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Abstract

A neutron and gamma flux distribution around the core of BWR commercial plant in
Japan was calculated, using a three-dimensional transport code, TORT in DOORS32
code system.

In the external of the core, the bottom of the model was at an elevation of 150cm
below the bottom of active fuel, the top of the model was at an elevation of the top of
the shroud head dome and the radial part of the model was to the outside of the
reactor pressure vessel. The top guide beams were modeled explicitly to obtain the
neutron and gamma flux distribution both in the beams and outside beams. The each
control rod guide tube was also modeled with homogeneous region which included
the blade wing and poison tubes so that we could obtain the neutron and gamma flux
distribution around the each control rod guide tube.

The calculation model mentioned above needed very large memory size which
exceeded a few decade gigabytes. As the using the splicing/coupling method had
uncertainly at the splicing/coupling boundary, in this work the calculation was
performed without this splicing/coupling method.
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On the other hand, radioactivity data were measured for a few pieces of the top guide
beam, shroud and in-core monitor guide tube in the same plant which was analyzed in
the above calculation. So the calculation results were able to be compared with those
measured data as benchmarking and at the end of this task, the C/M values at these
measured points were obtained and calculation model using TORT was evaluated.

Introduction

Preventive measure and renewal of equipments around a reactor core is performed
with increase of the operation period of a nuclear reactor. From a view point of this,
neutron and gamma flux distribution in a reactor, radioactivity level of structural
materials and gamma-ray dose due to the activation become more important. For
example, neutron flux distribution in a reactor pressure vessel(RPV) and reactor
internals is necessary to evaluate the radiation damage to the structural materials.

In order to meet the demands mentioned above, spatial and energetic neutron and
gamma flux distribution in the RPV is necessary. Three-dimensional calculation with
an Sn code is effective to get such detailed neutron and gamma flux distribution
because of its advantageous geometry description and its merit to get the radiation
distribution in a whole area at a time.

Therefore, in the present work, neutron and gamma flux distribution around the core
of a BWR plant in Japan was calculated with a three-dimensional Sn code TORT(1). In
addition, the measurement data of the structural materials used in BWR reactor, were
also analyzed to validate the calculation.

Measurement Positions

Measurement was performed using some pieces which were used as structural
materials around the BWR reactor core and these materials were some parts of the
shroud, the top guide beams and the in-core guide tubes. The positions of these
measured pieces are shown in Fig.1 and Fig.2. The pieces of top guide beam were
extracted from both the bottom of the top guide beam, that was around the center in
the radial direction, and the top of same one. The in-core guide tube which was
measured were picked around the center in the radial direction. One of the pieces of
this tube was extracted from materials near the upper end of the core plate, and
another one about 50cm under the upper end of the core plate. The reminders were
the pieces of some parts of shroud, and these were extracted from several positions in
azimuthal direction around the center in height of active fuel.

Measurement Procedure

As the structural materials were made of iron, nickel and cobalt which was mixed as
an impurity, nuclides generated by the following reactions were measured:

54Fe(n, p)54Mn
59Co(n, Y)60Co.
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Principally in these reactions, the former was caused by fast neutron (E>1MeV) and
the later was caused by thermal energy neutron.

Radioactivity densities of the pieces were obtained by y-ray spectrometry. The 4096
channels y-ray spectrometer with Ge-SSD detector was used for y-ray measurement.
The detector efficiency of the Ge-SSD was corrected by the measurement with
standard source, and the counting time was set to be long enough that the statistical
error becomes less than 1%. Total measurement error is evaluated to be within 4.4%.
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w
: Locations where the pieces were extracted

Figure 1 Location of Pieces [Horizontal Views]
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Figure 2 Location of pieces (around shroud) [Plane View]
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Memory Size Limit

Three-dimensional Sn transport code TORT needs enormous amount memory size.
In order to calculate radiation flux distribution in RPV, the memory size readily
exceeds 2GB that 32-bit addressing machine allows. In this situation, the
splicing/coupling method is usually used to analyze large models as a sequence of
small calculations, but using this splicing/coupling method has uncertainly at the
splicing/coupling boundary. 64-bit addressing mode is able to exceed 2GB of memory
size limit, but the model which exceeds the 2GB limit will also require an enormous
amount of disk space. So in this work, three-dimensional calculation was performed
using this 64-bit addressing mode with a high performance computer, SGI IRIX64
olympic6.5 IP27.

