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Abstract

The accurate determination of the fast neutron flux/fluence onto the pressure vessel is an essen-
tial part of the reactor pressure vessel surveillance program. It has been reported recently that the
iron cross section data in ENDF/B versions Ill through V might underestimate the flux/fluence of
fast neutrons in steel structures such as reactor pressure vessel. In this study, for the comparison of
iron data of ENDF/B-IV and VI we produced two 47-group cross section sets, CXFe-IV and
CXFe-V], which are based on Yonggwang nuclear unit-3/4 model and the iron data of ENDF/B-IV
and VI, respectively. A comparison was made of the results obtained from DOT4.3 calculation using
CXFe-lV and CXFe-Vl. From the results, it was found that the fast flux(E > 1.0 MeV), which is im-
portant for the pressure vessel embrittlement analysis, increases by about 7.6% at the inner wall and
20% at the outer wall of the vessel, if the iron data are used from ENDF/B-Ml instead of
ENDF/B-IV.
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1. Introduction

Determination of the fast neutron flux/fluence
onto the pressure vessel is an essential part of the re-
actor pressure vessel (RPV) surveillance program. An
accurate estimate of the neutron fluence is necessary
to ensure the integrity of the RPV over the designed
lifetime, since the embritlement induced by ir-
radiation may limit the life of a pressure vessel. One
of the main tools for determining the pressure vessel
flux is the neutron transport calculation. In transport
calculation, the calculational accuracy depends partly
on the cross section library used to model the com-
position of the reactor structures.

It has been reported recently that the iron cross
section data in ENDF/B versions Il through V
underestimate the transmission of the fast neutrons
through steel structures such as reactor pressure
vessel, and this is due to the inaccuracy in the iron
inelastic cross section[1~4]. In 1990, the
ENDF/B-M nuclear data file has been released by
U.S. National Nuclear Data Center. The ENDF/B-VI
iron data were first utilized in one-dimensional analy-
sis for shielding problems by Williams et al.[3] and it
was found the ENDF/B-VI iron data are accurate in
predicting the fast neutron flux at the reactor press-
ure vessel. Therefore, it is of interest to examine the
impact of the various iron cross section data on the
vessel fluence evaluation.

In this paper, the impact of the iron data of
ENDF/B-IV and VI on the RPV fluence calculation
has  been
two-dimensional transport calculations. Yonggwang
nuclear units 3 and 4 (YGN-3/4)[5] were chosen for
the calculational model. The reactor is a Combus-

examined by performing the

tion-Engineering type two-loop pressurized water re-
actor (PWR) under construction in Korea. Table 1
shows the basic parameters of YGN-3/4. Figure 1
represents the reactor configuration showing the
core, reactor structures, and surveillance capsule in

quarter-core symmetry.

Table 1. The Basic Parameters of YGN-3/4

Reactor Core
Power, MW(thermal} 2815
Height (cm) 381
Equivalent diameter (cm) 31242
Fuel Assembly
Assemblies in Core 177
Lattices in assembly 16x16
Pitch (cm) 20.88
Reactor Coolant
Normal pressure {psia) 2250
Inlet temperature {°F) 564.5
Outlet temperature (°F) 621.2
Average temperature (°F) 5929

Fig. 1. Reactor Configuration of YGN-3/4

Using the YGN-3/4 model we produced two
47 group cross section sets, ie, CXFelV and
CXFe-VI, which are based on the iron data of
ENDF/BIV and VI, respectively. Two-dimensional
calculations of the RPV fluence were then performed
using DOT4.3[6] with CXFe-IV and CXFe-Vl and the
results compared.
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2. Nuclear Cross Section Libraries

Several multigroup cross section libraries have
been used for PWR pressure vessel fluence calcu-
lation and shielding problems. These libraries have
different group structures and are produced via dif-
ferent methodologies. In this section a brief descrip-
tion is provided for the cross section libraries which
are commonly used today.

