BCC-241)

Transverse 30 20 40
Heat-affected zone (BCC-241) 67 20 40
Weld metal (WF-182-1) 149 167 223
Decrease in Charpy USE, ft-1b
Base material (BCC-241)

Transverse 5 12 N.A.
Heat-affected zone (BCC-241) 7 12 N.A.
Weld metal (WF-182-1) 16 25 N.A.

(8)per R.G. 1.99, Revision 2, May 1988.

(®)per R.G. 1.99, Revision 2, May 1988, shift plus 2 x margin.
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labie 7-4. Summary of Davis Besse Unit 1 Reactor Vessel Surveillance Capsules Charpy Impact Test Results

v

s Transition Temperature lncrease, | Upper Shelf Tmerqgy, f1-10
ih c)
Flgence 30 ft-ib Predicteal?) Predicted' ) Predicted' ©/ Predicted Prodicted

Material 10° n/cm” Observed RG 1.99/72 w/o M BG 1.99/2 wM BAN- 1803 /1 Observed RG 1.99/2'% BANW 1803/}
Base Metal 1.96 Neg i2 24 N.A 113 11 N A
{BCC-241) 5.92 Neg 17 - N A 113 ] N A

9.62 3 20 ac N.A 117 110 N A

12.90 28 22 24 N A 118 08 N.A
KAZ Metal 1.6 43 12 2 N.A 118 115 NA
{BCC-231) 5.92 57 17 33 N.A 105 113 N A

9 82 101 20 40 N.A 117 112 N.A

12.9¢ 34 22 a4 N A 11 110 N.A
Weld Metal 1.96 127 96 152 80 62'9) 53 64
(NF-182-1) 5.92 125 144 200 140 55197 ag 61

9.62 1590 167 223 156 54 85 50

12 .90 i7 181} 237 182 ¥ Rl 44 53

]
-

'“Per Requiatory Guide 1.99, Revision 2, dated May 1988

b)
‘“/Per Reqgulatory Guide 1.99, Revision 2, plus margin

fr)
“'Per BAW- 1803, Revision 1, dated October 1990, plus margin

4
“/Upper-shelf energy value re-defined per ASTM £i8S
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Table 7-6. Evaluation of React
Material
Chemical
oo Material Description =~~~ Composition
Reactor VYessel Heat Copper, WNickel,
Seltline Region location  Number Type w/ o w/o
Nozzle Belt ADB-203 SAS08, (1.7 0.04 0.68
Upper Shell AKJ-233 SASOB, (1.2 0.04 0.77
iower Shell BCC-241 SAS08, €1.2 0.02 0.8}
Upper Circun. Seam {109%) WE-232  Neld 0.18 0.64
Upper Circum. Seam {(0D91%) WF-233  Weld 0.29 0.68
Mid. Circum. Seam (100%) WF-1BZ2-1 Meld 0.24 0.63
Ltower Circum. Seam {IDI2%) WF-232 WNeld 0.18 0.564
~J
o Lower Circum. Seam (0D8S8%) WF-233  Weld 0.29 0.68
{a)

Per Requlatory Guide 1.99, Revision 2, dated May 1988
(%) per BAW-1803, Revision 1, dated October 1990

(‘)Per Certified Materials Test Reports.
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neutron fluences and adjusted RlNﬁT values are given for the 1/47 and 3/47 vesse)
wall locations (T = wall thickness). The assumed R]ND, of the closure head
region and the outlet ncc2le steel forgings is 60F, in accordance with BAW-10046,

The chemistry factors for the controiling metals (WF-182-1) in the beltline
region was recalculated in accordance with the procedures described 1n Regulatory
Guide 1.99, Revision 2, Regulatory Position 2.

The data used to calculate a new chemistry factor for weld metal WF-]182-1 was
obtained from the BAWOG Integrated Reactor Vessel Surveillance Program. The data
for the weld metal WF-182-1 which has the weld wire Heat No, 821744, A summary
of the available data is as follows.

Capsule Weld Metal Fluence, n,cm? ARTNDT, Reference
TEL-F WF-182-1 1.96E+18 127 |
TEl-B WF-182-1 5.92E+18 125 4
TE1-D WF-182-1 9.62E+19 150 (This
report)
TE1-A WF-182-1 1.29E+19 175 3

The analysis of these data produced a new chemistry factor for WF-182-1 of 162.

Similarly, the data used to calculate a new chemistry factor for weld metal WF-
233 was obtained from the BAWOG IRVSP (Integrated Reactor Vessel Surveillance
Program). The Cata for weld metal WF-233 has the weld wire Heat No, 129744, A
summary of the available data is as follows.

