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Three multigroup neutron cross-section libraries
are used in synthesized three-dimensional discrete or-
dinates transport analyses to investigate their similar-
ities, differences, and results for pressurized water
reactor (PWR) pressure vessel surveillance dosimetry

and shielding applications. The accurate determination :
of the neutron energy spectra and key exposure param-

eters, such as the integrated fast flux and total displace-
ment per atom (dpa) within the pressure vessel wall,
is very important for surveillance capsule analysis,
pressure vessel embrittlement calculations, pressure-
temperature curve calculations, and plant life exten-
sion planning. The accuracy of any radiation transport
analysis depends in part on the cross-section library used
to model the various materials.

The calculated-to-experimental (C/E) ratios and the
calculated reaction rates of several fast reactions are
compared for the BUGLE-80, SAILOR, and ELXSIR
cross-section libraries at the 97-deg surveillance capsule
of the San Onofre Nuclear Generation Station Unit 2
(SONGS-2) and at the 90- and 97-deg (C/E ratios only)
cavity dosimetry locations for another PWR (referred to
as Reactor X). Additionally, the displacement per atom
per second attenuation through the pressure vessel wall
is compared with that of the integrated fast neutron flux
(E > 1.0 MeV) and with the attenuation functions given
in U.S. Nuclear Regulatory Commission Regulatory
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Guide 1.99, Revisions I and 2. Finally, the pressure ves-
sel wall exposure sensitivity to fast neutrons due to ves-
sel eccentricity and the buildup of #*°Pu in the core
region are also reported.

The C/E ratios calculated using ELXSIR with the
updated iron cross sections for SONGS-2 are fairly
close to unity compared with those calculated using the
other two cross-section libraries. The Reactor X C/E
ratios are close to unity using the BUGLE-80 and
SAILOR libraries and much higher than unity (~1.7)
for ELXSIR with the updated iron cross sections at
two cavity dosimetry locations (90 and 97 deg). The
large C/E ratio is believed to be caused by vessel eccen-
tricity. The ELXSIR cross-section library with the up-
dated iron cross sections also produced much higher
calculated reaction rates for both reactors.

The fast flux (E > 1.0 MeV) through the pressure
vessel wall increases by 17% when the SONGS-2 core
and core barrel are moved 1.27 cm closer to the pres-
sure vessel wall to simulate vessel eccentricity. The fast
flux also increases by as much as 10% for SONGS-2
and 15% for Reactor X when a mixed fission spectrum

- (plutonium and uranium) is used to model the neutron

source in the core region. Finally, the two attenuation
JSunctions (fast flux and dpa) given in Regulatory Guide
1.99, Revisions 1 and 2, differed from the plant-
specific calculation for both SONGS-2 and Reactor X.
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Overall, ELXSIR is the best available cross-section
library for broad multigroup light water reactor vessel
calculations. This judgment is based primarily on the
improved C/E ratios observed for both in-vessel and
ex-vessel dosimetry experiments. However, the use of
an improved cross-section library is not sufficient to

COMPARISON OF CROSS-SECTION LIBRARIES:

ensure accurate flux and fluence data. Factors such as
core, core barrel, and pressure vessel eccentricity can
significantly affect the calculation of the magnitude of
neutron damage parameters. Thus, reliable flux deter-
mination can only be ensured by continued use of
dosimetry.

I. INTRODUCTION

Nuclear cross sections are an essential part of any
reactor physics calculation. The ability to produce ac-
curate results in these calculations depends in part on

“the cross-section library used to represent the various
materials within the reactor. Other factors that contrib-
ute to the accuracy of the results include vessel, core,
and thermal shield eccentricity; the ability to model
various components in the as-built configuration; pre-
cise capsule location; accurate description of the source
distribution and power history; and the variation of the
pressure vessel cladding thickness.

Since nuclear cross sections usually have compli-
cated dependence on neutron energy and scattering an-
gle, factors such as the energy group structure, the
order of the angular scattering expansion, and verifi-
cation against experimental data are very important in
determining whether a particular cross-section library
is suitable for the calculations of interest. This is of
particular importance in light water reactor (LWR)
pressure vessel shielding problems. Since the pressure
vessel wall, core internals, and support structures are
subject to mechanical property degradation induced
by neutron leakage from the core,!”? the integrity
of these components must be evaluated by developing
damage models that are a function of critical exposure
parameters. ,

One reliable and cost-effective approach is to per-
form discrete ordinates neutron transport analyses to
determine the neutron spectra and flux at critical loca-
tions. Then, the analytically determined neutron spec-
tra are combined with dosimetry measurements using
the foil activation technique®* or a recently developed
material scrapings technology? to determine the pseudo
fluxes. The material scrapings approach can be very
valuable to nuclear utilities through end of license and,
more importantly, during the plant life extension pe-
riod because it can generate fluence and mechanical
property data for various in-service components with-
out removing them from service.

Since the objective of any reactor physics analysis
is to produce the most accurate results to the extent
practical, it is essential that the best available and most
suitable cross-section library be used. The BUGLE-80
(47 neutron, 20 gamma, P;) (Ref. 6), SAILOR 47
neutron, 20 gamma, P;) (Ref. 7) (Shielded and A pplica-
tion Independent Libraries for Operating Reactors)

80

and ELXSIR (56 neutron, P;) (Ref. 8) (EPRI LWR
X-Sections for IRradiation Studies) are multigroup
cross-section libraries that were developed specifically
for LWR dosimetry and shielding applications. In this
study, two dimensional S-/N neutron transport calcula-
tions (r-6, r-z) were performed for the San Onofre Nu-
clear Generation Station Unit 2 (SONGS-2) and Reactor
X plants using the three cross-section libraries. The
SONGS-2 plant was chosen becauseitisa recently built
pressurized water reactor (PWR) with adequate in-vessel
spectral dosimetry data. Reactor X was chosen because
it has extensive ex-vessel dosimetry data. Reactor Xis a
PWR power plant currently operating in the United
States. Since the flux and dosimetry data are proprietary,
we present only normalized data for this plant. Then the
synthesized three-dimensional neutron fluxes and energy
spectra were calculated by combining the results of the
r-0 and r-z transport analyses. The results were then com-
pared against measured data, and conclusions are drawn
concerning the “goodness” of each cross-section library
for pressure vessel wall surveillance dosimetry and
shielding problems.

il. BACKGROUND

Over the past two decades, several multigroup
cross-section libraries have been used in LWR shielding
problems. However, most of these libraries were either
not designed for LWR shielding problems and pressure
vessel dosimetry analysis or were inappropriate for
such calculations. For example, the DLC-23/CASK
(22 neutron, 18 gamma) library,® which was designed
for shipping casks, was extensively used throughout
the nuclear industry in the past for LWR shielding cal-
culations. This library was produced from ENDF/
B-1I neutron cross-section data and DLC-12/POPLIB
(Ref. 10) gamma-ray production data and produced
higher flux data than expected. Several multigroup
libraries were created such as DLC-31/FEWGI (37 neu-
tron, 21 gamma) (Ref. 11), which was sponsored by the
U.S. Defense Nuclear Agency, and a (27 neutron, 18
gamma) library based on DLC-43/ CSRL (Ref. 12) de-
veloped for the U.S. Nuclear Regulatory Cominis-
sion'? (NRC). However, none of these newer libraries
were specifically designed for LWR shielding applica-
tions and, thus, were considered inappropriate for such
calculations. The suitability of a cross-section library
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for a particular analysis can be determined when its re-
sults are benchmarked against experimental data.

