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Investigations were made for the heterogeneity effects caused by
insertion or withdrawal of a B,C control rod on fine structure of
reaction rates distributions in a tight pitched Pu0-U0» fuel assembly.
Analysis was carried out by using the VIM and SRAC codes with the
libraries based on JENDL-2 for the hexagonal fuel assembly basically
corresponding to the PROTEUS-LWHCR experimental core.

The reaction rates are affected more remarkably by the withdrawal
of the control rod rather than its insertien. The changes of the
reaction rates were decomposed into three terms of spectrum shifts, the
changes of effective cross sections with fine groups, and their higher
order components. From the analysis, it is concluded that most changes
of reaction rates are caused by spectral shifts. The SRAC code with
fine group constants can predict the distribution of reaction rates and
their ratios with the accuracy of about 5% except for the values relat-
ed to Pu-242 capture rate, as compared with the VIM results. To
increase the accuracy, it is necessary to generate the effective cross

gections of the fuel near contrel rods with consideration of the

"heterogeneities in the fuel assembly.
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1. Introduction

The high conversien light water reactor (HCLWR) concept has received
considerable attention over several years, for the potential of better [uel
utilization relative to conventional LWRs. The basic idea of HCLWRs is
toc increase the conversion ratio by hardening the neutron spectrum with an
undermoderated tight pitched lattice. After the first indication of the
potential of HCLWRs by Edlund in 1975, feasibility studies have been made
in many institutes but unacceptable differences have been observed in pre—
diction of main physics parametersz)_‘“. In the 30th meeting of the Nuclear
Energy Agency Committee cf Reactor Physics{NEACRP) in 1987, it was con—
cluded to be necessary to clarify the physical problems included in data
and method for HCLWRs®'.

The prediction accuracy of neutron physics parameters by calculation
needs to be examined by comparison with appropriate experimental data. A
series of relevant integral experiments had been carried out in the PROTEUS
zero power facility at Switzerland during 1981-1890, which is well known
as the PROTEUS-LWHCR Phase I, Program. The results have been compared
with those of calculations using various methods and data®®,

The late experiments”'“ had been performed for the core in which Pu/U
mixed oxide(MOX) fuel rods with 7.35% Pu/*® were arranged in the hexagonal
lattice with a pitch of 10.7mm. The moderator—to—{fuel volumetric ratio
was 0.48. In the experiments, distributiomns of principal neutron balance
components such as nuclide-wise reaction rates and their ratios were meas-
ured in the hexagonal lattices with an absorber rod or a water tube in the
center and compared with the calculated values. However, some innegligible

7 N . .
"8 [t is necessary tc investigate

discrepancies were observed between them
more detailed structure of distributions of neutron balance components in
the tight pitched fuel assembly with the heterogeneities, because the reac-—
tivity control in HCLWRs is based on the use of cluster type control rods
by which considerable uncertainties are ceused in reactor physics design.

In this repoft, to get the informaticn on the perturbation of neutron
balance components due to control rods, calculations are carried out for

the tight pitched hexagonal fuel assemblies where a central MOX fuel rod
ig substituted for a BsC rod or a water tube. This calculational model is
based on the HCLWRs experiment performed in the PROTEUS experimental
facilities. The calculations are carried out by using a coniinuous energy
Monte Carlo code VIM?', and the JAERI therma! reactor neutronics design code
SRAC'® with the libraries based on JENDL-2 data file.

il_
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Unfortunately, the detailed experimental resuits are not available, sc
snalyses are performed by regarding the results of the VIM calculation as
references of neutron balance components. Here, the fission reactions of
Pu-239(Fs), U-235(Fs), U-238(Fs},. Pu'—241(F1-), and the capture reactions of
U-238(Cq), Pu-240(Cqo), Pu-242(GCy), Pu-239(Cy), and their ratios omn per—atom
basis are considered. The fine structure of reaction rate differences
between infinite unit pin cell and the fuel rods adjacent to the B¢C rod cr
water hole cof the assemblies under study are represented in figures and
tables. The dependence of reaction rates and power form factors on the
number of condensed energy groups employed for the assembly calculations

with SRAC is alsc investigated in.comparison with the VIM results.

2. Geometrical model and calculation
2.1 Geometrical model

Figure 1 shows the one-sixth geometrical model of hexagonal fuel
assembly and unit pin cell model employed in this calculation. The hexag—
opal fuel assembly consists of 397 MOX fuel rods with 7.5% fissile plutonium
enrichment and has a rod—to-rod pitch of 10.7mm. The d.iameter of the fuel
rod is 9.57mm, and the thickness of the cladding made of stainless steel
is 0;55mm. The principal lattice parameters are based on the lattice of

the PROTEUS experimental program II The considered fusl assembly

77.8)
includes water gap in outer boundary, which is not included in the finite test
lattice of the PROTEUS experiment, but which is necessary for the infinite
lattice calculations with a perfect reflective boundary condition.
The calculations with the SRAC and VIM codes are performed for the
following cases
1) infinite unit pin celi (see the geometrical model at the bottom of
Fig.1),
2) assembly with only MOX fuel rods (the material of the region—1 in Fig.l
is MOX fuel, that is to say, "undisturbed” case),
3) assembly with a B4sC rod (the material of the region-i in Fig.l is B4C
esbsorber, that is to say, control rod inserted case),
4) assembly with a water tube (the material of the region-1 in Fig.l is

" water, that is to say, control rod withdrawn case).

Table 1 shows the compositions of the fuel, cladding, moderator, and
contrel rod of ByC absorber with 93% enriched B-10, which are assumed in

the present calculations. The plutonium isotopic composition of the fuel

— 92 —
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Unfortunately, the detailed experimental results are not available, so
analyses are performed by regarding the results of the VIM calculation as
references of neutron balance components. Here, the fission reactions of
Pu—239(Fy), U-235(F;), U-238(Fs), Pu—241(F1-). and the capture reactions of
U-238(Cg), Pu—240(Cq), Pu-242(Cy), Pu-239(Cy), and their ratios on per—atom
basis are considered. The fine structure of reaction rate differences
between infinite unit pin cell and the fuel rods adjacent to the BsC red or
water hole of the assemblies under study are represented in figures and
tables. The dependence of reaction rates and power form factors on the
number of condensed energy groups employed for the assembly calculations

with SRAC is also investigated in.comparison with the VIM results.

2. Geometrical model and calculation
2.1 Geometrical model
Figure 1 shows the cne—sixth geometrical model of hexagonal fuel
assembly and unit pin cell model employed in this calculation. The hexag—
onal fuel assembly consists of 397 MOX fuel rods with 7.5% fissile plutonium
enrichment and has a rod-to-rod pitch of 10.7mm. The diameter of the fuel
rod is 9.57mm, and the thickness of the cladding made of stainless steel
is OLESmm. The principal lattice parameters are based on the lattice of
the PROTEUS experimental program II”'*_“. The considered fuel assembly
includes water gap in cuter boundary, which is not included in the finite test
lattice of the PROTEUS experiment, but which is necessary for the infinite
lattice calculations with a perfect reflective boundary condition.
The calculations with the SRAC and VIM codes are performed for the
following cases
1) infinite unit pin cell (see the geometrical maodel at the bottom of
Fig.1},
2) assembly with only MOX fuel rods (the material of the region-l in Fig.l
is MOX fuel, that is to say, "undisturbed” case),
3) assembly with a ByC rod (the material of the region—-1 in Fig.l is B4C
absorber, that is to say, control rod imserted case),
4) assembly with a water tube (the material of the region-1 in Fig.l is

" water, that is to say, control rod withdrawn case).

Table 1 shows the compositions of the fuel, cladding, moderator, and
control rod of ByC absorber with 93% enriched B-10, which are assumed in

the present calculations. The plutonium isotopic compcsition of the fuel

izk
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employed in the PROTEUS experiment was approximately 1% Pu-238, 64% Pu-239,
23% Pu—240, 8% Pu-241, and 4% Pu—242. The library of isotope Pu-238 for
the present study was not available, so the composition for the fuel was
changed as 64.6% Pu-239, 23.2% Pu-240, 8.1% Pu-241, and 4.1% Pu—-242.