Capsule Weld Metal Fluence, n,rcn:2 RTNDT, F Reference
Ko-Ri 1-V WF-233 4 67E+18 191 22
Ko-Ri 1-T WF-233 1.08E+19 187 22
Ko-Ri 1-§ WF-233 1.21E+19 222 22

The analysis of these data produced a new chemistry factor for WF-233 of 207.
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Fiqure B8-2. Reactor Vessel Pressure-Temperature Limit Curves for Normal Operation -
Heatup, Applicable for First 32 EFPY - Davis Besse Unit |
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figqure 8-3 Reactor Vessel Pressure-Temper ature 1imit Curves for Normal Operation

Cooldown, Applicabie for First 32 EFPY Davis Besse ]
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Figure 8-4. Reactor Vessel Pressure-Temperature Limit Curves for Inservice Leak and
—_Hydrostatic Tests, Applicable for First 32 EFPY - Davis Besse Unit 1

2600

Rssumed ll”', f Point Pressure, psig - F
2400 |

Beltline Region ¥/41 174 ) Sa7 70

Beltline Region 3/41 129 B 625 %0
2200 - Closure Mead Region o € 629 7205

Butline Wozzle 0 0 L1 Pl

f 1344 786

2000 - f 7500 30

1800 + The acceptance pressure-tempesature combinations are below and to the
right of the limit corve (s). The limit curves do not include the pressure
differential betwern the point of systes pressere seasurement and the
16800 |- pressure on the reactor vessel region controlling the liwmit curve, nor do
they include any additional margin of safety for pessible irstrument error.

Reactor Vesse! Coolant Pressure, psig

1400 |-
E
> 1200

: Applicabile for Heatup and
1000 + ~— Cooldown Rates up to
SOF /h (<50F m any 1/2h

800 + Period)

600 B ’/g

400

A
200
0 i 1 1 1 i i
50 100 150 200 250 300 350 400

Reactor Vessel Coolant Temperature, F

AT maa INE




Bw BE&EW NUCLEAR
SERVICE COMPANY




nat the analyt
§ ¢ W $ a rate
er Ul 51 [ ¥ !
L ’ Y
] ¥ makxe

BUW S Eompany




Bw BEW NUCLEAR
SERVICE COMPANY




=
<
aa
o0
2
S
i
<




3

-~
% W
-
oy <
730
o S0
25
3g
<
&




: - E

<Q

. : i
S
@



Table A-1. Unmirradiated Impact Properties and Besidua! f[lement Content
Data of Beltiine Region Materials Used for Seiection of
__Surveillance Program Materials -- Bavis-Besse Umit |

Distance, - - Charpy Data, (VN
Core Midplane . Iransverse
Material Beltiine to Weld 58 3% Chemistry, =
ident Material Region Centerline, Orop wt, (ongitudinal ft-To, ME, USE, Ry
Heat WNo Type Location = ‘wr f At 10F ft-Ip f f ft-1 ! Co d b "
ADB - 203 SASOB, (1 2 ‘Nozzle belt 50 el 134 5 04 0007 © 969
AK)-233 SASO8, €1 2 Upper Shell B 20 135.179.13¢ 20 |82 20 0.0¢ 0908 QS 0%
107,96 81
BCC- 241 SASCR, (1 Z lLower Shell 8 %0 60.62,87 27 118 50 02 o011 001}
87.62,5%
wF-232 weld Circum seam +198 25.31.3% e 00I1 eo&9
- upper {9% 1D)
w233 weld Circum seal +198 a2 30,26 0.22 0915 0.01%
upper (91% 00)
WF-182-1  Weld Circum seam 7% 20 36,33 64 62 L3 2 018 0018 o015
Middie
wF-232 wWeld Circum seam 247 25.31.3% .14 9011 0007
lower (12% 1D)
WF-233 Weld Circum seam L 34 41.30.76 022 08IS © 0%

lower (B8% 00)
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Table B-1. Pre-lrradiation Tensile Properties of

et 811 Plate Material, Heat BCC-24]

Test pnath, 1000 psi  _Llongation, % Red'n of
Specimen No.  lemp, [ ﬁ.ﬁ Wtimate Uniform  Jotal  Area. %

55-60) 73 15.6 91.9 12.7 27.0 67.3
6V3 73 69 .4 0.0 13.1 2.2 67.0
64 73 71.9 90.3 13,0 28.8 7.1

Mean 73 72.3 $0.7 12.9 1.7 68.5

Std. dev'n, 73 3.12 1.02 0.2] 0.99 2.29

$5-606 580 64 .4 86.3 14 .4 25.7 65.4
6l) 580 64 .4 B6.3 13.6 26.0 63.7
615 578 63.] 86.3 16.3 25.5 67.0

Mean 580 64.0 86.3 14.8 25.7 65 .4

Std. dev'n. 580 0.7% 0 1.39 0.25 1.65

Table B-2. P 1d Metal WF-182-)
Test ‘ _Llnngll, Red'n of
specimen No.  lemp, f Y Eh’l Area, %