The limited supply of coupled, multigroup cross-
section libraries designed for LWR pressure vessel sur-
veillance dosimetry and shielding analysis led the
American Nuclear Society 6.1.2 working group to es-
tablish a set of standards for developing such librar-
ies.!* The DLC-47/BUGLE (45 neutron, 16 gamma)
library!S was the first attempt at developing such a
library. This library was produced from the DLC-
41/VITAMIN-C (171 neutron, 36 gamma) fine-group
library.'® Comparisons of BUGLE results with other
multigroup libraries revealed deficiencies that limited its
usefulness.’ The spectrum used in generating BUGLE
from the fine-group library contained features of both
fission and fusion spectra that resulted in larger within-
group scattering cross sections at higher energies than
would be expected in LWRs. This resulted in overpre-
diction of the fast neutron fluxes at the surface of the
pressure vessel wall.

As a result of the experience gained using BUGLE,
the DLC-75/BUGLE-80 (47 neutron, 20 gamma),
DLC-76/SAILOR (47 neutron, 20 gamma), and ELXSIR
(56 neutron) libraries were developed. The BUGLE-80
library was prepared using a PWR concrete-weighted
spectrum for collapsing from the VITAMIN-C fine-
group structure (171 neutron, 36 gamma) to a coarse-
group structure (47 neutron, 20 gamma). SAILOR was
prepared using more appropriate and spatially depen-
dent spectra for collapsing from VITAMIN-C. On the
other hand, ELXSIR was generated primarily to serve
as the DOT-IV standard library in the LEPRICON
system. This library was designed specifically for LWR
fast neutron deep-penetration problems and was pre-
pared from the 171-group VITAMIN-C library using

regionwise weighting spectra typical of LWR plants.

lll. SYNTHESIZED THREE-DIMENSIONAL NEUTRON
SPECTRA AND FLUX CALCULATIONS

The synthesized three-dimensional neutron flux
and spectra were calculated for SONGS-2 and Reactor
X at the pressure vessel peak position (axial and azimu-
thal) for the pressure vessel inner wall surface, } thick-
ness T, 3 T, outer wall surface, and the cavity region.
The integrated synthesized three-dimensional neutron
fluxes were calculated for energies >0.1 and 1.0 MeV
at these locations. American Society for Testing and
Materials (ASTM) standards!” were followed to the
extent possible for the calculations of the neutron flux
and spectrum. The cross-section preparation and the
synthesized three-dimensional neutron transport calcu-
lative details are discussed below.

lILA. Cross-Section Preparation
The GIP (Group Organized Cross Section Input
Program) computer code'® was used for neutron
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cross-section preparation. The GIP code prepares a
group-organized file of microscopic and/or macro-
scopic cross sections for multidimensional discrete or-
dinates codes. GIP treats each component of the
Legendre expansion as a separate nuclide. The code in-
put consists mainly of the material number densities
for each mixture.

IIT.A.1. Bugle-80 Library

The BUGLE-80 cross-section library consists of 47
neutron and 20 gamma-ray energy groups and utilizes
the P; Legendre expansion for calculating the particle
angular scattering distribution. This library was pro-
duced using a PWR concrete spectrum to collapse
from the fine-group library VITAMIN-C (171 neutron,
36 gamma) to (47 neutron, 20 gamma). Figure 1 shows
the 171-energy-group neutron spectra that were used to
prepare the BUGLE-80 and SAILOR cross-section li-
braries. It is important to note that BUGLE-80 is ac-
tually a subset of SAILOR. BUGLE-80 was published
by Oak Ridge National Laboratory (ORNL) as a result
of the standards established by the ANS 6.1.2 working
group. Table I shows the neutron energy structures of
the BUGLE-80, SAILOR, and ELXSIR libraries.
BUGLE-80 contains a total of 72 materials (67 nuclei,
5 materials).

The SONGS-2 reactor was divided into nine re-
gions including fuel, shroud, water inside the core bar-
rel, core barrel, water in downcomer, surveillance
capsule, low-carbon steel pressure vessel wall, air cavity,
and concrete shield. The reactor core was modeled as
ten homogenized fuel mixtures with different 2>*U en-
richments representing the different fuel assemblies.
Each fuel assembly was homogenized by volume fraction
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Fig. 1. ORNL 171-energy-group neutron spectra used in
preparing BUGLE-80 and SAILOR cross-section
libraries.
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TABLE 1

BUGLE-80, SAILOf{, and ELXSIR Energy Group Structure

47-Group Structure

56-Group Structure

Neutron Energy Upper Limit Lower Limit Upper Limit Lower Limit
Group Number (MeV) MeV) (MeV) (MeV)
1 17.3300 14.1910 17.3300 14.1910
2 14.1910 12.2140 14.1910 12.2140
3 12.2140 10.0000 12.2140 11.0520
4 10.0000 8.60710 11.0520 10.0000
5 8.60710 7.40820 10.0000 8.60710
6 7.40820 6.06530 8.60710 8.18730
7 6.06530 4.96590 8.18730 7.40820
8 4.96590 3.67880 7.40820 7.04690
9 3.67880 3.01190 7.04690 6.06530
10 3.01190 2.72530 6.06530 4.96590
11 2.72530 2.46600 4.96590 4.06570
12 2.46600 2.36530 4.06570 3.67880
13 2.36530 2.34570 3.67880 3.01190
14 2.34570 2.23430 3.01190 2.72530
15 2.23430 1.92050 2.72530. 2.59240
16 1.92050 1.65300 2.59240 2.46600
17 1.65300 1.35340 2.46600 2.36530
18 1.35340 1.00260 2.36530 2.34570
19 1.00260 0.82085 2.34570 2.23130
20 0.82085 0.74274 2.23130 2.12240
21 0.74274 0.60810 2.12240 1.92050
22 0.60810 0.49787 1.92050 1.82680
23 0.49787 0.36883 1.82680 1.65300
24 0.36883 0.29720 1.65300 1.49570
25 0.29720 0.18316 1.49570 1.35340
26 0.18316 0.11109 1.35340 1.22460
27 0.11109 0.06738 1.22460 1.00260
28 0.06738 0.04087 1.00260 0.90718
29 0.04087 0.03183 0.90718 0.82085
30 0.03183 0.02606 0.82085 0.74274
31 0.02606 0.02418 0.74274 0.60810
32 0.02418 0.02187 0.60810 0.49787
33 0.02187 0.01503 0.49787 0.36883
34 0.01503 0.00710 - 0.36883 0.30197
35 0.00710 0.00335 0.30197 0.21280
36 0.00335 0.00158 0.21280 0.18316
37 1.585E-03* 4.540E-04 0.18316 0.11109
38 4.540E—04 2.144E-04 0.11109 0.09804
39 2.144E—-04 1.013E—-04 0.09804 0.08652
40 1.013E-04 3.727E-05 0.08652 0.06738
41 3.727E-05 1.068E—05 0.06738 0.04007
42 1.068E—05 5.043E-06 0.04007 0.03437
43 5.043E-06 1.855E—-06 0.03437 0.02606
44 1.855E~06 8.764E-07 0.02606 0.02418
45 8.764E—07 4.140E-07 0.02418 0.02187
46 4.140E-07 1.000E-07 0.02187 0.01503
47 1.000E—07 1.000E-11 0.01503 0.01171
48 0.01171 0.00071
49 7.101E-03 5.531E-03
50 5.531E-03 3.355E-03
51 3.355E—-03 2.612E—-03
52 2.612E-03 1.585E-03
53 1.585E-03 1.101E—-04
54 1.101E-04 1.068E—04
55 1.068E—04 4.140E—-07
56 4.140E—-07 1.000E—11
aRead as 1.585 x 1073,
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of the fuel pellet (3*¥U, 2*°U, and '60), cladding ma-
terial, B4C-Al,0O; absorber rods, and core coolant at
an average core temperature of 583°F at an operating
pressure of 2250 psia (hydrogen and 0). The water
in the downcomer region outside the core barrel had a
density consistent with the inlet coolant temperature
(553°F) and an operating pressure of 2250 psia. The
coolant carried boron in solution at an average concen-
tration of 462 g B/10% g of water for cycles 1, 2, and
3 (B and !'B). The boron concentration was aver-
aged over the three cycles by burnup weighting the av-
erage boron concentration of each cycle. The core
shroud and core support barrel and vessel liner are
Type 304 stainless steel. The reactor pressure vessel
wall is an ASTM A533B steel. The air cavity between
the pressure vessel wall and the concrete shield was
modeled as '°0 and *N. The concrete shield is com-
posed of hydrogen, carbon, oxygen, sodium, magne-
sium, aluminum, silicon, potassium, calcium, and iron.
The 97-deg surveillance capsule (7-deg octal equivalent)
was modeled as seven mixtures: Fe/Al, Cu/Al, Ni/Al,
Ti/Al, and Co/Al for the dosimetry; ASTM A533B
steel for the test specimens; and aluminum for the do-
simetry spacers.

