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An accurate evaluation of PWR pressure vessel fast neutron fluence is essential to ensure pres-
sure vessel integrity over the design lifetime. The discrete ordinates method is one of the main
methods to treat such problems. In this paper, evaluations have been performed for three PWR
benchmarks described in NUREG/CR-6115 using ARES transport code. The calculated re-
sults were compared to the reference values and a satisfactory agreement was obtained. In addi-
tion, the effects of Sy numeric and source distribution modeling for pressure vessel fast neutron
fluence calculation are investigated. Based on the fine enough grids adopted, the different spa-
tial and angular discretization introduces derivations less than 3 %, and fix-up for negative scat-
tering source causes no noticeable effects when calculating pressure vessel fast neutron fluence.
However, the discrepancy of assembly-wise and pin-wise source modeling for peripheral assem-
blies reaches ~20 %, which indicates that pin-wise modeling for peripheral assemblies is essen-
tial. These results provide guidelines for pressure vessel fast neutron fluence calculation and
demonstrate that the ARES transport code is capable of performing neutron transport calcula-

tions for evaluating PWR pressure vessel fast neutron fluence.
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INTRODUCTION

The integrity of pressurized water reactor pres-
sure vessel (RPV) must be guaranteed over the de-
signed lifetime, or even longer when considering the
plant life extension in recent years. Radiation
embrittlement, primarily caused by fast neutrons, is one
of the major factors affecting the integrity of pressure
vessel. Therefore, an accurate calculation of fast neu-
tron fluence in the pressure vessel is essential to evalu-
ate material radiation damage. Considering the deep
penetration and anisotropy that characterize the fast
neutron transport process, discrete ordinates method is
one of the methods selected to treat such problems.

The vessel fast neutron fluence benchmark prob-
lems described in NUREG/CR-6115 are identified in
Guide 1.190 [1] for using in the benchmarking pressure
vessel fast neutron fluence prediction methodologies.
Traditionally, the 3-D neutron flux distribution is ob-
tained by the synthesis procedure [1, 2], which combines
the two-dimensional R — 6, R — z solutions, and one-di-
mensional R solutions. Also, “bootstrap” is performed
where computer-storage limitations prevent a sin-
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gle-model representation. The TORSED [3] and
TORSET [4] are used for the procedure of bootstrapping,
in which the interior boundary neutron flux, picked up
from the up-stream region, is used as the boundary
source of calculations for the down-stream region. In this
paper, a direct 3-D transport calculation based on Carte-
sian orthogonal structured mesh, is conducted.

Based on the synthesis transport procedure,
many analyses have been performed to assess the im-
pact of different issues on the accuracy of fast neutron
fluence calculations, including the Sy numeric [5], dif-
ferent multigroup libraries [6], the anisotropy order
[7], and the neutron source spectrum [8]. Nowadays,
3-D pressure vessel fast neutron fluence calculation
with Sy method is feasible. Therefore, we examine the
effect of Sy numeric and source distribution modeling
when performing the pressure vessel calculations.

DISCRETE ORDINATES METHOD
IN ARES

ARES [9] is a multi-dimensional parallel dis-
crete ordinates neutral particle transport code that uses
state-of-the-art solution methods to obtain accurate
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solutions to the linear Boltzmann transport equation
[10]
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There are six independent variables in the
steady-state transport equation. The energy variable is
discretized in a standard manner to obtain a set of
multi-group equations.

The discrete ordinates method is employed to
address the discretization of the angular variable. This
approximation consists of evaluating the transport
equation in distinct angular directions and then, apply-
ing a compatible quadrature approximation to angular
integrals
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where ¢ ;k is the neutron angular flux moment of group
g, Ynk — the neutron angular flux in group g, v, — the
spherical harmonic, and {(Q meWm)m=1,...,M}—the
quadrature sets. Currently, ARES provides the level
symmetric quadrature sets, the equal weight quadrature
sets, the even-odd moment quadrature sets, which are
full-symmetric, as well as the Legendre-Chebyshev
quadrature sets which are half-symmetric. In addition, a
biasing technique based on the Legendre-Chebyshev
quadrature sets, called “the angular refinement tech-
nique for polar angles”, is developed and implemented
in ARES code. From a practical engineering point of
view, first collision source method is employed to miti-
gate ray effects, which appears as unphysical oscilla-
tions in the neutron scalar flux and represents the most
significant deficiency of the discrete ordinates approxi-
mation.
For any given energy group and direction, the
transport equation can be reduced to