The reaction rate ratios in this report are defined on per—atom basis,

for example,
Cs/Fq = al¥/a},

where ¢2% and a}g are one—group effective microscopic cross sections for
capture of U-238 and for fission of Pu—-239, respectively. The definition

of the the conversion ratio(C.R.) in this report is as follows
C.R. = zl73f*,

where Z{*7 and zlis- stand for one—group capture cross section of U-238 and
Pu—240 and for absorption cross section of U-235, Pu-238 and Pu-241,

respectively.

2.2 VIM calculation

The VIM code is & continuous energy Monte Carlo code designed primarily
for fast reactor calculations, but also has & thermal neutron capability.
The cross section definition in VIM is by composition independent
microscopic data sets. Resonance and smooth cross sections are specified
pointwise with linear interpolation to provide continuous energy cross sec-
tion description; unresolved resonances are described by the probability
table method. The reaction rate types, fission, elastic scattering,
inelastic scattering, and (n,2n) reactions are specifically defined, while
"capture” is defined as the remaining possible outcome of neutron collision.
All output quantities are provided with standard deviation estimates at
the completion of a run.

Figure 2 shows the flow diagram of generating library data for the
VIM code in JAERI'. Most of material libraries were generated on the
basis of JENDL-2, while for some nuclides which were not evaluated in
JENDL-2, the material libraries were generated on the basis of ENDF/B-IV.
Table 2 shows the data of materials employed in this calculations. All of

the libraries were processed so that the accuracy of linearized pointwise

-3 —
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cross sections was within 0.1% at any energy point. The chemical binding
effect was considered for Hy;0 moderator with the S(a,8,T) data in
ENDF/B-T. In the VIM code, neutron flux is normalized so that total neutron
source is unity, while in the SRAC code normalized so that total absorption
rate is unity. For the convenience of comparison, the reaction rates edited
by the VIM code were renormalized to the total absorption rates. A perfect

reflective boundary condition was employed for a series of calculations.

2.3 SRAC calculation

The SRAC code has-been developed at JAERI as a thermsal reactor standard
neutronics design code system and is characterized by application of the
collision probability method on the cell calculations over the whole neutron
energy. A comprehensive set of collision probability routines(PLJ) for 13
types of geometries yields wide application of the SRAC code to almost all
types of thermal reactors. Recent modifications of data and methods extend
its applicability to H_CLWR cores'¥ ¥,

Because the high conversion light water reactors have intermediate
peutron spectra as compared with conventional LWRs and fast reactors, the
contribution of reactiion rate in the resonance energy region is of
significance. So the resonance treatment is very important for HCLWRs
studies. The present calculations employ the PEACO routine of the SRAC code
to treat resonance absorption, which calculates effective cross sections by
the collision probability methed for the energy range from thermal cut—off
energy to 130.0eV with 46CG0 groups for cross section representation and 460
groups for flux calculation.

The effective cross sections with 107—energy group structure were made
for the fuel, cladding and moderator regions in the wumit pin cell
calculation. As for the ByC absorber and its cladding, the effective cross
sections were calculated from the supercell model where the ByC rod was
surrounded by the homogenized mixture of fuel rods and moderator. The above
calculated effective cross sections of the fuel, cladding, H,0, B4yC absorber
and its cladding were used in the following assembly calculations. It should
be noted that the effective cross sections for the fuel rod were made without
consideration of the influence from the control rod insertion or withdrawal.
The whole fuel assembly calculations were performed also based on the col-
lision probability method with the macroscopic cross sections generated in
the previous cell calculations. As for the assembly calculations, the white

(isotropic) reflective boundary condition was assumed to save cocmputational

i4_
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times.

Table 3 shows the 107—energy group structure of the SRAC user's library.
The assembly calculations with the SRAC céde were performed not only with
the finest 107-energy groups but also with condensed 63, 28 and 8 groups.
Table 4 shows the condensation scheme of the group constants from the 107

groups.

3. Results and discussions
3.1 Macroscopic heterogeneity effects

We discuss here on the integrated parameters such as kess, conversion
ratio, distributions of one—group condensed fluxes, cross sections and reac—
tion rates etc. More detailed results will be presented in the next section
considering the nuclide-wise and energy—-wise contributions.

Figures 3—-14 show the distributions of reaction rates, fluxes, one—group
macroscopic cross sections, power form factors{power densities divided by
averaged one) and conv_ez-'sion ratios in the fuel assemblies obtained from
the VIM calculations. Table 5 shows the k.s; values and conversion ratios
from the VIM and SRAC calculations. It is seen that the k. values agree
within 0.5% between the results of the VIM and SRAC calculations, even of
the SRAC calculation with 8—energy groups. However it is seen from Figs.9
and 10 that the good agreement of the SRAC calculation with 8—energy groups
was caused by the accidental compensations of wunderestimation and
overestimation of power distribution as compared with the VIM results.
The SRAC calculation with 8—energy groups underestimate the power peaking
by about 7% as compared with VIM result. To get power distribution with
sufficient accuracy, it is necessary to use [ime group consiants with more
than the 28-—energy group structure.

[t is seen from Fig.5 that the flux depression by the B4C rod is very
deep and reaches into long distance relative to the degrees of flux increase
due to the water hole and gap water. On the contrary, the reaction rates
and macroscopic cross sections by the water hole and gap water are changed
more considerably than those by the ByC rod as seen in Figs.1-7.

Table 6 shows the distributions of reaction rate ratios in the employed
fuel assemblies and unit pin cell on per—atom basis. Tables 7 and 8 show
the ratios of the disturbed/undisturbed reaction rates in the adjacent region
to the central heterogeneity calculated by the VIM code and the SRAC code
with the different numbers of energy groups.

The word "urdisturbed” means that the neutron bhalance components are not

_5...
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times.

Table 3 shows the 107-energy group structure of the SRAC user's library.
The assembly calculations with the SRAC cbde were performed not only with
the finest 107-energy groups but also with condensed 69, 28 end 8 groups.
Table 4 shows the condensation scheme of the group constants from the 107

groups.

3. Results and discussions
3.1 Macroscopic heterogeneity effects

We discuss here on the integrated parameters such as ke, conversion
ratio, distributions of one—group condensed fluxes, cross sections and reac—
tion rates etc. More detailed results will be presented in the next section
considering the nuclide—wise and energy-wise contributions.

Figures 3~14 show the distributions of reaction rates, fluxes, one-group
macroscopic cross sections, power form factors{power densities divided by
averaged one) and conv‘err'sion ratios in the fue! assemblies obtained from
the VIM calculations. Table 5 shows the k. values and conversion ratios
from the VIM and SRAC calculations. It is seen that the k.y values agree
within 0.5% between the results of the VIM and SRAC calculations, even of
the SRAC calculation with 8—energy groups. However it is seen from Figs.9
and 10 that the good agreement of the SRAC calculation with 8—energy groups
was caused by the accidental compensations of underestimation and
overestimation of power distribution as compared with the VIM results.
The SRAC calculation with 8—energy groups underestimate the power peaking
by about 7% as compared with VIM result. To get power distributien with
sufficient accuracy, it is necessary to use f{ine group constants with more
than the 28-energy group structure.

It is seen from Fig.5 that the flux depression by the ByC rod is very
deep and reaches into long distance relative to the degrees of flux increase
due to the water hole and gap water. On the contrary, the reaction rates
and macroscopic cross sections by the water hole and gap water are changed
more considerably than those by the B4C rod as seen in Figs.1-7.

Table 6 shows the distributions of reaction rate raties in the employed
fuel assemblies and unit pin cell on per-atom basis. Tables 7 and 8 show
the ratios of the disturbed/undisturbed reaction rates in the adjacent region
to the central heterogeneity calculated by the VIM code and the SRAC code
with the different numbers of energy groups.

The word "undisturbed” means that the neutron balance components are not

_..5i
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purturbed by the central heterogeneity, that is to say, those in the fuel
gssembly with only MOX fuel rods. It is shown from the VIM results that
the ratio of Pu-240 capture ta Pu-239 {ission (Co/Fg) and {C:/Fg) in the fuel
rods adjacent to the B4sC rod is decreased by about 9% from the undisturbed
while others are almost unchanged. The ratics (Fs/Fq), (F1/Fg), and (C2/Fe)
in the fuel rods adjacent to the water hole are respectively reduced by about
10%, 7%, and 15%, as compared with the undisturbed. The results by VIM
and SRAC for the reaction rate ratics are in a good agreement within the
statistical errors of the VIM except for those near the gap water and the
ratio Cy/Fy, of which the maximum deviations are 4.7%(0.7%)* and
9.4%(2.8%)", respectively.