Similarly, Reactor X was divided into nine regions
including fuel, shroud, water inside the core barrel,
core barrel, water in downcomer, low-carbon steel pres-
sure vessel wall, air cavity and ex-vessel dosimetry, and
concrete shield. The ex-vessel dosimetry was located
in the reactor cavity at octal equivalent locations of
0, 7, 13, 16, 40, and 45 deg. The reactor core was mod-
eled as homogenized fuel rods, U0,Gd,05 shim rods,
B,C-Al,O; absorber rods, and water. The core
shroud, core support barrel, and vessel liner are Type
304 stainless steel. The reactor pressure vessel wall is
ASTM A533B steel. The water in the core region has

a density consistent with the average coolant temper- _"

ature in the core (574°F) at an operating pressure of
2250 psia. The water in the downcomer region outside
the core barrel has a density consistent with the inlet
coolant temperature (550°F) and an operating pressure
of 2250 psia. The water carried boron at an average
concentration of 506 g B/10° g of water.

III.A.2. SAILOR Library

The SAILOR library contains 47 neutron energy
groups and 20 gamma-ray energy groups with energy
structure identical to that of BUGLE-80 (see Table I).
SAILOR was developed specifically for LWR shield-
ing and pressure vessel dosimetry applications. While
BUGLE-80 was prepared using a PWR concrete spec-
trum, SAILOR was created using more appropriate
spectra that represent the spatial location of materials
present within the plant. These spectra include PWR
core spectra, PWR downcomer spectra, PWR }T
spectra, and PWR concrete spectra (see Fig. 1).

SAILOR contains 58 materials (44 nuclei, 14 ma-
VOL. 100
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terials) that are most likely present in LWRs. The pre-
mixed materials include Type 304 stainless steel, ASTM
AS533B low-carbon steel, A508 CL2 steel, and ANSI
standard concrete type 4. SAILOR also includes eight
premixed fuel mixtures with varying 235U enrichments.

The cross-section preparation procedures with
SAILOR were similar to those of BUGLE-80 for both
reactors. For example, the SONGS-2 reactor model
contained ten fuel mixtures, water in core region, water
in the downcomer, Type 304 stainless steel, pressure
vessel A533B steel, air cavity, concrete shield, core
shrould and core support barrel, and seven capsule mix-
tures. The same elements and number densities were
used in preparing the cross sections for the fuel, water,
air cavity, concrete shield, and the surveillance capsule
mixtures. The elemental cross sections were chosen ac-
cording to the location of the material. For instance,
in modeling the core region, we used the microscopic
cross sections for the fuel and water that were gener-
ated using the core spectrum. However, with regard to
the pressure vessel AS33B steel and Type 304 stainless
steel liner, we used the premixed macroscopic cross sec-
tions for these materials. These mixtures were prepared
using appropriate microscopic cross sections and num-
ber densities. While SAILOR contains most of the im-
portant nuclei needed to model these materials, it does
not include several minor elements, such as copper, ti-
tanium, calcium, !'B, °Co, and *N, that were used
in our SONGS-2 BUGLE-80 model. Thus, for the
completeness of our study, these elements were ex-
tracted from BUGLE-80 and added to SAILOR, even
though they were found at very low concentrations
(~10~% atom/b-cm). This was done to ensure proper
comparison between the two libraries.

IIT.A.3. ELXSIR Library

The ELXSIR library contains 56 neutron energy
groups. It contains more energy groups than BUGLE-80
or SAILOR in the energy region between 0.1 and
10 MeV (see Table I). Similar to BUGLE-80 and
SAILOR, this library uses the P; Legendre approxi-
mation for the angular scattering kernel. ELXSIR was
developed specifically for LWR shielding and pressure
vessel dosimetry applications. This library was pro-
duced from the VITAMIN-C fine-group library. Several
nuclides in ELXSIR were prepared using VITAMIN-E
(174 neutron, 38 gamma) (Ref. 19), which is derived
from ENDF/B-V. The regionwise weighting spectra
used in the collapsing process were generated from a
one-dimensional transport analysis of a typical LWR
(Arkansas Nuclear One Unit 1). Table II compares the
radial dimensions of the SONGS-2 and Reactor X

‘models with SAILOR and ELXSIR PWR reference

models.

The ELXSIR cross-section library contains an ad-
ditional set of updated iron cross sections for stainless
steel and low-carbon steel. These updated iron cross
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TABLE II
Radial Dimensions .for SONGS-2 and Reactor X and SAILOR and ELXSIR Reference PWR Models

SAILOR ELXSIR

Reactor Region SONGS-2 Reactor X Reference Reference
Core outer radius 181.76 181.73 168.51 163.76
Flow baffle outer radius 185.75 184.88 171.40 166.46
Core barrel inner radius 187.96 188.60 187.96 179.07
Core barrel outer radius 195.58 193.04 193.68 184.15
Pressure vessel inner radius 220.98 218.34 219.71 217.17
Pressure vessel outer radius 242.89 241.09 241.62 239.08
Primary shield 358.15 335.28 360.00 345.44

sections were generated by Fu and Hetrick from ENDF/
B-V Mod-3 (Ref. 20) and are considered to be the best
broad multigroup iron cross sections available in a
working format suitable for the ANISN or DOT trans-
port codes. Both the original and updated sets of iron
cross sections were used in our analyses. In this paper,
we use the term ELXSIR-OLD when referring to the
ELXSIR library with the original iron cross sections
and the term ELXSIR-NEW to refer to the ELXSIR
library with the updated iron cross sections.