QY ()T ()W, (=0, (F) (3)

Integrating eq. (3) over a single mesh, we can get
the cell-balance equation
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To close eq. (4), the relationship between the cell
average neutron fluxes and the face-edge neutron
fluxes is introduced
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Several schemes were implemented in ARES to
determine the weighting factors a, b and ¢, including
theta weighted (TW), directional theta weighted
(DTW), and exponential directional weighted (EDW)
[11]. Apart from the cell balance schemes, ARES also
employed the linear discontinuous finite element
scheme and short characteristic schemes to treat spa-
tial discretization. To avoid negative neutron fluxes in
this deep penetration transport calculation, we only
consider schemes which produce non-negative neu-
tron fluxes when the source is greater than zero.

RPV FAST NEUTRON FLUENCE
CALCULATIONS

Benchmark specification

The PWR calculational benchmark adopts a typ-
ical 204 fuel assembly pressurized water reactor core
with a power 0of 2527.73 MW. As depicted in fig. 1, the
model includes core region, core barrel, thermal
shield, pressure vessel, vessel insulation and an outer
concrete biological shield. The details of geometry di-
mensions and material composition are documented in
NUREG/CR-6115. Three surveillance capsules are in-
cluded in this benchmark: (a) thermal shield capsule,
which is located on the outer wall of the thermal shield,
(b) pressure vessel capsule, which is located on the in-
ner wall of the vessel, and (c) cavity capsule, which is
located at a radius of 320.06 cm and the azimuth of
9.5°. Locations of the first two capsules are illustrated
in fig. 1.

Three different types of fuel loadings are evalu-
ated: standard core loading (SCL), low leakage core
loading (LLCL), and partial length shield assembly
core (PLSA). The SCL model is a typical equilibrium
cycle core. The LLCL adopts the same geometry and
material information and varies only by the core con-
figuration, in which high burnup fuel assemblies are
located on the core periphery to reduce the core leak-
age. PLSA model employs partial length shield assem-
blies on the core periphery, in which the fuel rods in the
lower sections of the fuel assembly have been replaced
with stainless rods for shielding.

Source calculation

The determination of the fission neutron source,
which is used as the fixed source in the transport calcu-
lations, consists of the absolute source strength with its
spatial-energy dependency. The multigroup source
distribution can be calculated by

S (1) =2, (FP(T)C(T) (6)

where g is the energy group index, y, — the source
spectrum, P — the power and C — the power-to-source
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(1) core baffle, (2) core barrel, (3) inner inlet water gap,
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(6) air gap, (7) pressure vessel insulation, (8) biological shield liner

Figure 1. Geometry configuration of the pressurized
water reactor model

conversion factor. The power distribution P(7)can be
determined by the relative assembly power, the axial
power distributions and the total power, which are all
provided in NUREG/CR-6115.

For a single isotope, the source spectrum is the
fission spectrum and the power-to-source conversion
factor can be evaluated by

v
c Z (7
where v denotes the average number of neutrons emit-
ted per fission and E, denotes the recoverable energy
released per fission.

Considering the different isotopic fission frac-
tions within different assemblies, the determination of
X ()and C(T) must account for the fact that changes
in isotopic fission fractions with fuel exposure result
in variations in the fission spectra, the number of neu-
trons emitted per fission and the recoverable energy

T

released per fission. Based on fission fraction averag-
ing, the equivalent C(r)and y, () can be given by
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where F/(T) refers to the fission fraction of isotope J,
which has dependency upon the fuel exposure at location
1. For this benchmark, the fission fraction by isotope as
function of exposure is available in NUREG/CR-6115.
In this paper, the spatial dependency of parame-
ters C(r) and y, (r) is addressed by averaging over
each assembly. Also, the power distribution P(T) is av-
eraged over each assembly for interior assemblies and
over each fuel pin for outer three periphery assemblies.