It is seen in Tables 7 and 8 that the VIM resﬁlts cn the fission rates
of Pu-239, U-235, and Pu—241 in the fuel rods adjacent to the B,C rod are
decreased by about 16% from the vndisturbed while those adjacent to the water
hole are increased by about 32%, 18%, and 22%, respectively. The U-238
fission rates are not sepsitive to such kind of heterogeneities. As compared
with the undisturbed, the total capture rate in the fuel rods adjacent to
the B4C rod is decreased by about 16% while adjacent to the water hole 1is
increased by about 20%.

The results of the VIM and SRAC calculation with 107-energy groups on
the reaction rates in the fuel rods adjacent to the B,C rod show a good
agreement within the statistical errors of the VIM except for the capture
rates of Pu-239 and Pu-242, where these discrepancies are 2.1%(1.2%)" and
15.4%(1.2%)", respectively. For the total capture rate these nuclides do
not seem to cause significant discrepancies between the VIM and SRAC
results because of their small centributions. The total f[ission rate near
the water hole by the SRAC with 107—energy groups is underestimated by
2.3%(1.1%)" from the VIM, which is attributed mainly to the underestimation
of the Pu-239 fission rate of 2.8%(1.1%)". The discrepancy in the total
capture rate near the water hole between the VIM and SRAC with the
107—energy groups is 2.4%(1.2%)™, which seems to be caused by underestima-
tions of the U-238 and Pu-239 capture rates of 3.1%(1.2%)" and 3_.5%(1.2%)*,
respectively.

Summarizing the above results, the reaction rate changes by the water
hole and gap water are larger than by the B4C rod, and the discrepancies

between the results of VIM and SRAC also show the same trends. As for

*statistical error of the VIM calculation

— 6 -
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the Pu—242 capture rate, the VIM and SRAC results do mot show good agreement
i.e. the maximum deviation of 15.4%(1.2%)" is seen in the SRAC results with
107-energy groups. Figures 12 and 13 show the comparisons of one—group
macroscopic cross section distributions in the fuel assemblies from the
VIM and SRAC calculaticons, where the results of VIM show severe space
dependent fluctuations. However, as seen later in Fig.40, the multi—group
Pu-242 capture cross section shows a good agreement between the VIM and

SRAC results in the unit pin cell calculation.

3.2 Microscopic heterogeneity effects

Figures 14-18 show the energy group—wise reaction rates, neutron
spectra, and macroscopic cross sections calculated with the VIM fer the unit
pin cell and the monitoring region-2 in the fuel assemblies. In these
figures, the word “center” stands for the center of the employed .fuel
assembly.

To get more detailed information on the differences of reaction rates
in the region-2 from those in the unit pin cell, the reaction rate differences
obtained by VIM were decomposed into three contributors, i.e. the contri-—
butions of neutron spectrum shifts, cross section changes based on the
107—energy groups corresponding to the emergy structure of SRAC, and their

higher order components. The differences of reaction rates were calculated

as following ;

Difference of reaction rates

[
L=]
=

i

(04,2942 — 0r.e%r.¢)

]
il
-

—
L=}

1

= {(¢A.3_¢P.g}aP.g + {(Gag—0pg)¥Pp g t+ (¢A,g"¢?.g)(‘7ﬂs.g"6?.g)}.
1

Y
It

where the subscripts A and P mean the values obtained from the fuel assembly
and pin cell calculations, respectively, and other notation
is conventional.

The decomposed differences of reaction rates are shown in Figs.19-26.
From these [igures, it can be clearly shown that the most changes of the
reaction rates by the insertion or withdrawal of the B4C rod are caused by
neutron spectrum shifts in the thermal and fast energy regions. The con-—
tributions of above three terms to reaction rate changes are large in turn

of the first, second and third.
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The Figures 27-30 show the contributions of individual isctopes to total
reaction rate changes near the heterogeneities under consideration. It is
seen that main contributions to the total fission and capture rate changes
are made by Pu-239 fission rates and U-Z38 capture rates, respectively.

The second term of the difference of reaction rates are further more
classified into individual isotopic contributions, which are shown in
Figs.31-34. The second term and third term are not considered in the SRAC
calculations because the group constants for the assembly calculations were
made without consideration of heterogeneities in the [uel assembly. The
second term in the fuel rods adjacent to the BsC rod is less influential than
that adjacent tc the water hole. Near the B,C rod, the second term in
different energy regions is accidentally glmost compensated itself while
it affects the reaction rate changes near the water hole. The fission of
Pu—239 and capture of U-~238 are again main contributors for the second term.
The effect of the third term on the reaction rate changes is very small.

The reaction rates, neutron spectra, and macroscopic cross sections
cbtained with VIM and SRAC in the unit pin cell calculations are compared
in Figs.35-39 and those in the fuel assembly are shown in Figs.1-9 in the
appendix. Figures $-23 in the appendix show the compariscns of individual
isotopic microscopic cross sections obtained by VIM in the unit pin cell
and in the region—2 of the fuel assemblies. The neutron spectrum oﬁtained
by SRAC in the unit pin cell calculation is slightly hardened &s compared
with that by VIM. while it shows a good agreement in the assembly
calculations. The 107—group macrcscopic cross sections of the SRAC in the
pin cell almost agree with those obtained by VIM.

From the microscopic analyses above mentioned, it 1is shown that most
of the reaction rate changes due to the heterogeneity are caused by spectrum
shifts, but the contribution of the cross sections changes based on 107—energy
groups is not negligible, especially for the fission of Pu-239, and capture
of U-238. The contribution of the cross section changes can not be found
out from one-group analyses because of the accidental compensations in
different energy regions. Such situation was observed in the fuel rods
adjacent to the B4C rod. In order to increase the accurszcy for the assembly
calculation with SRAC, it will be necessary to consider the hetercgeneity
effects in the generation of the fine group constants for the fuel near the

control rod, or to increase the number of energy groups in the resonance

region.
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4. Conclusions

The reaction rates in the HCLWR fuel assembly are affected more
remarkably by water hole or water gap than by B4C rod. Most of the reaction
changes due to the heterogeneities are explained as the results of neutron
spectrum shifts on the basis of 107—energy groups corresponding to the energy
structure of the SRAC code. The contribution of the changes of cross sec—
tions with 107-groups due to the heterogeneities to the reaction rate changes
is not always negligibly small, because self compensations accidentally
cccurs in different energy regions. The contribution of change of cross
sections is large especially for the heterogeneity caused by water hole or
water gap and the main contributors of it are {ission of Pu—239 and capture
of U-238. Fission rate near the ByC rod is reduced by about 13% while 1t
is increased by about 26% near the water hole, a&s compared with the
undisturbed, which is mainly caused by Pu-239 nuclide.

The SRAC calculation with 28-energy groups can predict the neutron
balance components in: the HCLWR fuel assembly with the heterogeneities
within about 5% except for Pu—242 capture rate, as compared with the VIM
results. The SRAC calculation with 8-energy groups underestimates power
pesking by about 7%, which occcurs in the fuel rods adjacent to the gap water
surrounding the fuel assembly. To reduce the uncertainties of prediction
of neutron balance components in the SRAC calculations for the HCLWR fuel
assembly, it is necessary toc generate [ine group constants of the fuel near
control rods with consideration of the heterogenmeity or to increase the

number of energy groups in the resonance energy region.
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4. Conclusions

The reaction rates in the HCLWR fuel assembly are affected more
remarkably by water hole or water gap than by ByC rod. Most of the reaction
chenges due to the heterogeneities are explained as the results of neutron
spectrum shifts on the basis of 107—energy groups corresponding to the energy
structure of the SRAC code. The contribution of the changes of cross sec—
tions with 107—-groups due to the heterogeneities to the reaction rate changes
is not always negligibly small, because seif compensations accidentally
occurs in different energy regions. The contribution of change of cross
sections is large especially for the heterogeneity caused by water hole or
water gap and the main contributors of it are fission of Pu—239 and capture
of U-238. Fission rate near the B4C rod is reduced by about 13% while it
is increased by about 26% near the water hole, as compared with the
undisturbed, which is mainly caused by Pu—239 nuclide.