Calculation Model

In this work, three-dimensional calculation was performed with R-0-Z geometry and
areas were decided considering both the memory size and the positions of measured
The active fuel region was modeled with the homogeneous one in each cross
sectional area and each node. It was considered that the pellets, the dads, the water
rods and the other structural materials of the fuel bundle, and these structural
materials were homogenized in each cell area. In addition to this active core region
model, the axial void distribution that was averaged in radial direction were
considered.

One of the measured data was obtained from the top guide beam. In two-dimensional
calculation, the top guide region is usually modeled in the homogeneous one with top
guide beams, the structural materials of fuel assemblies and water in this region. If the
region in three-dimensional calculation is treated as the homogeneous one, there
would be no or little differences between two-dimensional calculation and
three-dimensional calculation. So the top guide beams were modeled as substantially
as possible, as shown in Fig.3. On the other hand, one of the measured data was
obtained from the in-core monitor guide tube. In two-dimensional calculation, the
region, in which the measured data were obtained, is also usually treated as the
homogeneous one with the control rods, other structural materials and water in this
region. So the control rods with neutron poison, B4C, were modeled with distinction
from the region out of control rods guide tube as shown in Fig.4.

Finally, area of the model was decided to extend from an elevation of 150cm under
the bottom of active fuel to the top of the shroud head dome in axial direction and from
the core center to the outer surface of the RPV in radial direction. In order to give an
attention to heterogeneous model of top guide beams and control rod guide tubes, the
angular range of 0-45° for O direction was modeled considering the memory size
although there was the 1/4 symmetry of the whole core geometry as shown in Fig.2.

Neutron Source

In this three-dimensional calculation, neutron source was used as a fixed source
problem. Total neutron source N (n-s~1) generated from whole core is given by
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where v is the number of neutron per fission(=2.7 neutron/fission), P the thermal
power of reactor (=2,381 MWt), Efthe energy per fission(=205 MeV/fission) and Fu the

,20unit conversion factor(= 1.6x10 J/MeV). Therefore, A/=1.93x10 n/s. Here, the value
of v, Ef was given by TGBLA(2).

The spatial distribution of neutron source was evaluated by the cycle exposure
distribution just before the extraction of the structural materials. As energy distribution,
fission spectrum of 235U(3) was used.

Cross Section Data

As for the cross section data set for transport calculation, 37 energy group constant
data (26 group neutron and 11 group gamma-ray), shown in Table 1, which was
obtained by collapsing JSSTDL library(3) (100 group neutron and 40 group
gamma-ray) based on JENDL-3.2(4), were used. Two sets of ANISN(6)

one-dimensional Sn calculation were performed with the models focusing on the
radial direction of the core center plane and the axial direction of the core center axis
to collapse 140 energy group to 37 energy group cross section sets.

Table 1 Neutron and Gamma energy group structure

Neutron

Gr.
1
2
3
4
5
6
7
8
9
10

Gr.
1
2
3
4
5
6
7
8
9
10
11

ENERGY RANGE(eV)
1.4918E+07
1.1052E+07
8.1873E+06
6.0653E+06
4.4933E+06
3.3287E+06
2.4660E+06
1 8268E+06
1.3534E+06
1 0026E+06

1.1052E+07
8.1873E+06
6.0653E+06
4.4933E+06
3.3287E+06
2.4660E+06
1 8268E+06
1.3534E+06
1.0026E+06
6.081 OE+05

Gamma
ENERGY RANGE(eV)