Transport calculation

After determining the source distribution, the
transport of neutrons from the core to the location of
interest in the pressure vessel, is simulated by ARES
transport code.

A multi-group neutron cross section library is
prepared based on the FENDL-3.0 library for mix-
tures, corresponding to each zones in the models. To
evaluate fast neutron fluence, the Vitamin-J energy
structure, which contains 104 groups from ~0.1 MeV
to 19.64 MeV, is employed. And P-5 Legendre expan-
sion of scattering cross-section is used. Because of the
truncated Legendre expansion, a negative scattering
source may be obtained for some directions. To guar-
antee the positivity of the source, the negative total
source is set to zero as soon as it appeared.

To avoid negative neutron fluxes and obtain reliable
results, EDW spatial differencing scheme isadopted. Anda
Cartesian  structured grid containing 520 x 322 x 58
meshes is constructed by GGTM [12]. For angular
discretization, we employ Legendre-Chebyshev quadrature
set, which is derived by setting the polar angles equal to the
roots of the Legendre polynomial and the azimuthal angles
equal to the roots of Chebyshev polynomials. A point-wise
neutron flux convergence of 107 is used.

In addition, the effects of different spatial
discretization, different order of quadrature sets, the
fix-up for the negative scattering source and different
homogenization levels of source distribution model-
ing are investigated in this paper.

RESULTS AND DISCUSSION

In this section, ARES calculated results including
fast neutron fluence rate, fast neutron spectrum and do-
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simetry reaction rates are presented and compared with
reference values documented in NUREG/CR-6115.
Fastneutron fluence rate is calculated at a certain
radius as a function of azimuth. To reduce the amount
of information, root mean square (RMS) of the relative
error was selected to assess the overall accuracy

2
¢1 cal ¢i rch
¢1 ref

where N is the number of locations at a certain radius
and ¢@., and ¢,.r denotes calculated neutron flux and
corresponding reference values, respectively.

Table 1 summarizes the RMS error of fast neu-
tron fluence for SCL model. Overall, the maximum
RMS errors at these locations are about 23 % com-
pared to Sy reference values and 13 % compared to
MCNP results, respectively. These disagreements are
expected when considering the following aspects:

(a) the fact that the reference results are based on
synthesis method and ARES conduct a direct 3-D
transport calculation. The reference calculations were
performed for aradial R—6 plane, an axial planeanda
1-D R geometry. Also, a two-step “bootstrap” fashion
is used in R — @ calculation,

(b) the differences between the FENDL-3.0 li-
brary adopted in ARES and BUGLE-93 library em-
ployed in reference.

As for detailed differences along the azimuth angle,
we compare the fast neutron fluence rate (£> 1.0 MeV) at
the inner wall of the vessel as a function of azimuth angle
and plot the SCL/LLCL results at axial peak location in

RMS=|— ( (10)

N i=1

Table 1. RMS error of fast neutron fluence

Position RMS error of fast neutron fluence [%]
E>1.0MeV|E>0.1 MeV|E > 1.0 MeV
Axial | PV OT 18.7268 22.4122 13.2808
Peak |PV 1/4T| 18.2676 19.4015 13.7017
Location | PV 1/2T | 21.1745 22.5885 /
Lower | PV OT 15.9070 19.0895 9.3166
Weld | PV 1/4T| 15.4313 15.9136 /
Location | PV 1/2T | 18.1638 18.7407 /
Down comer 19.6728 23.0537 /
Reference Sx results MOCNP result

fig. 2 and SCL/PLSA results at lower weld location in fig.
3. As expected, the LLCL core loading significantly re-
duces the vessel inner-wall fast neutron fluence, and the
PLSA core design distinctly reduces the fast neutron
fluence at the lower weld location from 0 to ~30 azimuth
angle. For most points selected, the calculation to refer-
ence ratios lie in the scope from 1.1 to 1.3. The ratios ex-
hibit a noticeable decrease near 20 degree due to the fact
that separate capsule models were performed in
NUREG/CR-6115.

With the purpose of evaluating calculated en-
ergy-dependent neutron fluxes, we compare the fast neu-
tron spectrum at three capsule locations. As illustrated in
fig. 4, good agreement is obtained above 1 MeV, while
higher results are obtained from 0.1 MeV to 1 MeV. These
differences increases as the capsule location is moving far-
ther from the core center, which may be caused by the dif-
ferent cross-section used in our calculation.