The SRAC calculation with 28—emergy groups can predict the neutron
balance components in the HCLWR fuel assembly with the heterogenei-ties
within about 5% except for Pu—242 capture rate, as compared with the VIM
results. The SRAC calculation with 8—energy groups underestimates power
peaking by about 7%, which occcurs in the fuel rods adjacent to the gap water
surrounding the fuel assembly. To reduce the uncertainties of prediction
of neutron balance components in the SRAC calculations for the HCLWR fuel
assembly, it is necessary to generate fine group cecnstants of the fuel near
control rods with consideration of the heterogenmeity or to increase the

number of energy groups in the resonance energy region.
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Table 1 Compositions and atomic number densities (x 102%/en®)

JAERI-M  §1-—200

Fuel (MOX) Moderator
yass 4.0515 x 10°° H! 6.65200 x 1672
yzee 1.9962 x 1072 gte 3.33260 x 1072
Pu®?® 1.4790 x 107°°
py24° 5.3114 x 10°¢
pu2*! 1.8544 x 107*%
py242 9.3866 x 10°°
03 4.3460 x 10°%

Cladding (sus—3%4) Control Rod (B«C)
Cr{nat.) 8.5360 x 10°° B 7.53400 x 10°°2
Ni(nat.) 5.1180 x 1077 B! 5.67520 x 107°
Fe(nat.) 3.1250 x 1072 cré 2.026890 x 107%
AlZ7 6.0800 x 1072
Ko(nat. 7.3540 x 107°
Mn&*® 1.0010 x 107°
Si(nat. 8.1240 x 10°°
Nte 1.3230 x 10°°
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Table 2 List of VIM material library

Material Temperature ID File
(k)
pyz*® 300 10300 JENDL-2
Puz®! 300 ' 20300 JENDL-2
yz3s 300 30300 JENDL-2
yzsse 300 40300 JENDL-2
puz?®® 300 50300 JENDL-2
Puz4? 300 110300 JENDL-2
Cr{nat.) 300 210300 .JENDL-2
Ni(nat.) 300 220300 JENDL-2
Fe(nat.) 300 230300 JENDL-2
AlZT 300 240300 JENDL-2
gte 300 260300 ENDF/B-1V
cHe ‘ 300 270300 JENDL-2
Mo(nat.) 300 280300 JENDL-2
Mn®?® 300 2390300 JENDL-2
B! 300 310300 JENDL-2
B! 300 320300 JENDL-2
H? 300 350300 JENDL-2
Si(nat.) 300 380300 JENDL-2
Nt S 300 420300 ENDF/B-1Y
H¥H.0*’ 300 900300 ENDF/B-1V®’

*) hydrogen of H:0 (chemical binding effect is considered
in thermal scattering law)
®) thermal data are based on ENDF/B-I1Il.
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Table 3 Energy group structure of SRAC user's library

number of fast group ....... 61
number of thermsl group .... 48
Group Energy al Group Energy ol Group Energy Al
1 0.10000E+08 0.25 ar 0.12341E+04 0,25 73 0.53153E+00 0.12
? 0.77880E407 0.25 38 0.96112E403 0.25 T4 0.46912E+00 0.13
3 0.60653E+07 0.25 13 0,T43526403 0.25 73 0.41399E+Q0 0.06
4 0.47237E+07 0.25 40 0,58295E+03 0.25 T8 0.34926E+00 .0.06
s 0.36T82E+07 0,25 41 0.45400E+03 0.25 Ed 0.36528E+00 0.07
[} 0.28651E+407 0,25 42 0.353ISTE+03 2.5 78 0,.34206E+00 0.07
7T 0.22313E+07  0.25 43 0.27536E+03  0.125 79 0.31961£+00  0.07
3 0.1737TE¥GT  0.25 44 0.21445E+403  0.25 39 0.29792E+400 0.07
9 0.13534E+07 0.25 45 0.15702E+03 0,25 81 0.27599E+00 0.08
10 0,10540E+07 0.25 (13 0.13007E+03 0.25 a2 0.25683E+00 0.08
11 0.82085E+06 0.25 AT 0.10130E+03 0.25 13 0.23742E%00 0.08
12 0.83928E+06 4.25 48 0.TRE9IE+02 0.25 84 0.21878E+00 0,09
13 0.A9T8TE+DS 0.23 49 0.614428+02 0.25 -3 0,20090E+00 0.0%
14 0.I8TTAE+0S 0.25 50 0,47851E+02 0.25 -1 0.18378E+00 0.09
15 0.30197E+0Q5 0,25 51 0.37264E+02 0.25 - X4 0,16743E+00 0.10
18 0.23518E+06 0.25 52 0.29023E+02 0.25 28 0.15183E+00 0,10
17 0.13316E+08 Q.ZS 53 0,22603E+02 0.25 a9 0,13700E+00 0.11
138 0.14264E+06 0.25 54 0.,17504E+02 R.25 30 0.12293E+00 Q.11
19 0.11109E+06 0.25 55 0,13710E+02 0.25 g1 0,10963E+00 0.12
20 N.3651TE+OS 0.25 56 0,106TTE+02 0.25 92 0.970808-01 0,13
21 D.67I8QEL0S 0.25 57 0,83153E+01 .25 93 0.45397E-01 0.4
22 0.524TSE+0S 0.25 58 0.64TH0E+01 Q.25 94 C.TA2THE-O1 0.15
23 0.40858E+03 0,25 59 0.50435€E+01 0.25 95 6.64017E-01 0.18
24 0,31828E+05 0.23 60 0.39275£+01 0.25 98 0.54520E-01 0.17
25 0,24T788E+0S 9.23 é1 0.30590E+01 0.5 97 0.45735E-01% 0.19
26 0.19305E+05 g.25 62 0.23824E+01 0.25 98 0,37813E-01 0.21
27 0.15034E+03 .25 63 0.138554E401 0.12 99 0.30602E-01 0.24
8 0.117G9E+05 0.25% 64 0.163TAE+O1 0.12 100 G.24154E-01 0.27
29 0.91138E+04 6,15 65 0.14450E+01 4.13 101 0.18467E-01 0.31
30 0.71017E+04 G.25 1] 0.12732E+01 0.13 102 0.133543E-01 0.37
31 0.55303E+04 0.25 67 G.11253E+01 0.12 103 0.93805E-02 0.435
32 0.43074E+04 g.25 68 0.99312E+00 0.12 104 G.59804E-02 Q.58
33 0,3J5456E+04 8.2% 69 0.87643E+00 0.13 1035 0.33423E-02 0.32
34 0.25126E+04 %.25 70 0.TTI4AE+D0 0.12 106 0.14663E-02 1.43
3s 0.2034TE+04 0.25 1 0.568256E+00 0.12 107 0.35238E-01 1,56
38 0.15846E+04 0.15 72 0.502)6E+00 0.13 108 0.10000E~-04%
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Table 4 Energy group condensation schemes for
calculation with the SRAC code

fuel assembly

107-group cut(—~ 69 group — 28 group —> 8 group)

group no. 69 28 8 jgroup no. 63 28 lgroup no. 63
1 2* B 10 24 51 92 47 81
2 4 10 28 25 53 94 48 82
3 8 18 61 26 55 97 49 83
4 8 28 87 27 61 | 100 50 84
5 10 45 74 28 62 { 107 51 85
8 12 53 79 29 63 52 86
7 14 55 89 30 64 53 87
8 186 61 | 107 31 65 54 88
8 18 62 32 66 55 8§39
10 20 | 63 33 67 58 30
11 22 64 34 68 57 91
12 24 66 35 69 58 92
13 28 87 36 70 59 93
14 28 69 37 71 60 94
15 30 72 38 72 61 95
18 32 T4 39 73 62 96
17 34 75 40 74 63 a7
18 35 77 41 75 64 98
19 37 79 42 78 65 99
20 41 81 43 77 66 100
21 45 83 44 78 87 101
22 47 86 45 79 68 103
23 49 89 48 80 89 107

* Lower boundary numbers in the 107-groups.
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Table 5 FEffective multiplication factors and conversion ratios
calculated by the VIM and SRAC codes

Kertr conversion ratio
VIX SRAC VIN SRAC
Case
name 107g* 69g 28g 8g
Pin cell 1.1332 | 1.1353 0.78268| 0.7861%
+0.0013*1(1.0024)** (0.8%)](0.39586)
MOX only 1.1435 1.1451 1.1458 1.1442 1.1334
+0.0009 {(1.0014) (1.0021) (1.00068) (C.9964)
B.C rod 1.1251 1.1284 1.1293 1.1274 1.1222
+0.00190 [(1.0029) (1.0037) (1.0020) (0.9974)
fater hole 1.1412 | 1.1461 1.1470 1.1452 1.1401
+90.0010 [(1.0043) (1.0051) (1.0035) (0.9890)