2.1. DLC-23/CASK Library{7]

CASK has 22 neutron and 18 gamma-ray energy
groups. This library was produced from ENDF/B-I
neutron cross section data and DLC-12/POPLIB
gamma-ray production data. Although CASK was
widely used for light water reactor shielding
calculations in the past few decades, it was created
originally for the spent-fuel shipping cask analysis
and predicts higher fast fluxes than other libraries
which are based on ENDF/BIV[1]. This library was
used in YGN-3/4 design[8].

2.2. BUGLE-80 Library{9]

BUGLE-80 has 47 neutron and 20 gamma-ray
energy groups and uses the P: Legendre approxi-
mation for the scattering angular distribution. It was
created based on ENDF/B-IV and used the spectrum
in the middle of the concrete wall of a PWR model
for collapsing the fine-group library ITAMIN-C[10]
(171 neutron groups, 36 gamma-ray groups).
BUGLE-80 contains 67 nuclei and 5 materials.

2.3. SAILOR Library[11]

The energy structure of SAILOR is identical to
that of BUGLE-80. This library used the space-de-
pendent spectra
one-dimensional PWR model calculation and based
on VITAMIN-C. These spectra include core spectra,

neutron obtained from a
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downcomer spectra, vessel spectra at 1/4-thickness
position from the inner wall, and concrete spectra.
SAILOR contains 44 nuclei and 14 materials.

2.4. ELXSIR Library(12]

ELXSIR contains 56 neutron energy groups and
no gamma-ray energy groups. Above 0.1MeV,
ELXSIR has 37 energy groups, while BUGLE-80 and
SAILOR have 26 groups. This library was created
using the regionwise spectra which were generated
from a one-dimensional transport calculation of
Arkansas Nuclear One Unit 1. ELXSIR is based on
ENDF/B-1V, but several materials in the library were
based on ENDF/B-V. It contains 36 nuclei and 11
materials.

3. Generation of the Multigroup Cross
Section Sets

3.1. Processing of the Fine-Group Cross
Section Libraries

The core and structures of the reactor are
modeled as the mixture of various elements. The el-
ement number densities of each material are given in
Table 2. Most of data for the elements are taken
from Ref. 13 while the element number densities of
the RPV material are produced from Ref. 14. Since
the objective of this work is to compare the impact of
the iron data of ENDF/B-IV and VI on the vessel
fluence calculation, we first generated two 171-group
cross section sets, CXFe-IV'"! and CXFe-VI'”,

CXFe-IV'" : For all nuclei given in Table 2, this
set contains the fine-group cross section data
extracted from WVITAMIN-C which is based on
ENDF/B-IV.

CXFe-VI'! : This set is identical to CXFeIV"! ex-
cept for the iron cross section data. In this set the
171group iron data are generated based on
ENDF/B-M for the four isotopes (Fe* ; 5.84%, Fe* ;

91.68%, Fe¥;217%, Fe®;031%), using the
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NJOY91.91[15] nuclear data processing system.
3.2. ANISN Calculation and Collapsing

By a one-dimensional transport calculation, the
fine-group microscopic cross sections are collapsed
to obtain the multigroup macroscopic cross sections
for the materials in Table 2.

The transport code ANISN[16] was used for col-
lapsing from the fine-group library to the multigroup
library. The 1-D cylindrical model of YGN-3/4 shown
in Fig. 2 was used in the ANISN calculation.

Table 2. Element Number Densities of Materials

ANISN calculation was performed with 132 radial

meshes, Ps, and Sg approximation. Then we created
two 47-group cross section sets, CXFe-IlV¥ and

CXFe-VI¥(hereafter superscript 47 is omitted), by per-
forming the 171-group eigenvalue calculation with
CXFelV'' and CXFe-VI'!, respectively. The
47 group energy structure is identical to that of BUG-
LE-80 library. For the collapsing we used the
space-dependent neutron spectra from the results of
ANISN calculation. Figure 3 shows the schematic
procedure of generating the multigroup cross section
sets.