In order to investigate the impact of the Sy nu-
meric, we selected the base case of SCL model, which
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Figure 4. Comparison of fast neutron spectrum at
different capsule positions

uses the Legendre-Chebyshev S, quadrature set,
EDW spatial discretization, and negative source
set-zero fix-up. The effects of the changes in numeric
were examined individually as follows:

— (a) spatial discretization (DZ, TW, DTW),

— (b) angular discretization (Ss, Sys, S3; of
Legendre-Chebyshev quadrature sets), and

— (c¢) no scattering source fix-up.

The results are depicted in fig. 5. The TW(@ =
=0.0) spatial discretization causes ~2.5 % effect,
while other schemes present ~1 % effect based on the
fine enough grids. Few effects are observed when in-
creasing the order of quadrature sets from S, except
for the cavity position, in which the calculated results
are influenced by neutron streaming effects in the
low-density materials. The effect of negative scatter-

Figure 5. Effects of Sx numeric on fast neutron
fluence calculation

ing source fix-up can be negligent when calculating
fast neutron fluence.

In order to investigate the effect of source
strength distribution, calculations with different
source homogenization levels were performed. Figure
6 shows assembly-wise power distribution and pe-
ripheral assemblies pin-wise power distribution, re-
spectively. Compared to the results obtained with
pin-wise source distribution in three peripheral assem-
bly layers, the deviation of different layers of pin-wise
source distribution is listed in tab. 2. The results indi-
cate that the strong radial power gradients in the pe-
ripheral assemblies should not be neglected because
the peripheral assembly contributes most to the vessel
fast neutron fluence.

Table 3 presents a comparison of ARES calcu-
lated reaction rates and NUREG reference values for
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Figure 6. (a) Assembly-wise
and (b) pin-wise power
distribution for peripheral
assemblies

Relative power

(@)

Table 2. Effect of source distribution modeling

Number of peripheral assembly layers with

Position pin-wise source distribution

2 1 0

Downcomer | 0.1284 % 2.2606 % 223161 %
PV 0T 0.1303 % 2.1511 % 21.0520 %
PV 1/4T 0.1137 % 2.0805 % 20.8615 %
PV 12T 0.1213 % 2.0511 % 20.6989 %
PV 3/4T 0.1125 % 1.9846 % 20.5755 %
PV Outer T 0.0946 % 1.8239 % 20.4069 %
Cavity 0.0520 % 1.3729 % 19.9704 %

SCL and LLCL models. For all the reaction rates con-
sidered, an overestimate of 10 %~30 % was obtained,
except for >Cu (n, 2n) reaction. It is noteworthy that
the response range of >Cu (n, 2n) is higher than 10.5
MeV. Above 10.5 MeV, there are 15 groups in Vita-
min-J energy structure while only 3 groups are em-
ployed in reference calculation. The significantly dif-
ferent energy structure causes the higher deviation.
Overall, the calculated results lic in a satisfactory agree-
ment with the reference values.

CONCLUSION

In this paper, the pressure vessel fast neutron
fluence prediction capability of ARES transport code
is verified by evaluating PWR pressure vessel fast

neutron fluence benchmarks from NUREG/CR-6115.
Considering the different libraries employed and dif-
ferent transport calculation methods conducted, the
calculated fast neutron fluence at the inner wall of
pressure vessel lies in satisfactory agreement with the
reference values documented in NUREG/CR-6115.

Additionally, the effects of Sy numeric and source
modeling were investigated. Based on the fine enough
grids adopted, the different spatial discretization
schemes introduces a deviation less than 3 %, and dif-
ferent order of quadrature sets give a discrepancy less
than 1 % except for cavity region, while negative source
fix-up causes no noticeable effects. However, the accu-
rate calculation and modeling of the source distribution,
especially for the peripheral assembly, is essential to
calculate the pressure vessel fast neutron fluence with
high accuracy.