The ELXSIR library contains 47 different materi-
als (36 nuclei and 11 compositions). The cross-section
preparation procedures with ELXSIR were similar to
those of BUGLE-80 and SAILOR for each reactor.
The same elements and number densities were used in
preparing the cross sections for the fuel, water, air cav-
ity, concrete shield, and surveillance capsule mixtures.

11.B. Synthesized Three-Dimensional
Neutron Transport Analysis

The energy and spatial distribution of the neutron
flux were calculated using the DOT 4.3 computer pro-
gram.'® DOT solves the Boltzmann transport equation
in two-dimensional geometry using the method of dis-
crete ordinates. Balance equations are solved for the
density of particles moving along discrete directions in
each cell of a two-dimensional mesh. An Sg angular
quadrature was used, i.e., neutrons travel in 48 direc-
tions (24 positive and 24 negative). Both 7-6 and r-Z cal-
culations were performed for each reactor. Since >2000
meshes were modeled in the core region alone for each
reactor, the FMAT computer code?! was used to de-
termine what material lies in each core mesh. Figures 2
and 3 show the r-0 models used in the analyses for
SONGS-2 and Reactor X, respectively.

The number of neutrons per cubic centimetre per
second originating in each mesh is proportional to the
power generated in that mesh. Power generation in the
meshes was calculated for both the r-6 and r-z DOT
runs based on the number of pins whose centers lay in
each mesh and on the power in these pins. The PIN-
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POW computer code?! was used to perform these cal-
culations. The relative pin powers were that of the
PDQ depletion analysis supplied by each utility. The
pin and axial powers of each assembly were first aver-
aged over each depletion step for all cycles of interest
using burnup weighting. Then, each cycle-averaged pin
power was averaged over all cycles by burnup weight-
ing each cycle.

Since the pin power model locates pin power cen-
ters and assigns pins to the appropriate meshes, an
analysis was performed to estimate the maximum un-
certainty introduced in this approach. For the meshing
used in our analyses, at most 48% of the pins could
potentially be affected by the PINPOW approxima-
tion. If the pin centers were located at the mesh cor-
ners, then the maximum effect on the fast flux due to
source redistribution would be 1.8%. Therefore, this
approximation is judged to have negligible effects on
the flux prediction accuracy.

The PDQ data were also used to obtain burnup
weighting factors for the determination of nu.y and to
calculate the effective fission spectrum. Two effective
fission spectra are used in our analyses to model the
neutron source in the core region. One was a pure
235J fission spectrum while the second one was a
mixed fission spectrum that accounted for the buildup
of 2Pu in the core region. These analyses were per-
formed to determine the impact of the buildup of #*Pu
in the core region on the caiculated fast flux through
the pressure vessel wall.

To determine a three-dimensional flux, separabil-
ity was assumed and the results of the DOT r-0 and rz
runs were synthesized. If we let

&(r,z,0) = C(r)é(r,0)¥(r,2) 1

and require for § normalization that

2x
¢(r, Z, 0) db
T =¥(r2), @
dl
0
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Fig. 2. SONGS-2 r-¢ neutron transport model.

then
2x
f C(r)o(r,0)y(r,z)dbo
2 =¥ (n2) €))
27
and
2
Clr) = o . @
&(r,0)do

In the case of z normalization, it was required that

F4
f (r,z,0)dz
_O_——'—"—_ = ¢(r)0) ’ (5)

z
fdz
0
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then
sz(r)qs(r,GW(r.z) dz -
- > = ¢(r,0) 6)
and
C(r) = ZL } )
¥(r,z)dz
[}

The FLUX3DSYN computer code,?! which reads the

‘DOT output files, was used to perform the numerical

integration of Eq. (7). This code also synthesized the
fluxes at specific positions. As described in Ref. 5,
the best geometric representation can be obtained using
the znormalization model. The models described in this
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Fig. 3. Reactor X 7-6 neutron transport model.

paper for synthesizing the three-dimensional flux dis-
tribution are similar to those given in Refs. 22 and 23.

The newly generated iron displacements per atom
(dpa) cross sections in SAND-II (620-energy-group
structure?*), based on ENDF/B-VI iron cross sections,
were compared against those given in ASTM STP-
E693 (Ref. 25). Additionally, the new iron dpa cross
sections were collapsed to the ELXSIR 56-energy-group
structure using the Watt spectrum and were compared
with those given in the ELXSIR library. Moreover, the
pressure vessel wall attenuation of several key exposure
parameters, such as total dpa per second, fast flux
(E > 1.0 MeV), and the two attenuation functions pro-
posed in Regulatory Guide 1.99, Revisions 1 and 2
(Ref. 26), are compared for each reactor. The “fast
flux equivalent” attenuation function in Revision 1 is

f=fsurface * exp(—0.33 *1¢) , ®)
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where ¢ is the wall depth in inches. The “dpa equiva-
lent” attenuation function in Revision 2 has an expq-
nent factor of 0.24.

il1.C. Empirical Determination of Flux

In a dosimeter irradiation experiment, the param-
eter that is actually measured is the activity of the do-
simeter rather than the flux. To infer the flux from the
activity, it is necessary to know the energy dependence
of the dosimeter cross section, the energy dependence
of the flux at the dosimeter location, and the reactor
operating history. In this study, neutron transport
analyses were performed that could be used to estimate
the neutron energy spectra at the dosimeter locations.
Thus, the “measured” or “pseudo fluxes” described in
this paper are actually a combination of a measured

NUCLEAR TECHNOLOGY

VOL. 100 OCT. 1992



Basha and Manahan

activity and an analytically determined effective cross
section from which the flux is determined. The pseudo
flux, accounting for decay between exposure and
counting as well as power level fluctuation, is given by

A

#E>E) = NeE>Eac

&)
where
K
C= 3] fall —exp(—Atl')] exp(—\t?)
n=1
K = number of time intervals of con-

stant flux

Jn = fractional power level during inter-
“valn

1" = time length of the interval n irradia-
tion

t,, = time between the end of interval n
and counting

A = measured specific activity
E. = cutoff energy
N = atom density of target nuclei

a(E > E_) = effective cross section:

o

o(E)¢(E)dE

0(E>E)=""

#(E)dE
Ec

To determine the effective cross section ¢(E > Ec)"

to be used in these calculations, the cross section as a
function of energy must be known. The DOSDAMS84
640-group dosimetry cross-section library?’ based on
ENDF/B-V data was used for this purpose. A modified
version of the DETAN code was used in the analysis
to collapse the 640-group cross sections to BUGLE-80
47-group structure to be used in the BUGLE-80 analy-
sis. In the case of SAILOR and ELXSIR, dosimetry
cross-section files were provided in each library and,
thus, were used in our analysis. The daily reactor op-
erating history data supplied by each utility were used
to compute the saturated activities of each dosimeter.