Material Element Density Material Element Density
(b"'em™) (b'em™)
Core* Hydrogen 2764 —02* Pressure Iron 7964 ~02
Boron 2303 —06 Vessel Carbon 6.514 —04
Oxygen 2682 —02 Manganese 1.189 —03
Iron 6.108 —05 Nickel 7.683 —04
Zirconium 4518 —03 Chromium 1947 —04
Uz 1.052 —04 Molybdenum 2782 —04
U= 6.173 —03
pPu®* 3274 —05 Air Nitrogen 4.340 —05
Pu?® 8981 —06 Oxygen 1.020 —05
Ex-Core Hydrogen 3.707 —02
Stainless Carbon 3169 —04 Detector Carbon 1.211 -02
Steel Silicon 1.694 —03 Shielding Oxygen 1922 —02
Chromium 1.647 —02 Resin Silicon 1.213 —-02
Manganese 1.732 —-03
Iron 6.036 —02 Concrete Hydrogen 1487 —02
Nickel 6.483 —03 Carbon 3814 —03
Oxygen 4.152 —02
Sodium 3.040 —04
Coolant* Hydrogen 4688 —02 Magnesium 5870 —04
Boron 3907 —06 Aluminum 7.350 —04
Oxygen 2344 —02 Silicon 6.037 —03
Calcium 1.159 —02
Iron 1986 —04

* Based on water at temperature of 592.9 °F and pressure of 2250 psia with 500 ppm soluble boron

** Read as 2.764x 1072
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Shroud  Barrel Clad
Core Dypass | | Down || gpy Cavity Concrete
0.0 156.21 17526 205.74 226.62 310.00  340.48 [cm]
157.86 18193  206.15

Fig. 2. YGN-3/4 One-Dimensional Model for ANISN Calculation

ENDF/B-VI

Section Library

171 Group Iron Data
for Four Isotopes

(Fe“. Fe*, Fe*, Fe™*)

ANISN Calculation for
YGN-3/4 One-Dimensional Model

Fig. 3. Generating Procedure of Multigroup Cross Section Sets

4. Vessel Fluence Calculation
4.1. DOT 4.3 Calculation for YGN-3/4
The two-dimensional discrete ordinates transport

code DOT4.3 was used in R-8 geometry to calculate
the flux distributions in the structures of the reactor.

Figure 4 shows the R-8 mesh distribution for one oc-
tant of YGN-3/4. A 121 radial and 92 azimuthal
angle mesh structure was used. The model includes
bypass water, barrel,
downcomer, surveillance capsule, RPV, cavity, ex-core

reactor core, shroud,
detector, and concrete region.

In this study a Ps order of scattering and an Ss
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Fig. 4. R-9 Model of YGN-3/4

quadrature set were used and the flux convergence
criterion for all neutron groups was 0.01%. In Fg. 4
the assemblies in core interior were replaced with the
reflective boundary condition, since the neutron flux
at the pressure vessel is dominated by the neutron
sources in the peripheral assemblies. The neutron
source distributions in the core were obtained from
the system design document[8].

4.2. Results and Discussion
4.2.1. Comparison Between CXFe-IV and CXFe-VI
Figure 5 shows the fast neutron fluxes and

differences along the azimuthal angle at the surveil-

lance capsule position (R =202.48cm) obtained with

CXFelV and CXFe-Ml. In Fig. 6 the fast flux
distributions at the inner wall of the RPV are shown.
It is generally observed that the CXFe-M fluxes are
7~9% higher than those calculated with CXFe-IV for
both E) 1.0MeV and E ) 0.1 MeV.

Figure 7 presents the radial flux distributions for
azimuthal angle 10° at which the peak flux (E) 1.0
MeV) appears at the inner wall of the vessel as
shown in Fig. 6. The results show large differences
outside the core, especially at the outer wall of the
RPV and in the cavity where differences of ~20%
are observed. This is caused by the lower value of
the inelastic scattering of iron in the ENDF/B-MI
data, which leads to the higher fluxes in the steel re-
gion. This phenomenon is clearly shown in Fig. 8.