All these results demonstrate that the ARES
transport code is capable of performing neutron trans-
port calculations for evaluating PWR pressure vessel
fast neutron fluence.
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Table 3. Reaction rates comparison results for capsules in SCL/LLCL models

SCL LLCL
Detector material | Thermal shield | Pressure vessel Cavity capsule Thermal shield | Pressure vessel Cavity capsule
capsule capsule capsule capsule
Y Al(n, o) 1.2014 1.1263 1.2233 1.1943 1.1157 1.2415
28 (n, p) 1.1639 1.1175 1.3241 1.1136 1.0780 1.2955
“Ti (n, p) 1.1168 1.0787 1.2041 1.0976 1.0596 1.2068
*Fe (n, p) 1.1342 1.0953 1.2629 1.0897 1.0591 1.2399
35Fe (n, p) 1.2508 1.1812 1.2893 1.2379 1.1652 1.3016
i (n, p) 1.1406 1.1032 1.2875 1.0930 1.0654 1.2597
BCu(m, a) 1.1789 1.1172 1.2196 1.1646 1.1008 1.2296
Cu (n, 2n) 1.2827 0.1228* 1.3958 1.3286 1.2652 1.4749
Average 1.1811 1.1171 1.2758 1.1649 1.1136 1.2812

“Reference values documented in NUREG/CR-6115 are suspected
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Jjanr ITAHT, bun IIAHT, Hynr JbY, Jucjye YEH

OLIEHA ARES TPAHCIIOPTHUM KOJIOM PE®EPEHTHHUX
OJIYEHCA BP3UX HEYTPOHA Y CYAY 1O IIPUTUCKOM PWR
PEAKTOPA N3 BOAUYA NUREG/CR-6115

Tauna npoueHa ayeHca Op3ux HEyTpoHa y cyay mop mnputuckomMm PWR peakTopa of
CYIITHHCKOT je 3Hauaja 3a OCUTypame HHTETPUTETA CyJja TOKOM IIPOjeKTOPBAaHOT KUBOTHOT BeKa. MeToaa
JAUCKPETHUX OpAMHATA jefHa je Off IVIaBHUX METOfa 3a TpeTHpame TaKBUX IpodsieMa. Y OBOM pajpy
u3BpIIEHE cy oueHe 3a Tpu PRW pedepenTHa cinyyaja onucana y Boguuy NUREG/CR-6115, kopucrehu ce
ARES TpancnopTHuM Kofom. M3pauysati pesynraru ynopebeHu cy ca pedepeHTHUM BpeIHOCTIMA U
nobujeHo je 3amoBoJbaBajyhe cmarame. [lopep Tora, mcnuTaHu cy e(eKTH HYMEpHUKHX Mojesa u
MOJleJIOBatba paclofesie u3Bopa y cyAy o IpUTUCKOM Ha (hiryeHc Op3ux HeyTpoHasl. Ha ocHOBY ycBOjeHHX
[OBOJbHO (PMHUX MpexXKa, pa3IndnuTa IPOCTOPHA M YyrOHA AUCKpeTU3allija yBojia iepuBaluje Mame of 3 %, a
MONpaBJbalkbe HETaTHHOT U30Bpa pacejamba He y3pOKyje 3HauajHe edeKTe NMpu u3pauyHaBawmy uyeHca
Op3ux HEYTPOHA Y CyAy o IpUTUCKOM. MebyTum, HeycariameHocT MojieJla ©3BOpa, CKJIONA U 1ITana, 3a
nepudepHe ckironose goctmke ~20 %, MITO YKy3yje Ha TO fia je MOJIe IITamna nepudepHux CKIONOBa Off
CYILITUHCKOT 3Hauaja. OBM pe3yaratu 06e30ebyjy cMepHule 3a u3pauyHaBamwe payeHca Op3ux HeyTpoHa
cyfla moji MPUTUCKOM M mokKasyjy ma je ARES tpancnoptHm koj cnocobaH 3a u3Bobeme mpopauyHa
TpaHCIOpTa HEYTPOHA pajiu IpoLeHe (piayeHca Op3ux HeyTpoHa PWR cyna oy IpUTHCKOM.

Kwyune peuu: ouckpeitina oopunaitia, NUREG/CR-6115, peakitiopcku cy0 100 Gpuitiuckom, gpayeHc
O6p3ux HeympoHa, WPaHCUOPIUHU UPOPALYH