* the number of energy groups
* gtandard deviation

** SRAC/VIM
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Table 6 Comparison of reaction rate ratio distributions in the
fuel assembly between VIM and SRAC

U -235 FISSION / PU-23% FISSIOR (F5/F9)

DISTANCE (CH) HOY FUEL ONLY VITH A BAC ROD VITH A VATER HOLE
0.0 0.908 ¢ 1.008) *
(t.snt
1.07 0.912 ¢ 1.000) 8.911 ¢ 1.010) 0.819 ¢ 1.015)
t 0.90 ¢ 1.1 _ € 1.00)
2.14 0.903 ¢ 1.008) 0.914 ¢ 1.001) 0.888 ¢ 1.011)
{ 0.7 ( 0.3x) { 0.82)
3.21 0.910 ¢ 0.997) 0.919 ¢ 0.989) 0.902 ¢ 1.001)
( 0.81) ¢ 0.70 ¢ 0,31
4,28 0.901 ¢ 1.010) 0.607 € 1.004) 0.395 ( 1.018)
{ 0.9 € 0.8%) ¢ 0.8%)
5.35 0.908 { 8.998) 0.906 (.1.001) 0.910 € 0.996)
¢ 0.80 - ¢ 0.78) ¢ 0.30)
6.42 0.906 ¢ 0.998) 0.903 ¢ 1.002 8.901 ¢ 1.003)
¢ 0.810) ¢ 0.9%) {0.70
7.49 0.906 ¢ 0.998) 0.905 ¢ 0.999) 0.904 € 1.000)
( 0.8%) { 0.92) { 90.80
8.56 0.298 ( 1.000) 0.298 ( 1.002) 0.903 ¢ 0.935)
¢ 0.8%) ¢ 0,70 ¢ 0.9
9.63 0.394 ( 0.999) 0.895 ¢ 0,998 0.895 ¢ 0.997)
¢ 0.31) { 0.8% { 0.80)
10.70 0.857 ( 1.015) 0.862 ¢ 1.010) 0.860 € 1.012)
¢ 0.9%) ¢ 0.5 ¢ 0.7%)
11.77 0.77% { 1.028) 0.785 ¢ 1.01%) 0.788 ¢ 1.020
{ 0.82) ¢ 0.8%) ¢ 0.8%)
PIN 0.909 ( 1.005)
CELL ¢ 0.30)

PU-241 FISSION / PU-239 FISSION (F1/F9)

DISTANCE (CM? MOX FUEL QNLY YITH A Ba{ ROD WITH A WATER HOLE

0.9 1.634 ¢ 1.009)
{1.%5)

1.07 1.698 ( 0.998) 1.674 ( 1,005 1.581 { 1.013)
¢ 0.97%} ¢ 112 ¢ 0.9%)

Z.14 1.686 ( 1.004) 1.684 ( 1.003) 1.677 ¢ 1.003)
( 0.8%) ¢ 0.9%) { 0.3

3.2 1.690 ( 1.001) 1.693 ¢ 0,997} 1.686 { 1.002)
( 0.9%) { 0.8%) ( 0.9%)

4,28 1.679 ¢ 1.019) 1.584 ( 1.0062 1.67% ¢ 1.012)
¢ 0.9%) { 0.92) ¢ 0.8%)

5.35 1.695 ¢ 0.998) 1.597 ¢ 0.996} 1.686 ¢ 1.004)
¢ 0.7 (0.30) ( 0.8%)

§.42 1.696 € 0.997 1.591 ( ¢.999) 1.677 { 1.008)
{ ¢.8%) ( 0.9%) (0.7%)

T.49 1.696 ¢ 0.998) 1.693 ¢ 0.998) 1.691 ( 1.0003
( 0.8%) ¢ 0.97) ' € 0.9%)

83.56 1.698 ( 0.994) 1.676 ¢ 1.007) 1.684 (¢ 1.002)
C0.90) L 0.6%3 ¢ 0.9X)

9.53 1.686 ( 1.000) 1.685 ( 1.000) 1.697 € 0.933)
( 0.80)  0.9%) ¢ 0.81})

10.70 1.649 ( 1.008) 1.660 ¢ 1.001) 1.648 ¢ 1.009)
€ 0.52) { 0.9% C0.7%)

11.77 1.553 ( 1.013) 1.562 ¢ 1.007) 1.558 ¢ 1.009)
( 0.8%) {0.82) € 0.92)

PIN 1.693 ¢ 0.997)

CELL (0.30)

* YIM (SRAC/VIM)

+

statistical error of YIN
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Table 6 (Continued)

U -238 FISSION / PU-239 FISSION (FBIF9)

DISTANCE (CM) MOX FUEL ONLY WITH A B4C ROD WITH A WATER HOLE
0.0 0.013 ¢ 1.008)
{ 1.5
1.67 0.613 ¢ 1.0132 0.015 ¢ 1.013) 0.010 ( t.029)
( 0.8 € 0.9 t 0.80
2.14 0.013 ¢ 1,008 6.014 ¢ 1.00D) 0.013 { 1.01&
0.7 0.7 t 0.8%)
3.21 9.013 ( 1,005) 0.014 ( 0.985) 0.013 ¢ 1.015
€ 0.7%) ¢ 0.62) ( 0.31)
4.28 0.013 ¢ 1.025) 0.6G13 € 1.010) 0.013 ¢ 1.028)
(0.80) ( 0.8%) ¢ 0.7
5.35 0.013 ¢ 1.005 0.013 ¢ 1.002) 0.013 ¢ 1.001)
C G.6%) - 0.7 ¢ 0.7%)
6.42 8.013 ( 1.008) 0.013 ¢ 1.008) 9.013 ¢ 1.003)
(0.70> ¢ 0.8D) ( 0.5%)
7.49 0.013 ¢ 1.005) 0.013 ¢ 1.007) 0.013 ¢ 1.065>
{ 0.70) ¢ 0.81) ( 0.8%
8.56 0.013 ¢ 1.009) 0.013 ¢ 1.01% 0.013 ¢ 1.001)
€ 0.30) { 0.5%} € 0.8%}
9.53 0.013 ¢ 1.018) 0.013 ¢ 1.608) 0.013 ¢ 0.5932
€ 0.70) C 0.7 € 0.70)
10.790 0.012 ¢ 1.017 0.012 ¢ 1.018) 0.012 ¢ 1.00%)
(0,80 ¢ 0.80 € 0.6%)
11.77 0.009 ( 1.047) 0.009 { 1.040) ¢.009 ( 1.04%)
(6.7 € 0.7 ¢ 0.3%)
PIN 0.013 (- 1.073
CELL (0.3
Y -238 CAPTURE / PU-239 FISSION (CB/FI)
DISTANCE (CM? MOX FUEL ONLY WITH & BaC ROD WITH A WATER HOLE
0.0 0.074 ¢ 1.008)
¢ 2.20
1.07 0.07% ¢ 0,998) 0.075 ( 1.009) 0.0a2  0.995?
¢ 1.00 (1,27 € 1.2%3
2.14 0.073 ( t.008) 0.076 ( 0.989) 0.071 ¢ 1.004)
¢ 0.923 ¢ 1.1% (1.1%
3.21 0.073 ¢ 1.007 0.075 ( 0.986) 0.073 ¢ 1.0000
{1.02) ¢ 0.9%) € 0.9%)
4.28 8.07t ( 1.033 G.073 { 1-006) 0.07%1 ¢ 1.025)
(1.12) € 1,20 ¢ 0.9%)
5.35 @¢.074 ¢ 0.987) 0.073 ( 1.002) 0.072 ¢ 1.010)
€ 1.00) ¢ 1.00 ¢ 1.0%)
6.42 8.072 ¢ 1.006) 0.072 ¢ 1.005) 6.072 ¢ 1.00D)
€ 0.9%) ¢ 110 ¢ 1.10)
7.49 0.073 ¢ 0.990) 0.072 ¢ 1.00%; 9.074 ¢ 0.984)
¢ 1.0%) ¢ 1,022 € 1.0%3
8.56 0.071 ¢ 1.015) 0.070 ¢ 1.018) 0.072 ¢ 0.99%9>
¢ 0.9%) ¢ 1.0% ¢ 1.1%0
9.63 ¢.670 ¢ 1.613) 0.070 ¢ 1.00%) 0.072 ( 0.984)>
{ 6.91) ¢ 1.1 1.1
10.70 0.065 ¢ 1.031) 0.066 ¢ 1.0223 0.066 ¢ 1.015)
1.1 (1.1%) ( 1.0%)
11.77 0.058 ¢ 0.978) 0.058  0.3832 6.058 ( 0.978)
¢ 1.0%) ¢ 1.0% 1,122
PLIN 0.074 ¢ 1,011}
CELL € 0.3