IV. RESULTS

The radial distributions of the synthesized three-
dimensional fast neutron fluxes (E > 0.1 and 1.0 MeV)
were calculated at the pressure vessel peak position (ax-
ial and azimuthal) using the BUGLE-80, SAILOR, and
NUCLEAR TECHNOLOGY
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ELXSIR libraries, respectively, for SONGS-2 and Re-
actor X. The synthesized three-dimensional neutron
spectra were also calculated at several radial positions
including the pressure vessel inner wall surface, },T,
and outer wall surface. These positions were chosen be-
cause of their significance for reactor picussure vessel
embrittlement calculations and because they also rep-
resent a wide range of spectral changes. The calculated-
to-experimental (C/E) ratios for several threshold
reactions were calculated using the three cross-section
libraries for the 97-deg (near core midplane) in-vessel
surveillance capsule of SONGS-2 and for the 90-deg
(near core midplane) and 97-deg (~81 cm above core
midplane) ex-vessel dosimetry locations of Reactor X.
Additionally, the reaction rates for six fast threshold re-
actions were calculated using the three cross-section
libraries for the 97-deg capsule of SONGS-2 and the
90-deg cavity dosimetry of Reactor X.

IV.A. SONGS-2 Transport Results

The synthesized three-dimensional fast fluxes with
energies >1.0 and 0.1 MeV obtained using SAILOR
were nearly identical (about <0.5%) to those obtained
using BUGLE-80 out to the pressure vessel inner wall
surface (220.98 cm), while the SAILOR-calculated fast
fluxes were 1.0 and 5.5% higher at the pressure vessel
outer wall surface, respectively. The SAILOR and
BUGLE-80 results were in good agreement out to the
pressure vessel inner wall surface primarily because the
core and downcomer spectra that were used to generate
the SAILOR library have a shape similar to the con-
crete spectrum that was used to develop the BUGLE-
80 library in the fast energy range (i.e., 0.1 MeV < E <
17.33 MeV). The ORNL PWR core, downcomer, and
concrete spectra are compared in Fig. 1. The radial
distributions of the fast fluxes for energies >1.0 and
0.1 MeV at the pressure vessel peak position (axial and
azimuthal) for the three cross-section libraries are
shown in Fig. 4.

The difference in the fast flux through the pressure
vessel wall is due to the fact that the pressure vessel
cross sections in SAILOR were generated using a PWR
LT weighting spectrum compared to the PWR con-
crete spectrum that was used to generate BUGLE-80.
This spectral effect was also evident when the concrete
spectrum was used to collapse iron, carbon, and man-
ganese cross sections for the SAILOR library. It is im-
portant to note that the resonance self-shielding that
was used in the SAILOR library generating process
had a negligible effect on the fast flux calculations.

In the case of the ELXSIR cross-section library,
the calculated fast fluxes (E > 1.0 and 0.1 MeV) were

* considerably higher than those calculated using the

BUGLE-80 library for both the original and updated
iron cross sections. In the case using the original iron
cross sections, the calculated fast fluxes for both en-
ergy cutoffs were ~8 and 9% higher in the core region,
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Fig. 4. Radial profile of the SONGS-2 synthesized three-
dimensional neutron flux (E > 1.0 and 0.1 MeV) at
pressure vessel peak position.

and in the core barrel and downcomer regions, respec-
tively. The fast flux was considerably higher in the core
region partly because of a small increase in the capture
cross sections at high energy. This is most likely caused
by the weighting spectrum that was used to generate
ELXSIR and the fact that more energy groups were
added in the energy range between 0.1 and 10 MeV.
More importantly, the 56-energy-group fission spec-
trum that was used to model the neutron source in the
core region was slightly harder than the corresponding
47-energy-group fission spectrum. This is particularly
obvious for energies >2 MeV, as shown in Fig. 5.
Thus, the increase in the fast fluxes in the ELXSIR-

OLD analysis is caused by a combination of a better
energy representation in the fast energy range and a
slightly harder neutron source fission spectrum. Inci-

dentally, the 56-energy-group fission spectrum that was
used in the ELXSIR transport analyses was recom-
mended by Ref. 8 for such calculations.

As fast neutrons penetrate the pressure vessel wall,
the relative difference between the fast fluxes of the
two libraries (BUGLE-80 and ELXSIR-OLD) increased
to 17 and 31% at the pressure vessel outer wall surface
for energies >1.0 and 0.1 MeV, respectively. This large
difference in the fast flux through the pressure vessel
wall is attributed to the high fast flux in the core re-
gion. This is shown in Fig. 6, where the ELXSIR (56-
group) neutron spectrum at the pressure vessel inner
wall surface is clearly harder than that of BUGLE-80
(47-group) for energies between 0.1 and 10 MeV.

As expected, when the updated iron cross sections
are used, the relative difference between the fast fluxes
calculated using BUGLE-80 and ELXSIR remained
approximately the same in the core region, while it al-
most doubled to 17% in the core barrel and downcomer
regions. This increase in the fast flux is obviously due
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to the interaction of fast neutrons with iron in the core
shroud and core barrel. As fast neutrons penetrate the
pressure vessel wall, the relative difference increased to
43 and 35% at the pressure vessel outer wall surface
for energies >1.0 and 0.1 MeV, respectively. It is im-
portant to note that in order to get an accurate mea-
sure of the effect of the updated iron cross sections on
the fast flux, a comparison should be made between
the results of the two ELXSIR analyses. For example,
the updated iron cross sections increased the fast flux
(E > 1.0 MeV) at the SONGS-2 pressure vessel inner
and outer wall surfaces by ~11 and 22%, respectively,
as shown in Fig. 7. Figure 7 shows the relative differ-
ence in the fast flux (E > 1.0 MeV) for the SAILOR,

0.5

—— 56 Groups

04+ 4
T o= e 47 Groups

03+

01

Neutron Spectrum (1/du)

0.0 At
0 2 4 6 8 10 12 14 16 18 20

Energy (MeV)

Fig. 5. The 56- and 47-energy-group neutron source fission
spectra for SONGS-2.
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Fig. 6. The ELXSIR and BUGLE-80 neutron spectra at the
pressure vessel inner wall surface for SONGS-2.
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Fig. 7. A comparison of the relative difference in the fast
flux (E > 1.0 MeV) for SAILOR, ELXSIR-NEW,
and ELXSIR-OLD within the SONGS-2 pressure
vessel wall.

ELXSIR-NEW, and ELXSIR-OLD cross-section li-
braries. In these plots, BUGLE-80 results were used as
the reference point.

This increase in the fast flux from the core barrel
out to the cavity region is due mainly to an ~10% re-
duction in the inelastic cross sections of iron in the
energy range between 3 and 12 MeV and to the intro-
duction of a forward-peaked angular distribution in
the inelastic differential scattering kernel.2® Iron is ob-

viously the major constituent of the core barrel, pres-

sure vessel wall, and cladding materials.