1.4000E+07
1.0000E+07
8.0000E+06
6.0000E+06
4.0000E+06
2.0000E+06
1.0000E+06
5.0000E+05
2.0000E+05
1.0000E+05
6.0000E+04

1.0000E+07
8.0000E+06
6.0000E+06
4.0000E+06
2.0000E+06
1.0000E+06
5.0000E+05
2.0000E+05
1.0000E+05
6.0000E+04
1.0000E+04

AU"
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.5

Gr.
11
12
13
14
15
16
17
18
19
20

ENERGY RANGE(eV)
6.0810E+05
3.6883E+05
2.2371 E+05
1.3569E+05
8.6517E+04
2.4788E+04
9.1188E+03
3.3546E+03
1.2341E+03
4.5400E+02

* Read"

3.6883E+05
2.2371 E+05
1.3569E+05
8.6517E+04
2.4788E+04
9.1188E+03
3.3546E+03
1.2341E+03
4.5400E+02
1 6702E+02

E+10"as
** Lethargy Width

AU
0.5
0.5
0.5
0.5
1.3
1.0
1.0
1.0
1.0
1.0

Gr.
21
22
23
24
25
26

"x1010"

ENERGY RANGE(eV)
1.6702E+02
4.7851 E+01
1.3710E+01
3.9279E+00
1.1254E+00
4.1399E-01

4.7851 E+01
1.3710E+01
3.9279E+00
1.1254E+00
4.1399E-01
1.0000E-03

AU
1.2
1.2
1.3
1.3
1.0
6.0
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Figure 3 R-0 geometry at the bottom of top guide in three-dimensional calculation
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Figure 4 R-0 geometry below the core support plate in three-dimensional calculation



Calculation Parameter

In the TORT calculation, P 5 approximation, the maximum order of Legendre
scattering expansion of the cross section library JSSTDL, was used. As for angular
quadrature, a symmetric S12 constant (S192 quadrature set in the case of
three-dimensional calculation) was used. As for mesh intervals, three-dimensional
calculation in this paper by about 2,700,000 mesh intervals was done. These
calculation conditions explained here are summarized in Table 2.

Working memory size required in three-dimensional calculation was calculated as
follows:

Working memory size (word) = IM*LM*JM*KM*(2+IGM),

where IM.JM and KM are maximum number of x( or r), y(or 0) and z intervals
respectively, IGM is number of energy groups and LM is decided by the order of
Legendre scattering expansion L, LM=L2. The working memory size of this calculation
conditions in Table 2 runs into about 30,000,000,000 bytes and it exceeded by far
2GB. This neutron and gamma transport calculation was performed using SIG IRIX64
without splicing/coupling code.

Table 2 Calculation conditions for radiation distribution calculation

No.
1
2
3
4

5

6
7
8

9
10

Item
Geometry
Code
No. of material zone
No.of mesh intervals
• R-direction
• 0-direction
• Z-direction
Order of scattering
expansion

No. of directions
Cross section library
Boundary condition

• Left
• Right
' Inside
• Outside
• Top
• Bottom

Flux convergence criteria
Calculation mode

Condition
R-O-Z
TORT

45

149
86

212

P5

S12

Collapsed from JSSTDL library

Reflected
Reflected
Reflected
Reflected

Void
Void
0.01

Optimal Weighted

Activity Calculation

In order to compare calculated results with measured data, the radioactivities of the
measured pieces C (Bq/g) were calculated from the neutron flux obtained by the
transport calculation by the formula,
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where A/o is the atomic number density of target nuclide in the structural material with
unit weight(atomsg"1), <Pg the neutron flux of gth group (ncm~2s"1), ag the microscopic
activation cross section of gth group(barns) and F the saturation factor. In this
evaluation, 26 group activation cross section was used, which was produced from
JENDL 3.2. Saturation factor F was obtained by the formula,

exP(-ATj)

where a, is the full-power fraction for period / , A is the decay constant, t, is the
irradiation time of period / and T, is the elapsed time between the end of period / and
the end of irradiation.