Figure 8 shows the neutron spectra above 0.1 MeV
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and the differences at the inner wall and the outer
wall of the RPV. At the inner wall of the RPV the

differences are almost —10% for high energy

Neutron Flux (n/em?2 sec)

Jemaent E>01 MeV “vee et L
peectt " " N
[ 10 2 » 40

Azimuthal Angle (degree)

é E>1.0MeV

Fig. 5. Flux Distributions and Relative Difference to
CXFe-1V Along the Azimuthal Angle at the Sur-
veillance Capsule Position
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Fig. 6. Flux Distributions and Relative Difference to
CXFe-IV Along the Azimuthal Angle at the Inner
Wall of the RPV
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regions. At the outer wall, it appears that the global
behavior is similar to that seen at the inner wall of
the vessel ; however, the differences at the outer wall

are larger than those seen at the inner wall of the
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Fig. 7. Flux Distributions and Relative Difference to
CXFe-1V Along the Radial Position at Azimuthal
Angle 10 Degree

Energy (MeV)

Fig. 8. Fast Neutron Spectrum and Relative Difference
to CXFe-IV at the Inner Wall and the Outer Wall
of the RPV
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RPV. The result shows that the highest differences of

~27 to 45% occur in the energy range of 3 to 6
MeV

4.2.2. Comparison With BUGLE-80 Library

Figures 9 and 10 show comparisons of the results
with the CXFe-1V, CXFe-V], and BUGLE-80 libraries.
The fast flux distributions and their comparison at
the inner wall of the RPV are shown in Fig. 9. The re-
sult shows that the CXFeIV and BUGLE-80 results
are very close, while CXFe-\ predicts higher {nearly
~7%) flux than BUGLE-80. The main reason for
this is because both CXFe-I[V and BUGLE-80 are
based on ENDF/B-V iron data while CXFe-\l is
based on ENDF/B-VM iron data.

Figure 10 shows the relative difference of the
radial flux distributions at the azimuthal angle 10°. In
this case the CXFe-IV data and the CXFe-VI data re-
sult in underestimation of ~30% and ~16%, re-
spectively, compared with BUGLE-80 in the energy
range above 1.0MeV at the outer wall of the RPV
and in the cavity region. Note that CXFeIV and
BUGLE-80 are based on the same cross section li-
brary. It is important to note,
BUGLE-80 used a PWR concrete spectrum for col-
lapsing, while CXFelV and CXFe-Ml used the
space-dependent of the YGN-3/4

one-dimensional model which is more realistic and

however, that

spectra

plant-specific.

Thus, we can say that the use of the new iron data
and/or space-dependent weighting functions for col-
lapsing produces significantly different results at the

outer wall of the RPV and in the cavity region.
5. Conclusions

In this study, the impact of the iron data of
ENDF/B-IV and VI on the vessel fluence calculation
has  been

two-dimensional transport calculations. Yonggwang

examined by performing the

nuclear units 3 and 4 were chosen as a model plant
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Fig. 9. Flux Distributions and Their Comparison Along
the Azimuthal Angle at the Inner Wall of the
RPV for CXFe-IV, CXFe-VI, and BUGLE-80
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Fig. 10. Comparison of the Fast (E ) 1.0MeV) Flux
Distributions Along the Radial Position at Az-
muthal Angle 10 Degree for the Various Cross
Section Libraries

and we produced two 47-group cross section sets,
CXFe-V and CXFe-Vl, which are based on the iron
data of ENDF/B-IV and VI, respectively.

A comparison was made of the results obtained
from DOT4.3 calculations using CXFe-lV and
CXFe-VI. From the results, it was found that the flux
above 1.0MeV increases by about 7.6% at the inner
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wall and 20% at the outer wall of the vessel, if the
iron data are used from ENDF/B-Ml instead of
ENDF/B-IV. By comparison with BUGLE-80 it was
also found that the use of the new iron data and/or
space-dependent weighting functions for collapsing
produces significantly different results at the outer
regions of the pressure vessel. Thus this study confir-
ms that the space-dependent plant-specific spectra
should be used as the weighting function in collaps-
ing the fine-group cross sections into the multigroup
cross sections. The procedure of the vessel fluence
calculation used in this study can be applied to other

plants in a similar manner.
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