_ 18,,
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Table & (Continued)

PU-7240 CAPTURE / PU-239 FLSSION {CQ/FD)

DISTANCE (CH> MOX FUEL ONLY WITH A BaC ROD WITH A WATER HOLE
0.0 1.309 ¢ 0.9963
¢ 4.0%)
1.07 1.338 ¢ 0.98% 1.234 ¢ 1.0222 1.391 € 0.9%98)
¢ 1.42  2.1%) ( 1.5%)
2.14 1.282 ( 1.025) 1,291 ¢ 0.998) 1.306 ( 1.008)
{ 1.5% ( 1.8%0) { 1.4%)
3.21 1.328 ¢ 0.988) 1.318 € 0.987) 1.331 ¢ 0.991)
C1.6%) ( 1.6%) { 1.5%)
4.28 1.337 € 0.977) 1.316 ¢ 0.992) 1.291 ( 1.015?
€130 {1.7TZ) ( 1.6}
5.33 1.311 ¢ 1.004) 1.315 ¢ 0.996) 1.345 ¢ 0.979%
C1.7%) - ¢ 1,51 ¢ 1.5%)
6.42 1.363 ¢ 0.9%65) 1.285 ¢ 1.021) 1.309% C 1.906)
¢ 2.00) C1.5% (1.4%)
T.49 1.306 ¢ 1.008) 1.316 { 0.9398) 1.347 € 0.979)
{ 1.6%r ¢ 1.42) C1.42)
8.58 1.325 ( 1.001) 1.301  1.0t7) 1.351 ¢ 9.982)
1.8%) ( 1.6%0 ¢ 1.5%0
9.63 1.346 ¢ 0.988) 1.338 ( 0.992) 1.328 ( t.002)
€ 1.2%) ¢ 1.72) ¢ 1.60)
10.70 1.332 ¢ 1.009) 1.300 ¢ 1.028) 1.330 ( 1.004)
¢ 1.62) ( 1.62%) { 1,6%)
11.77 1.334 ¢ 0.996) 1.284 ( 1.038) 1.345 ( 0.9388)
1.5 { 1.52) (1.6%)
PiN 1.310 ( 0.985>
CELL ¢ 0.5%)
PU-242 CAPTURE [/ PU-239 FISSION (C2/F9)
GISTANCE (CM2 MOX FUEL ONLY WITH A B4C ROD WITH A WATER HOLE
0.0 1.018 ¢ 1.0062
( 7.8%)
1.07 1.086 ( 0.%38) 0.975 ( 1.009) 0.919 ¢ 0.963)
( 3.0%) C4.7%0) ¢ 3.6%
2.14 0.954 ¢ 1.0682 1.038 ¢ 0.965) 0.957 ¢ 1.057)
3.5 ¢ 3.4%0 ( 3.4%2
3.2 1.099 ( 0.9248) 1.092 ( 0.9200 1.011 ¢ 1.008)
¢ 3.9% ¢ 3.9%)  3.7T%)
4.28 0.986 ¢ 1.038) 1.022 ¢ 0.995) 1.072 ¢ 0.957)
¢ 2.9% { 3.8%) { 3.20
5.33 1.031 ¢ 0.991) 1.000 ¢ 1.9017) 0.991 ¢ 1.033)
{ 3.62%) C 3.4%) C 3.6%)
.42 1.058 ( 0.9%983) 1.095 ¢ 0.929) 1.004 ¢ 1.018)
¢ 3.4%) ¢ 3.1% ¢ 3.20
7.49 1.002 ¢ 1.023) 1.015 ( 1.007> 1.015 ¢ 1.01d
¢ 3.3%) « 3.20 ( 3.5%)
8.56 1,050 ¢ 0.976) 0.968 { 1.053) 1.017 ( 1.008)
€ 3.8%0) ¢ 2.9%) { 3.0%)
9.583 0,993 ¢ 1.031) 1.000 ¢ t.022) 1.106 ( 0.926)
€ 3.42) ¢ 3.20 ¢ 3.60
13.70 1.004 ¢ 0.987) 1.001 { 0.938) 1.018 ¢ 0.973)
¢ 3.3%0 ¢ 3.40) ( 3.3%)
11.77 0.866 ( 0.987) 0.943 ( 0.9906) 0.872 ¢ 0.9802
( 3.6%) { 2.8%) € 3.20
PIN 1.017 ¢ 0.979)
CELL ¢ 1.1%0)
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TO0TAL FISSION
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Comparison of reaction rate ratios (disturbed/undisturbed)
near a ByC rod between VIM and SRAC. The ratios are
normalized to 1.0 for fission rates at the distance of
11.77 cm from the central fuel reod

DISTANCE VINM SRAC
(LK) 107 69 28 8
1.07 O.Sgg+ 0.856¢ 0.98) % 0.855¢ 0.988) 0.861¢ 0.994) 0.872¢ 1.007)
2.14 ( ;:;36 0.933{ 0.996) 0.933¢ 0.998) 0.936¢ 0.939) 0.950¢ 1.004)
3. 21 ( ;:g:; 0.965¢ 1.003) 0.965¢( 1.003) 0.947¢ 1.005) 0.968C 1.007)
4.28 ( ;:g:; 0.982¢ 1.008) 0.982¢ 1.0002 9.982¢ 1,000 0.983¢ 1.000)
5.35 ( ;:;:; 0.990¢ 0.993) "0.990¢ 0.993) 0.990( 0.993} 0.990¢ 0.993})
( 1.0%0)
11.77 1.000 1.000 1.000 1.000 1.000
PU-239 FISSION
DISTANCE VIM ‘ SRAC
(4 D] 167 69 28 8
1.07 0.852 0.839( 0.985) 0.839¢C 0.985) 0.845¢ 0,992 0.857( 1,008}
2.14 ( ;:;;; 0.926¢ 0.9%6) 0.926( 0.9983 0.929¢ 0.999 0.934( 1.005)
3.21 ( élgi; 0.962( 1.003) 0.962¢ 1.005) §.964¢ 1.007) 0.966¢C 1.009)
4,28 ( ;:g:; 0.980¢ 1.001) 0.980¢ 1.001) 0.981¢ 1.002) 0.982¢ 1.002
5.35 ( ;:;;; 0.989¢ 9.992) 0.989¢ 0.992) 0.935¢ 0.9%2) 0.989¢ 0.9%2)
¢ 1.00)
11,77 1.00C0 1.000 1.000 1.000 1.000
U -235 FISSLON
DISTANCE VIM SRAC
(CH 107 69 28 8
1.07 0.844 0.846( 1.002) 0.846¢ 1.002) 0.853¢ 1,010 0.861C 1.020)
2.14 ( ;:;;: 0.930¢ 0,9%4) 0.9300 0.995) 0.933C 0.99%) 0.%35¢ 1.002)
1.00
3.2 0.960 0.964( 1.004) 0.9364¢ 1.004) 0.965¢ 1.006) 0.966¢ 1.0062
4.28 ( ;:g§; 0.981¢ 1.003) 0.981¢ 1.003) 0.982¢ 1.004) 0.981¢ 1.004>
5.35 ( ;:;;; 0.%89¢ 1.002) 0.989¢ 1.002) 0,989C 1.002 0.989C 1.002)
¢ 1.00)
l 11.77 1.000 1.000 t.000 1.000 1.000

* SRAC (SRAC/YINM)
*+ statistical error of VIM
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Table 7 (Continued)

4 -238 FISSION

DISTANCE ViN SRAC

(LMD 107 69 28 &

1.07 0.966 0.958¢ 0.992) 0.958¢ 0.992) 0.959( ¢.%9%) 0.961¢ 0.9%52
(1.1%

2.14 6.976& 0.974( 0.998) 0.974¢ 0.998) 0.975¢ 0.999) 0.976¢ 1.000
¢ 1.0%)