Since the objective is to determine the uncertainty
in the calculated fluxes, C/E ratios at particular dosim-
etry positions were studied. Table III shows the C/E
ratios for several fast threshold reactions at the 97-deg
in-vessel surveillance capsule of SONGS-2. As seen in
Table III, use of updated iron cross sections resulted
in C/E ratios to within 17% of unity compared with
31% of unity for both BUGLE-80 and SAILOR. This
result is very significant since it shows that the ENDF/
B-V Mod 3 iron cross sections tend to improve the C/E
ratios and bring them closer to unity. Furthermore,
the C/E ratios calculated using the original iron cross
sections, as shown in Table III, are within 24% of
unity. This shows that the original iron cross sections
in ELXSIR will underpredict the fast neutron flux at
the pressure vessel inner wall surface by as much as
15% when compared with that calculated using the up-
dated iron cross sections. This 15% difference in the
C/E ratios represents the effect of the Fu and Hetrick
modification to the iron cross sections on the calcu-
lated fast flux at the pressure vessel inner wall surface.
NUCLEAR TECHNOLOGY
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TABLE 111

Comparison of the Fast Flux (E > 1.0 MeV) C/E Ratios
at the SONGS-2 97-deg In-Vessel Surveillance Capsule

Reaction C/E* | C/E* | C/E¢ | C/E¢
#Fe(n, p)*Mn 0.72 0.87 0.84 0.76
S8Ni(n, p)*¥Co 0.69 0.87 0.84 0.77

$Cu(n, @)®Co 0.76 0.83 0.76 0.73
%Ti(n, p)*Sc 0.82 1.00 0.94 0.87

*BUGLE-80 and SAILOR cross-section libraries with a mixed
core fission source spectrum (83.5% #5U and 16.5% 2%Pu).

PELXSIR cross-section library with the updated iron cross
sections and a mixed core fission source spectrum (83.5%
335 and 16.5% %Pu).

‘ELXSIR cross-section library with the updated iron cross
sections and a pure 35U core fission source spectrum.

9ELXSIR cross-section library with the original iron cross
sections and a mixed core fission source spectrum (83.5%
35U and 16.5% P%Pu).

Additionally, the effect of the neutron source fis-
sion spectrum in the core region on the calculated
fluxes at the pressure vessel inner wall surface is also
shown in Table III. When a pure 233U fission spec-
trum is used to represent the neutron source in the core
region, it can underpredict the fast flux at the pressure
vessel inner wall surface by as much as 9% compared
with a more representative mixed spectrum. Thus, an
accurate representation of the fission spectrum should
account for the presence of 2°Pu in the core, especially
when highly burned fuel assemblies are being used.
That is because there are roughly 30% more 10-MeV
neutrons from the thermal fission of 2*°Pu than from
235U, as clearly shown in Fig. 8.

The vessel eccentricity was modeled by moving the
core and core barrel 1.27 ¢m closer to the pressure ves-
sel wall. The fast fluxes at the azimuthal peak position
were calculated using the ELXSIR cross-section library
with the updated iron cross sections. The fast fluxes for
both energy cutoffs were ~17% higher through the
pressure vessel wall. This increase is significant because
it shows that relatively small as-built eccentricities can
result in a greater uncertainty in the calculated fast
fluxes through the pressure vessel wall than that due to
the cross-section library being used. It is important to
note that the 1.27 cm used in the analysis was chosen
after extensive examination of plant drawings for sev-
eral PWRs and boiling water reactors (BWRs). Several
of these drawings showed that the inner radius of the
pressure vessel wall can vary by as much as 0.5 cm or

- more, depending on the axial elevation. Additionally,

it is believed?® that the pressure vessel wall out-of-
roundness can contribute to variation in the pressure
vessel wall design radius by as much as +1.0 cm (pres-
sure vessel wall thickness is constant). There were also
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some uncertainties in the dimensions of the core shroud
and core barrel. Thus, based on engineering judgment,
we assumed that the combined effect of these factors
can produce a pressure vessel eccentricity of 1.27 cm
(0.5 in.) (i.e., less water between the core and the pres-
sure vessel wall). However, realistically, the combined
effect of these factors may be quite different from
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what we have reported here, depending on the actual
design and/or construction of these components.

The calculated reaction rates for several fast thresh-
old reactions are shown in Table IV at the SONGS-2
97-deg surveillance capsule for BUGLE-80, SAILOR,
ELXSIR-NEW, ELXSIR-OLD, and ELXSIR-NEW
with a 233U fission spectrum to represent the neutron
source in the core region. The maximum difference oc-
curred for the 8Ni, 3*Fe, and “6Ti reactions, which
have threshold energies of 2.1, 2.3, and 3.9 MeV, re-
spectively, and was between the ELXSIR-NEW and
BUGLE-80 results. These differences are 25, 26.2, and
23.3%, respectively. On the other hand, the reaction
rates were on average 15% higher for ELXSIR-NEW
compared with that of ELXSIR-OLD, while the fast
neutron flux (E > 1.0 MeV) was 10.4% higher.

The new and old iron dpa cross sections in 620-
energy-group structure are compared in Figs. 9 and 10.
Also shown in these figures are the iron dpa cross sec-
tions found in the ELXSIR library and the new iron
dpa cross sections collapsed to ELXSIR 56-energy-
group structure using the Watt spectrum. As seen in
these figures, the two fine dpa cross sections are iden-
tical for energies >0.03 MeV and for energies <10 eV,
while they were somewhat different for energies in be-
tween. However, the absolute magnitude of the dpa
cross sections in the latter region ranges from 0.1 to
20 b compared with thousands and hundreds of barns
in the other two regions. Similarly, the old and new

TABLE IV

Comparison of Reaction Rates* for Several Fast Threshold Reactions
at the SONGS-2 97-deg In-Vessel Surveillance Capsule

Reaction BUGLE-80? SAILOR? ELXSIR® ELXSIR® ELXSIRY

" Reaction Rates [(n/5) x 10'9]

28U(n, f) 2.1300 2.1200 2.5800 2.5000 2.3200

B'Np(n, f) 11.200 11.200 12.900 12.600 11.200 _

38Ni(n, p)**Co 0.7850 0.7780 0.9840 0.9440 0.8650

S4Fe(n, p)**Mn 0.6080 0.6020 0.7670 0.7340 0.6710

“Ti(n, p)*Sc 0.1160 0.1150 0.1430 0.1340 0.1240

$3Cu(n, «)%Co 0.0083 0.0082 0.0091 0.0083 0.0079
Neutron Flux [(n/cm?-s) x 10'9]

¢(E > 0.1) 9.1500 9.1300 10.900 10.700 10.000

o(E > 1.0) 4.7500 4.7200 5.7300 5.5800 5.1900

*At the capsule middle compartment (3 in. above core midplane).
aMixed core fission source spectrum (83.5% °U and 16.5% *°Pu).
SELXSIR cross-section library with the updated iron cross sections and a mixed core fission source spectrum (83.5% 33U

and 16.5% 2°Pu).

*ELXSIR cross-section library with the updated iron cross sections and a pure #**U core fission source spectrum.
dELXSIR cross-section library with the original iron cross sections and a mixed core fission source spectrum (83.5% By

and 16.5% Z°Pu).
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Fig. 10. Comparison of the iron dpa cross sections for E <
0.01 MeV.

coarse dpa cross sections are roughly the same through-
out the energy range. This can also be seen in Fig. 11,
where the total dpa per second for the new and old
iron dpa cross sections (56 groups) are compared
through the SONGS-2 pressure vessel wall.

The NRC attenuation functions proposed in
Ref. 26 were compared through the pressure vessel
wall of SONGS-2 with the calculated fast flux and
dpa per second. It was found that the attenuation of
the calculated fast flux and dpa per second was less
rapid than the functions proposed in Ref. 29, as shown
in Fig. 12. Reference 29 shows that the Revision 2 for-
mula is overly conservative for the small German BWR,
which has a pressure vessel wall thickness of only
NUCLEAR TECHNOLOGY
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5 in. Thus, there might be a correlation between the
appropriateness of the proposed formulas in Ref. 26
and the type of the reactor and/or pressure vessel wall
thickness. .