$5-003 73 69.7 85.6 14.8 26.0 63.7
007 73 6§.7 85.6 15.4 27.3 64.7

Mean 73 70.2 85.6 15.1 26.7 64.2

Std. dev'n. 73 0.64 0 0.42 0.92 0.7}

$S-009 582 64.6 80.6 14 .8 20.0 50.1
015 582 67.8 83.] 11.4 17.4 49.7
016 579 770.6 85.9 12.% 18.9 50.9

Mean 580 67.6 83.2 12.9 18.8 50.2

Std. dev'n, 580 3.10 2.65 1.73 1.31 0.6)

B-2
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L. 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, CJTIV calculates the energy and space dependent neutron flux for
the specific reactor under consideration. This semiempirical method is conven:
fently 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 &t all points of interest in the reactor system.
DOTIV uses the discrete ordinates method of solution of the Boltzmann transport
equation and has multi-group and asymmetric scattering capability. The reference
calculational mode) is an R-# geometric representation of a plan view through the

reactor core midplane which includes the core, core liner, coolant, core barrel,
therma)l shield, 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 Py order of scattering, S, quadrature, and 40 energy
greups. The Py 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 S, symmetric quadrature has generally
produced accurate results in discrete ordinates solutions for similar problems,
and is used routinely in the BAW R-¢ DOT analyses.

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

Geometrical Configuration

For modeling purposes, the actua) geometrical configuration is divided into three
parts, as shown in Figure D-3. The first part, Model "A," is used to generate

D-2

PBUW S Ebany



the energy-dependent angular flux at the inner boundary of Model "B," which
begins at the outer surface of the core barrel. Model A includes a detailed
representation of the core baffle (or liner) in R-¢ geometry that has been

checked for both metal thickness and total meta)l volume to er ure that the DOT
approximation to the actual geometry is as accurate as possible for these two
very important parameters. The second, Model B, contains an explicit represen:
tation of the surveillance capsule and associated components. The BAW Owners
Group’s Flux Perturbation [xoe'rnnentz5 verified that the surveillance capsule
must be explicitly included in the DOT models used for capsule and vessel flux
calculations in order to obtain the desired accuracy. The magnitude of the
perturbations ir the fast flux due to the presence of the capsule was determined
in the Perturbation Experiment to be as high as 47% at the capsule center 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 1is
therefore incorporated into the DOT calculational models. The third, Model “C,"
is similar to Mode! B except that no capsule is included. Model C s used in
determining the vessel flux in quadrants that do not contain a survetllance
capsule; typically these quadrants contain the azimuthal flux peak on the inside
surface of the reactor vessel,

An overlap region of approximately 33.07 tm or 17 radial intervals is specified
between Model A and Models B or C. The width of this overlap region, which is
fixed by the placement of the Model A vacuum boundary and the Model B boundary
source, was 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 cause a perturbation in the
flux at the points of interest,

Macroscopic Cross Sections

Macroscopic cross sections, required for transport analyses, are obtained with
the mixing code GIP. Nominal compositions are used for the structural metals.
Coolant compositions were determined using the average boron concentration over

D-3
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a fuel cycle and the bulk temperature of the region. The core region is @
homogeneous mixture of fuel, fue) cladding, structure, and coolant.

The cross-section library presently used is the (22-neutron group and 18-gamma
group) CASK 23F coupled set. The dosimeter reaction cross sections are based on
the ENDF/BS Yibrary, and are listed in Table £-3. The measured and calculated
dosimeters activities are compared in Table D-1.

Ristributed Source

The neutron population in the core during full power operation is a function of
neutron energy, space, and (ime. The time dependence s 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 distribution.
The effects of the other two independent variables, energy and space, are
accounted for by using a finite but appropriately large number of discrete
intervals in energy and space. In each of these intervals the neutron source is
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 a magnitude coefficient, 1.e.

Sv‘Jg  [v/K Pyl x [RPD‘JX.] (D-1)
vv
magnitude spatial
where:
s'i)g « Energy-and space-dependent neutron source, n/cc-sec,

vw/K = Fission neutron production rate, n/w-sec,

P, = Average power density in core, w/cc,
RPD « Relative power density at interval (1,J), unitless,

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

i = Radia)l coordinate index,
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§ = Azimuthal coordinate index,
¢ = Energy group index.