3.21 0.991 D.984¢C 0.993) 0.984( 0.993) 0.984¢ 0,993} 0.985( 0.994)
¢ 1.00

4.28 0.996 0.990C 0.9%94%) 0.990C 0.994) 0.990( ©.994) 0.99CC 0.%94)
¢ 1.12)

5.35 0.997 0.993¢ 0.997) 0.993C 0.997) 0.993¢ 0.997 0.9%4C 0,997
( 1.00 :

11.77 1.004Q 1.000 1.000 1.000 1.000

PU-241 FISSLION

DISTANCE VIN SRAC
(CM) . 107 69 28 8
1.07 0.835 0.833¢ 0.998) 0.832¢ 0.997) 9.839¢ 1.005) 0.856C 1,028
11D
2.1 0.922 0.923¢ 1.001) 0.923C 1.000) 0.926( 1.004) 0.933¢ 1.012)
¢ 1.00
3.21 0.953 0.960¢ 1.007) 0.960¢ 1.007) 0.962¢ 1.009) 0.965C 1.012)
¢ 1.0%0)
$.28 0.976 0.979¢ 1.004) 0.979¢ 1.004) 0.980¢ 1.004) 0.981C 1.008)
¢ 1.1
5.35 0.992 0.638¢ 0.996) 0.988¢ 0.996) 5.989¢ 0.997) 0.989( 0.997}
¢ 1.0%)
11.77 1.060 1.000 1.000 1.000 1.000
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Table 7 (Continued)

TOTAL CAPTURE

DISTANCE VIM SRAC
(CM2 107 69 28 3
1.07 0.845 0.839¢C 0.992) 0.839¢ 0.992) 0.845¢( 0.%99) 0.854C 1.010)
¢ 1.2%0)
2.14 ¢.957 0.927( 0.963) 0.926¢ 0.968) 0.929¢( ¢.970) 0.933¢ 0.9742
¢ 1.1%)
3.21 0.977 0.962¢ G.985) 0.962(C 0.985? 0.963( 0.986) 0.964¢ 0.987>
¢ 1.20)
4.28 0.9%4 0.980¢ 0.9842 0.980¢ 0.9848) 0.981¢ 0.983) G.981( 0.383)
¢ 1.1%
5.35 1.000 0.989¢ 0.939) 0.98%¢( 0.989) 0.989¢ 0.98% 0.989¢ 0.9389
1.1 :
11.77 1.000 1.000 1.000 1.000 1.000

U -238 CAPTURE

DISTANCE VN 3RAC
(cn . otor 69 28 8
1.07 0.870 9.863( 0.99D) 0.863¢ 0.991) 0.866¢ 0.998) 0.871C 1.0013
t1.20
7.14 a.965 0.938¢ 0.97H 0.938¢C 0.97D) 0.939¢ 0.973) 0.939¢ 0.974)
€110 .
3.21 0.988 0.968C 0.380) 0.967¢ 0.979) 0.968¢ 0.979) 0.967¢ 0.979
€ 1.20
£.28 1.012 0.983¢ 0.971) 0.983¢ 0.97D) 0.983¢ 0.971) 0.982¢ 0.970)
€110
5.35 0.987 0.999¢ 1.003) 0.990¢ 1.003) 0.990C 1.003) 0.989¢ 1.002)
¢ 1,100
11.77 1.000 1.000 1.000 1.000 1.000

PU-240 CAPTURE

DISTANCE VIM SRAC
(CM) 107 69 28 3
1.07 0.816 0.807< 0¢.3%8% 0.807C 0.99M) 0.814C 0.998) 0.828¢C 1.015)
{ 1.2%}
Z.14 0.973 0.911C 0.936) 0.911¢ 0.936) 0.915¢C 0.940> 0.922¢ 0.947)
1,150
3.21 0.5%a87 0.954( 0.967) 0.955¢C 0.6867) G.957¢ 0.969) 9.960¢C 0.972)
¢ 1,20
4,28 0.997 0.976C 0.979) 0.976¢ 0.930 0.977C 0.98% 0.97%C 0.982)
C1.1%)
5.35 1.040 0.986( 0.948) 0.986(C 0.948) 0.987C 0.949) 0.988¢ 0.950Cy
¢ 1,10
11.77 1.000 1.000 1.000 1.000 1.000
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Table 7 (Continued)

pU-239 CAPTURE

DISTANCE VId SRAL

(CM) 107 69 28 8

1.07 0.843 0.825C 0.979) ‘0.825¢ 0.979) 0.833¢ 0.989 0.844( 1.002)
C1.2%0)

2.14 0.936 0.920( 0.983) 0.920( 0.983) 0.925¢ 0.9382 0.928¢ 0.9%2)
¢ 1.1%)

3.21 0.%961 0.960C 0.9%992 0.960C 0.%99 0.961( 1.0002 0.963¢ 1.0023
¢ 1.2%2

4,28 0.97& 0,979¢ 1.004) 0.979¢C 1.004) 0.980¢C 1.004) 0D.980¢ 1.008)
{ 1.1%0)

5.35 1.001 0.988¢ 0.988) 0.988¢ 0.938) 0.989¢( 0.938) 0.988¢ 0.988
¢ 1.130) :

11.77 1.000 1.000 1.000 1.900 1.000

PU-242 CAPTURE

DISTANCE VIM SRAC
{CM . 107 69 28 8
1.907 0.702 0.810¢ 1.1547 0.813C 1.158? .820( 1.168) 0.851¢ 1.212)
{1.20
2.14 .92% 0.911¢ 0.980) 0.913C 0.983) 0.917C 0.987) 0.931¢ 1.002)
 1.10)
3.21 0.874 0.953¢ 1.090) 0.955C 1.092) 0.957¢ 1.094) 0.963¢ 1.1012
(1.20
4.28 0.932 0.975¢ 1.0486) 0.976¢C 1.047) 0.977¢ 1.048) $.980¢ 1.0513
¢ 1.130)
5.35 0.83% 0.986( 1.109) 0.986¢ 1.110) 0.%87¢ 1.110) 0.988¢ 1,112
( 1.120)
11.77 1.0G0 1.000 1.000 1.000 1.000
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Table 8 Compariscn of reaction rate ratios (disturbed/undisturbed)
" near a water hole between VIM and SRAC.
normalized to 1.0 for fission rates at the distance of