In addition, a study of the azimuthal dependence
~f the dpa attenuation though the pressure vessel wall
was also performed. This information is important in
determining the need for azimuthally dependent dpa
attenuation models. Several critical angles were chosen
for plotting the pressure vessel wall dpa attenuation,
as shown in Fig. 13. These critical angles were chosen
at azimuthal positions where the largest neutron spec-
tral variation is expected to occur. Referring to Fig. 2,
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H
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Fig. 11. The radial profile of the total dpa per seconds
through the pressure vessel wall of SONGS-2.
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Fig. 12. A comparison of the attenuation of several key ex-
posure parameters through the pressure vessel wall
of SONGS-2.
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Fig. 13. A comparison of the quantity (dpa per second/fast
flux) through the SONGS-2 pressure vessel wall for
several azimuthal angles.

these angles correspond to the peak flux angle (8 =
0 deg), fuel corner angle near maximum water traverse
(6 =9 deg), maximum water traverse angle (6 = 10 deg),
fuel corner angle (6 = 39 deg), and large water traverse
angle ( = 45 deg). As seen in Fig. 13, the azimuthal
dependence is negligible at the }7 and 3 T positions
for this reactor. Nevertheless, future studies should
focus on addressing this concern in a comprehensive
manner.

IV.B. Reactor X Transport Results

The trends observed in the SONGS-2 analysis with
regard to the fast flux and energy spectra calculations
were also observed in Reactor X analysis. For exam-
ple, the SAILOR-calculated synthesized three-dimen-
sional fast fluxes with energies >1.0 and 0.1 MeV were
nearly icentical (~1.0%) to those obtained using
BUGLE-80 out to the pressure vessel inner wall surface
(218.34 cm). As fast neutrons traverse through the
pressure vessel wall, the SAILOR-calculated fast flux
with energy >0.1 MeV was 2.88% higher at the pres-
sure vessel outer wall surface. These results are simi-
lar to those obtained in Sec. IV.A. Once again, the
difference in the fast flux through the pressure vessel
wall is caused by the } 7 weighting spectrum that was
used to generate SAILOR iron cross sections. What is
interesting in these findings is that even though
SAILOR was generated using more representative
weighting spectra, it produced results (fast flux) that
are relatively similar to those of BUGLE-80.

As expected, the fast fluxes (£ > 1.0 and 0.1 MeV)
calculated using ELXSIR-OLD and ELXSIR-NEW
were once again considerably higher than those calcu-
lated using the BUGLE-80 library. Using the original
iron cross sections, the calculated fast fluxes for both
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energy cutoffs were ~8 and 9% higher in the core re-
gion and in the core barrel and downcomer regions, re-
spectively. As fast neutrons penetrate the pressure
vessel wall, the relative difference between the fast
fluxes of the two libraries increased to 16 and 29%
at the pressure vessel outer wall surface for energies
>1.0 and 0.1 MeV, respectively, as was the case in
SONGS-2.

When the updated iron cross sections are used, the
relative difference between the fast fluxes calculated
using BUGLE-80 and ELXSIR remained essentially
the same in the core region, while it increased to ~16%
in the core barrel and downcomer regions for both en-
ergy cutoffs. These results are once again similar to
those reported in Sec. IV.A. As fast neutrons penctrate
the pressure vessel wall, the relative difference at the
pressure vessel outer wall surface remained the same
for E > 0.1 MeV (29%), while it increased to 37% for
E > 1.0 MeV. Figure 14 shows the radial distribution
of the relative difference in the fast flux (E > 1.0 MeV)
for the three libraries. Again, BUGLE-80 results were
used as the reference point in these plots.

Table V shows the C/E ratios for several fast
threshold reactions at the 90-deg (near core midplane)
and 97-deg (~81 cm above core midplane) ex-vessel
dosimetry locations of Reactor X. Once again, the use
of ELXSIR-NEW resulted in increased C/E ratios for
both dosimetry locations. These results show that the
updated iron cross sections tend to increase the trans-
mission of fast neutrons through the pressure vessel
wall. Further, the C/E ratios calculated using the
ELXSIR-OLD cross sections, shown in Table V, are
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Fig. 14. A comparison of the relative difference in the fast
flux (E > 1.0 MeV) for SAILOR, ELXSIR-NEW,
and ELXSIR-OLD within the Reactor X pressure
vessel wall.
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TABLE V

Comparison of the Fast Flux (E > 1.0 MeV) C/E Ratios
for Reactor X Ex-Vessel Dosimetry Locations

Reaction C/E* | C/E® | C/E€ | C/E¢ | C/E*
90-deg Cavity Dosimetry (near core midplane)
*Fe(n, p)**Mn | 1.020 | 1.035 | 1.675 | 1.584 | 1.140
8Ni(n, p)®® | 1.028 | 1.042 | 1.667 1.578 | 1.160
BCu(n, 2)®Co {1.234 | 1.230 | 1.669 | 1.443 | 1.125
97-deg Cavity Dosimetry
(~81 cm above core midplane)

**Fe(n, p)**Mn | 1.080 | 1.088 | 1.770 | 1.667 | 1.208
*8Ni(n, p)**Co | 1.102 | 1.109 | 1.780 | 1.680 | 1.246
SCu(n,a)®Co | 1.269 | 1.259 [ 1.710 | 1.472 | 1.158

*BUGLE-80 cross-section library with a mixed core fission
source spectrum (80% 235U and 20% 2°Pu).

®SAILOR cross-section library with a mixed core fission
source spectrum (80% 23*U and 20% 2°Pu).

“ELXSIR cross-section library with the updated iron cross
sections and a mixed core fission source spectrum (80%
35U and 20% 2Pu).

JELXSIR cross-section library with the updated iron cross
sections and a pure #°U core fission source spectrum.

“ELXSIR cross-section library with the original iron cross
sections and a mixed core fission source spectrum (80%
35U and 20% 2°Pu).

on average 40% lower than those of éLXSIR-NEW.
This large difference is attributed to the Fu and Hetrick
modification of the iron cross sections.

It is interesting to note that the C/E ratios for
ELXSIR-NEW are much higher than unity for both -

dosimetry locations (90 and 97 deg). One reason for
this is that the ELXSIR-NEW cross. sections have a
higher fast neutron transmission probability and the
fact that the C/E ratios for BUGLE-80 and SAILOR
were above unity to begin with. A second reason for
this is the harder fission spectrum that was used to
model the neutron source in the core region. This is ev-
ident in ELXSIR-OLD C/E ratios since these ratios
should be closer to those of BUGLE-80 and SAILOR.
The most interesting result from Table V is that the
C/E ratios for BUGLE-80 and SAILOR were greater
than unity for both the 90-deg cavity dosimetry, which
is located near the core midplane, and the 97-deg cav-
ity dosimetry, located ~81 cm above core midplane.
One explanation for this is the fact that as-built data
were used for most of the components. Also, we be-
lieve that there is some vessel eccentricity in Reactor X.

The effect of the neytron source fission spectrum
in the core region on the calculated flux at the pressure
vessel outer wall surface is also reported in Table V.
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Fig. 15. A comparison of the attenuation of several key ex-
posure parameters through the pressure vessel wall
of Reactor X.