Results

As an example of the calculated results, neutron flux distribution by the
three-dimensional calculation are shown in Fig.5. Figure 5 gives thermal energy
neutron flux distribution in R-0 plane at the bottom of the top guide. As shown in this
figure, effects that were caused by heterogeneous model and fuel assemblies
configuration are observed. In Fig.5, the localized flux distribution in each lattice of the
top guide beams is observed above the center of the core and flux gradients are
observed above the peripheral bundles near the top guide ring. As shown in this figure,
detailed spatial distribution of neutron flux and gamma flux was obtained by the
three-dimensional calculation.

©(degree)

1E.0

Radius

*"0.2" means "1x1002" for example
** Relative flux to the core center value of this map

Figure 5 Thermal energy neutron flux distribution in R-0 at the bottom of top guide
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Comparison and discussion

In order to validate the calculation, the calculated results were compared with the
measured data. Ratio of the calculation to measurement (C/M) for the activity of the
pieces of structural materials are summarized in Table 3. In Table 3, the compared
results between two-dimensional calculation used DOT3.5(6) in the former work^ and
the measured data were also described. This two-dimensional calculation was
performed with both R-Z model and R-0 model, and three-dimensional neutron flux
distribution was considered by multiplying an azimuthal distribution factor to the
results obtained by the R-Z model calculation.

The C/M values of three-dimensional calculation for the top guide are improved in
comparison with two-dimensional calculation for same one. The C/M values of
three-dimensional calculation are 1.9-0.8 and those of two-dimensional calculation
are 2.8-2.3. It is found that there is a difference of variance rate about C/M. The ratio
of the former is 0.4(=0.8/1.9) and that of the later is 0.8(=2.3/2.8). The difference of
these C/M variance rate means that there was the difference of neutron attenuation
rate in the top guide region. The amount of water in the top guide region is not
different between homogeneous model and heterogeneous one, so that the water
density of this region, in three-dimensional calculation, is larger than that in
two-dimensional calculation. On the other hand, Fig. 6 gives the energy spectrum at
the location of the piece, which was extracted from the bottom of the top guide beam.
In Fig.6, it is observed that the shape of the spectrum is different at the thermal
energy range. The difference is caused by the homogeneous model, which includes
top guide beams, and the thermal energy neutron was absorbed more than that in the
heterogeneous model. As shown in Fig.6, the absolute value given by
two-dimensional calculation is higher than that by three-dimensional calculation and it
is interpreted that the difference of this absolute value is also caused by that of water
density between the two-dimensional calculation and three-dimensional one. The C/M
value of the top guide in two-dimensional calculation may be improved by setting the
reasonable water density in the top guide region. However, considering that the
activity of 60Co is mainly contributed by the reaction in thermal energy range, the C/M
value for the activity of 60Co in two-dimensional calculation may get worse only
through the improvement of water density because of the shape of spectrum.

As mentioned above, it is important that the water density is suitably set and that the
top guide beams are not included as the composition materials in the top guide region.
Although, in three-dimensional model, the water density might be still higher than
suitable one, the neutron flux distribution was able to be obtained both in the top guide
beam and in the outside area of top guide beam, as shown in Fig.5.

The C/M values in three-dimensional calculation for the In-core guide tubes are
improved in comparison with those in two-dimensional calculation and the C/M
variance rate are also improved. It is interpreted that the heterogeneous model, in
which the control rods were distinguished, is effective enough.

On the other hand, the C/M values in three-dimensional calculation for the pieces of
shroud is equivalent or get worse in comparison with those in two-dimensional
calculation, the cause of which is discussed as follows:
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In three-dimensional calculation, the angular range of 0°- 45° was modeled for 0
direction considering the memory size. As shown in Fig.2, angular range of 0°- 90°
should be modeled in this symmetrical core arrangement, and the two-dimensional
calculation, which is compared in Table 3, was performed with 0°- 90° model. In order
to investigate the effect which is caused by the difference of angular range, these
models for 0 direction are compared in two-dimensional R-0 calculation.