The spatia) dependence of the flux 1s directly related to the RPD distribution,
Even though the entire (eighth-core symmetric) RPD distribution 1s modeled in the
analysis, only the peripheral fuel assemblies contribute significantly to the ex

core flux. The axial average pin-by-pin RPD distribution is calculated on @
quarter-core symmetric basis for 8 to 12 times during each core cycle for the
entire capsule irradiation period. The time-weighted average RPD distribution
is used to generate the normalized space and energy dependency of the neutron
source, Calculations for the energy and space dependent, time-averaged flux were
performed for the midpoint of each DOT interval throughout the model. Since the
reference mode) calculation produced fluxes in the R-¢ plane that are averaged
over the core height, an axial correction factor was required to adjust these
fluxeslio the capsule elevation, The factor used (1.14) was prescribed in BAW-
1485P .

L. Capsyle Flyx 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
caleculated activities for comparison with the measured data. The calculated
activity for reaction product D, in (uCi/gm) 1s:

" S e ety e TN e
(3.7 x 10%)A, E J

D =

where:
N = Avogadro’s number,
A, = Atomic weight of target material n,

f, » Either weight fraction of target isotope in n-th material or the
fission yield of the desired isotope,
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useful vessel 1ife. Three time periods are considered in the extrapoiation: |)
operation to date for which vessel fluence has been calculated, 2) future fue)
¢ycles for which PDQ calculations have been performed, and 3) future cycles for
which no analyses exist,

For the Davis Besse Unit 1 analysis, time period | 1s through cycle 6, time
period 2 covers cycle 7, and time period 3 covers from the end of cycle 7 through
32 EFPY, The flux and fluence for time period 2 was estimated by calculating the
vessel flux using an adjoint-DOT calculational procedure with the appropriate
assembly-average power distributions and integrating these values over time
period 2. The extrapolation of the fluence through time period 3 was accom-
plished by assuming that the average flux during period 3 was equal to the
average flux for period 2 (cycle 7)

lable D-1. Normalization Factor

Measured (a) Calculategb) Flux
Activity, Activity, Normalization
T VA — —uli/a factor
ein,p) un 863,73 1162.79 0.80(¢)
58y (n,p)%8co 146439 2001.51 0.93(d)
238, ¢)137Cs 11.86 10.36 1,14
23700, ) 137Cs 70.58 61.69 1,18

Averaged: 1.03(9)

(‘)Average of four dosimeter wires,
(b)Average at four calculated activities.

(C)Avera e at four ratios (one for each dosimeter wire) corrected by short
half-iife factor of 1.195,

(C)Avera e of four ratios (one for each dosimeter wire) corrected by short
half-1ife factor of 1.264.

(d)Averlge of al) four dosimeters was selected as the normalization
constant
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Tlable D-2. Davis Besse Unit 1 Reactor Yessel Fluence by Cycle

Incrementa)

Cumulative

Cycles Time, EFPY Time, EFPY
] .02 1.02
2-6 4.43 5.45
7 1.07 6.52

1.48 8.00
7.00 15.00
6.00 21.00
11.00 32.00

————

]
i

Vesse) ;lux,

Vessel Fluence, n/cm

2(¢)

n/cm's Incremental Cumulative
616410 §.19E417 5.19E417
386410 1.926+18 2.44(418
L03E410 3.476+17 2.79E+18
036410 4.B0E417™™  3.27E+18
036410 2.28E+18"™ 5.560+18°Y
03E+10™ 1.956+18'% 7.50E+18"Y
036+«10'™ 3.600+418Y 1.116419"®

{‘)Max\mum neutron flux at inside surface of reactor vessel, based on fuel
cycle designs for future cycle 7, used for extranolation of fluence to

future times,

(b)fxtrapolated values.

(C)Peak fluence at inside surface of reactor vessel.
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Figure D-]
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Figure D-2.
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Figure D-3. Plan View Through Reactor Core Midplane
(Reference R-# Caiculation Model)
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Table E-1 1ists the characteristics of the neutron dosimeters. Table E-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,
Taole E-1. Detector Composition and Shielding
Detector Material % Target shielding Reaction
U-Al 10.38% 38y Cd-Ag 38y(n, )13 ¢s
Np-Al 1.aa% 23np Cd-Ag 23Ty (n, 6)137¢s
Ni 67.77% N Cd-Ag Ni(n,p)°2Co
Co-Al 0.66% >°Co td %¢o(n,)%%o0
Co-Al 0.66%59Co None SQCO(H.y)GOCO
Fe 8. 82%54 None 54Fe(n.p)saMn
Table E-2, Measured Specific Activities (Unadjusted)
for Dosimeters in Capsule TEL1-D
Act i /am of
Detector Material Dosimeter Reaction _DD1 . _.DD2 = _DD3 = _DD4
Ni 8yi(n,p)*8co 1507.23 1433.60  1071.19  1845.52
Fe 5‘re(n 0) >4Mn 878.81  B852.94  627.96 1055.20
U-Al Byin, ,)137¢s 13.80  12.4] 9.26  16.97
Np-A) 23750 (n, )13 ¢s 73.37  64.10  57.95  92.54
BUW SR o0 any
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