When a pure #°U fission spectrum is used to represent
the neutron source in the core region, it can underpre-
dict the fast flux at the pressure vessel outer wall sur-
face by as much as 15%, as shown in Table V for the
83Cu fast reaction. The attenuation of the calculated
dpa per second through the pressure vessel wall of Re-
actor X differs from the proposed dpa equivalent atten-
uation formula in Ref. 26, Revision 2, as shown in
Fig. 15. This seems to provide additional support to the
argument that dpa calculations should be performed
through the pressure vessel wall whenever possible
because the dpa equivalent attenuation formula in
Ref. 26, Revision 2, can be inappropriate for certain
plants.

The reaction rates of several fast threshold reactions
at the 90-deg ex-vessel dosimetry positions of Reactor X
are shown in Table VI for BUGLE-80, SAILOR,
ELXSIR-NEW, ELXSIR-OLD, and ELXSIR-NEW
with a pure 25U neutron source fission spectrum. As
in SONGS-2, the maximum difference occurred for the
8Ni, *Fe, and *Ti threshold reactions. The average
difference between BUGLE-80 and ELXSIR-NEW for
these reactions was 63%, while it was 44% between
ELXSIR-NEW and ELXSIR-OLD. On the other hand,
the fast flux (£ > 1.0 MeV) calculated using ELXSIR-
NEW was 37.5 and 19% higher than those calculated
using BUGLE-80 and ELXSIR-OLD, respectively.

V. SUMMARY AND CONCLUSIONS

Neutron transport analyses were performed for the
SONGS-2 and Reactor X PWRs using three multigroup
cross-section libraries developed for LWR shielding
and pressure vessel surveillance dosimetry applications.
The synthesized three-dimensional neutron fluxes and
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TABLE VI

Comparison of the Reaction Rates* for Several Fast Threshold Reactions
at Reactor X 90-deg Ex-Vessel Dosimetry Locations

Reaction BUGLE-80? SAILOR? ELXSIR-NEW?® ELXSIR-NEW*® ELXSIR-OLD?
Reaction Rates [(n/s) x 108
B8 (n, f) 3.2000 3.2100 4.5500 4.3700 3.6100
2Np(n, f) 48.500 49.900 63.200 61.200 60.700
58Ni(n, p)*®Co 0.8030 0.8080 1.2900 1.2300 0.9060
S4Fe(n, p)>*Mn 0.5930 0.5970 0.9680 0.9160 0.6620
4Ti(n, p)*Sc 0.1180 0.1180 0.1910 0.1770 0.1250
83Cu(n, «)®Co 0.0100 0.0099 0.0135 0.0122 0.0091
Neutron Flux [(n/cm?-s)] X 10%]

¢(E>0.1) 94.000 95.500 122.00 119.00 123.00
¢(E > 1.0) 10.400 - 10.300 14.300 13.800 12.000

*At the capsule middle compartment (core midplane).

aMixed core fission source spectrum (80% 23U and 20% *°Pu).
®ELXSIR cross-section library with the updated iron cross sections and a mixed core fission source spectrum (80% 2*3U

and 20% Z°Pu).

<ELXSIR cross-section library with the updated iron cross sections and a pure 235U core fission source spectrum.
4ELXSIR cross-section library with the original iron cross sections and a mixed core fission source spectrum (80% 25U

and 20% 2°Pu).

energy spectra were calculated by synthesizing the r-6
and r-z results using the z normalization model. The
synthesized three-dimensional neutron fluxes and en-
ergy spectra were calculated at the pressure vessel inner
wall surface, § 7, 3T, outer wall surface, and cavity
region. The C/E ratios and reaction rates for several
fast reactions were calculated at the SONGS-2 97-deg
in-vessel surveillance capsule and at Reactor X 90- and
97-deg (C/E ratios only) ex-vessel dosimetry locations.
The results obtained using the BUGLE-80 and SAILOR
libraries for the fast neutron flux (£ > 1.0and 0.1 MeV)
were in good agreement out to the pressure vessel in-
ner wall surface for both reactors. Using the SAILOR
library, the fast fluxes (E > 0.1 MeV) leaving the pres-
sure vessel wall was 5.5 and 2.9% higher for SONGS-2
and Reactor X, respectively.

In the case of the ELXSIR library, the fast fluxes
were much higher in the core region and considerably
higher in the downcomer and through the pressure ves-
sel wall for both reactors. For the original iron cross
sections, the fast flux (E > 1.0 MeV) was ~8% higher
than that of BUGLE-80 in both the core region and the
downcomer for both reactors. It increased to ~17% at
the pressure vessel outer wall surface for both reactors.

When the updated iron cross sections were used, the

difference in the fast flux (E > 1.0 MeV) remained es-
sentially the same in the core region, while it increased
from 8 to 17% in the downcomer for both reactors.
The difference in the fast flux (E > 1.0 MeV) increased
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to 43 and 37% at the pressure vessel outer wall surface
for SONGS-2 and Reactor X, respectively.

The C/E ratios calculated using ELXSIR for
SONGS-2 were close to unity while those calculated
using the other two cross-section libraries were ~0.78.
In the case of Reactor X, the C/E ratios calculated
using BUGLE-80 and SAILOR were close to unity,
while the ELXSIR-NEW calculated C/E ratios were
much higher (~1.7). The reaction rates calculated
using ELXSIR with the updated iron cross sections
were on average 25 and 63% higher than those of
BUGLE-80 for SONGS-2 and Reactor X, respectively,
at the corresponding dosimetry locations. The fast flux
(E > 1.0 MeV) through the pressure vessel wall-in-
creased by 17% when the SONGS-2 core and core bar-
rel were moved 1.27 c¢m closer to the pressure vessel
wall to simulate vessel eccentricity. The mixed fission
spectrum (¥*°Pu and *5U) produced higher fast neu-
tron flux through the pressure vessel wall by as much
as 10% for SONGS-2 and 15% for Reactor X. The
new and old iron dpa cross sections were nearly iden-
tical in the energy range of interest. Finally, with re-
gard to the pressure vessel wall dpa attenuation, the
Ref. 26, Revision 2 dpa equivalent attenuation formula
differed from the plant-specific calculation for both
SONGS-2 and Reactor X.

This study outlined the important differences in the
neutron fluxes and spectra calculated using the cross-
section libraries BUGLE-80, SAILOR, and ELXSIR.
OCT. 1992
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We believe that BUGLE-80 and SAILOR libraries can
be considered adequate for pressure vessel dosimetry
studies with the knowledge that they can and in most
cases do underpredict the fast fluxes through the pres-
sure vessel wall of a PWR by as much as 30%. How-
ever, failure to model the as-tuilt configuration of the
various components inside the pressure vessel wall, as
well as the source distribution and power history, can
overshadow the uncertainty associated with the cross-
section library. Based on the measured dosimetry data
and C/E ratios, we conclude that the ELXSIR cross-
section library is the most suitable library for broad
multigroup LWR pressure vessel calculations. This is
because it contains the latest version of the Fu and
Hetrick iron cross sections available in a format suit-
able for ANISN or DOT calculations. Additionally, we
recommend that dpa calculations be performed to the
extent practical in order to obtain actual dpa attenu-
ation through the pressure vessel wall rather than re-
lying solely on the generic attenuation formulas.
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