Calculation points (angles) corresponding to the measured data in Table 3 is different
between 0°- 45° model and 0°- 90° model. For example, the measured data of 246° is
corresponding to the calculation point of 24° in 0°- 45° model and 66 ° in 0°- 90°
model.

Figure 7 gives the azimuthal distribution of fast neutron flux at the core-side surface
of shroud in two-dimensional R-0 calculation. In Fig. 7, line "A "shows the calculation
result with 0°- 45° model, line "B " shows the calculation result with 0°- 90° model and
line "C" is a reversed one of line " B " around the center in azimuthal direction, 45°. As
shown in Table 3, the C/M values of 230° and 136° in TORT get worse in comparison
with those in DOT. 230° is corresponding to 40° on line "A" and 50° on line "B". So the
values corresponding to 40° on " A " and " C " show the effect which is caused by the
difference of angular range. This ratio of these values is 2.4(=3.4x1012/1.4x1012) and
nearly equal to 2.6(=2.88/1.06 ), the ratio of the C/M values at same calculation point.
On the other hand, 136° is corresponding to 44° in both models, 0°- 45° model and 0°-
90°. The values corresponding to this angle on " A " and " B " show the effect caused
by the difference of angular range. This ratio of these values is
1.2(=3.9x1012/3.2x1012) but the ratio of the C/M values at this calculation point is
1.7(=3.06/1.79). So the difference of this ratio is not explained only through the
two-dimensional R-0 calculations. However, the effect which is caused by the
difference of angular range is still important because the values around 45° on line "A
" in Fig.7 have a different tendency from that on line " B ".

Table 3 C/M values of activity of the pieces for radiation distribution calculation

Structural material

Top guide

In-core guide tube

shroud (246°)

shroud (230°)

shroud (136°)

shroud (120°)

TORT
DOT

TORT
DOT

TORT
DOT
TORT
DOT
TORT
DOT
TORT
DOT

54MN 60CO
bottom

1.90
2.79

1.88
2.79

upper
1.02
1.27

0.71
1.74

RPV side surface
1.57
1.37
3.00
1.42
2.87
1.92
1.07
0.96

0.61
0.50
2.14
0.85
2.35
1.42
0.73
0.62

54MN 60CO
top

0.85
2.34

0.78
2.49

Lower*
1.12
0.34

0.83
0.31

Core side surface
1.42
1.03
2.88
1.06
3.06
1.79
1.01
0.77

1.46
1.25
2.20
1.18
2.78
1.55
1.08
0.97

54MN

-
-

-
-

60CO

-
-

-
-

shroud inside
1.25
1.05

-
-
-
-
-
-

0.78
0.88

-
-
-
-
-
-

" Lower" is about 60cm below the core plate in axial direction
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Conclusion

Radiation distribution calculation around the core of BWR plant was performed with a
three-dimensional Sn code TORT. The following results are obtained through the
analysis:
(1) 64-bit addressing mode was able to calculate the model with an enormous amount

of memory size, about 30,000,000,000 bytes.
(2) Detailed spatial distribution of neutron flux was obtained in the area of top guide

and under the core plate with the energy range of MeV to thermal neutron.
(3)The calculation results were improved in comparison with two-dimensional

calculation, because the top guide beams were modeled substantially and the
control rods guide tubes were modeled with distinguished from the region out of
control guide tubes.

The next step in the calculation model development will be to make modifications to
improve the C/M around the top guide region and the angular distribution. The former
will be improved by setting a suitable water density in this region, and the later will be
done with 0°- 90° calculation model for 0 direction, considering 1/4 symmetry of the
whole core geometry.
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