11.77 cm from the central fuel rod

TOTAL FISSION

The ratios are

DLSTANCE YIM SRAC
(CM) 107 69 28 g
1.07 1.259 1.229¢ 0.9??)* 1.228C 0.976) 1.222¢ 0.971) 1.183¢ 9.940)
¢ 1ant
2.14 1.055 1.040¢ 0.9856) 1.081C 0.9886) 1.039( 0.984) 1.030¢( 0.973)
3.2 ( 1:;;; 1.013¢ 0.9862 1.013( 0.984) 1.012¢ 0.9367 1.010¢ 0,983
8,28 ‘ 13; 1.005¢ 0.992) 1.005¢ 0.992) 1.805¢ 0.99) 1.004¢ 0.491)
5.35 ‘ 1:;;; 1.002{( 0.995). ©1.0Q2( 0.995) 1.002( 0.995) 1.002¢ 0.995)
¢ 1.0D
11.77 1.000 1.000 1.000 1.000 1.000
pu-239 FISSION
DISTANCE VIiM SRAC
(CH} 107 69 28 )4
1.07 1.318 1.280¢ D.97T22 1.279¢ 0.971) 1.272( 0.966) 1.228C 0.9332)
2.14 ( :;:; 1.047¢ 0.983) 1.047¢ 0.983) 1.045( 0.982) 1.036¢ 0.973)
3.21 ( ::;;1 t.014( 0.988) 1.015¢ 0.984) 1.014¢ 0.943) 1.011{ 9,980
4,28 ‘ ::;f; 1.005¢C 0.99Q) 1.006¢ 0.990) 1.005¢( 0.990) 1.004¢ 0.93%)
5.35 ‘ 1:;;; 1.002¢ 0.994) 1.002¢ 0.%948) 1.002¢ 0.9942 1.002¢ 0.9942
¢ 1.00)
11.77 t1.000 1.000 1.8400 1.000 1.000
U -235 FISSION
DISTAKCE VIN SRAC
(CH) 107 69 28 -]
1.07 1.176 1.167¢ 90.9%2) 1.169( 0.994) 1.1820 0.93a32 1.131¢ 0.962)
2.14 ‘ 1:;:1 1.033¢ 0.992) 1.034¢ 0.993) 1.032¢ 0.991) 1.026¢ 0.988)
3.21 ‘ 1:;:; 1.011C 0.9948) 1.011¢ 0.994%) 1.0100 9.994) 1.009¢ 0.993)
4.28 ( ::;:; 1.004( 1.002) 1.004C 1.003) 1.004( 1.0022 1.004¢ 1.002>
5.35 ‘ 1:;;1 1.0d2( 0.%97) 1.002¢ 0.9972 1.002C 0.%97) 1.002( 0.998)
 1.0%
11.77 1.400 1.000 1.000 1.000 1.000
* SRAC (SRAC/VIN)
+ gtatistical error of VIM
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Table 8 (Continued)
U -238 FISSION
DISTANCE VIM SRAC
CCM) 107 69 28 8
1.07 1.023 1.012¢ 0.989) 1.012¢ 0.989) 1.009¢ 0.986) 1.002¢ 0.97%
2.14 ::;T; 1,009¢ 9.998) 1.009¢ 0,998) 1.008¢ 0.996) 1.004¢ 6.993)
3.21 }:éﬁg 1.005¢ 0.996) 1.005¢ 0.998) 1.008C 0.995) 1.002¢ 0.993)
4.78 IISE; 1.003¢ 0.996) 1.003¢ 0.998) 1.003¢ 0.996) 1.001¢ 0.994)
5.35 ::;:; 1.002¢ 0.992) 1.002¢ 0.992) 1.002¢ 9,992) 1,001¢ 0.991)
1.0%)
11.77 1.000 1.000 1.000 1.000 1.000
pU-241 FISSION
BISTANCE VIN SRAC
(LMD 107 69 28 3
1.07 1.223 1.212¢ 0.991) 1.212¢ 0.991) 1,204( 0,985} 1.158¢ 0.947)
2.14 ::é:g 1.042C 0.987) 1.042¢ 0.988) 1.040C 0.986) 1.029¢ 0.975)
3.21 12332 1.014¢C 0.988) 1.014( 0.989) 1.013¢ 0.988) 1.010¢ 0.984)
5.28 11333 1.005¢ 0.996) 1.006¢ 0.995) 1.005¢ 0.996) 1.005¢ 0.995)
5.35 ;:;i; 1.002¢ 1,003} 1.003¢ 1.003) 1.002¢ 1.003) 1.002¢ 1,003
1.0%2
11,77 1.000 1.000 1.000 1.000 1.000
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Table 8 ({Continued)
TOTAL CAPTURE
DISTANCE VIM SRAC
(M 107 69 28 8
1,07 1.104 1.165¢ 0.976) 1.161¢ €,97D) 1.153¢ 0.966) 1.115¢ 0.934)
2,14 I:SE; 1.033¢ 0.979) £.033¢ 0.979) 1.031¢ 0.978) 1.026¢ 0.972)
3.21 113:@ 1.011¢ 0.984) 1.012¢ 0.984) 1.011¢ 0.984) 1.010¢ 0,983)
4.28 i:ggg 1.004¢ 0.995) 1.005( 0.998) 1.004( 0.895) 1.004¢ 0.995)
5.35 1:521 1,002¢ 1.001) 1.002¢ 1.001) 1.002¢ 1.001) 1.002¢ 1.0012
1,20
11.77 1.000 1,000 1.000 1.000 1.000
U -238 CAPTURE
DISTANCE VIM SRAC
(CH 107 69 28 8
1.07 1.085 1.061¢ 0.969) 1,053¢ 0.961) 1.049¢ 0,958) 1.039¢ 0.94%)
2.18 1:52; 1.016( 0.980) 1.016C 0.979) 1.015¢ 0,879 1.014¢ 0.978)
3.21 1:3;; 1.006¢ 0.976) 1.006¢ 0.977) 1.006¢ 0.977) 1.006¢ 0.977)
5.28 ::;:; 1.002¢ 8.983) 1.002¢ 0.984) 1.002¢ 0.984) 1.003¢ 0.984)
5.35 513;: 1.001¢ 1.0173 1.001¢ 1.0E7) 1.001¢ .01 1.002¢ 1.018)
1.2%)
11.77 1.000 1.000 1.000 1.000 1.000
PU-240 CAPTURE
DISTANCE VIN SRAC
(CH) 107 69 28 8
1.07 1.271 1.265( 0.996) 1.266( ©.996) 1.248C 0.982) 1.157¢C 0.311)
2.14 1:5:2 1.051¢ 0.977) 1.052¢ 9.977) 1.050C 0.976) 1.039C 0.966)
3.21 _12332 £.019¢ 0.994) 1.019¢ 0.994) 1.018¢ 6.99 1.015¢ 0.990}
5.28 é:ii% 1.008( 1.037) 1.008¢ 1.037) 1,007¢ 1.037) 1,006 1.035)
5.35 1:32; 1.004( 0.978) 1.004¢ 0,978) 1.004¢ 0.578) 1.003¢ 2.977)
1.2%)
11.77 1.000 1.000 1.000 1.000 1.000
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Table 8 (Continued)

PU-239 CAPTURE

DISTANCE VIM SRAC
<) 167 69 28 8
1.07 1.315 1.269C 0.965) 1.268¢ 0.964) 1.260C 0.958) 1.221¢ 0.928)
.14 }:S:; 1.045¢ 0.979 1.045¢ 0.979 1.043¢ 0.977) 1.036¢ 0.970)
3.21 Iﬁé?i 1.014¢ 0.977) 1.014¢ 0.978) 1.014¢ 0.977) 1.012¢ 0.575)
4.28 ::gi; 1.0050 0.990) 1.005¢ 0.990) 1.005¢ ©,990) 1.005¢ 0.990)
5.35 ::gi; 1.002¢ 0.991) 1.002¢ 0.931 1.002¢ 0.991) 1.002¢ 0.991)

1.2 .

11,77 1.000 1.000 1.000 1.000 1.000

PU-242 CAPTURE

DISTANCE VIN SRAC
(CH) 107 69 28 8
1.07 1.107 1.112¢ 1.004) 1.409¢ 1.002) 1.103{ 0.996) 1.049¢ 0.957)
2.14 ::3:1 1.040¢ 0.980) 1.038¢ 0.978) 1.036¢ 0.976) 1.018¢ 0.95%)
3.21 ;:35; 1.018¢ 1.080) 1.017¢ 1.078) 1.015¢ 1.077) 1.008¢ 1.070)
4.28 ::332 1.008¢ 0.920) 1.007¢ 0.920) 1.007¢ 0.%19) 1.004¢ 0.917)
5.35 ;ZEZ; 1.004¢ 1.043) 1.004¢ 1.083) 1.003¢ 1.042) 1.002¢ 1.041)

1.20)

11.77 1.000 1.000 1.000 1.000 1.000
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central fuel rod of the assewmbly

region number for monitoring

gap water

1 : MOX fuel
2 . cladding
3 . moderator

4 . perfect reflector
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Figure 2 Flow diagram to generate the VIM user's library
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Figure 4 Distributions of capture reaction rate in the fuel assemblies
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Figure 6 Distributions of l-group macroscopic fission cross
section in the fuel assemblies
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Figure 11 Space dependent conversion ratios in the fuel assemblies
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Figure 15 Comparison of multi-group capture reaction rate between
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Appendix (Supplementary figures)

Here, the reaction rates, meutron spectra, and macroscopic cross
sections obtained with VIM and SRAC in the fuel agsembly calculations
are shown in Figs. A.1-A.9. Figures A.9-A.23 show the comparisons of
individual isotopic microscopic cross sections cbtained by VIM in the

unit pin cell and in the fuel rods adjacent to the ByC rod or water

hole.
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Figure A.2 Comparison of multi-group fission rate in the region 2
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Figure A.4 Comparison of multi-group capture rate in the region 2 of
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Figure A.9 Comparison of neutron spectrum in the region 2 of the
assembly with a water hole between VIM and SRAC
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Figure A.10 Comparison of multi-group 23%py fission microscopic
cross section between the unit pin cell and the fuel
rods adjacent to the ByC rod from the VIM calculation
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Figure A.12 Comparison of multi-group 24lpy figsion microscopic
cross section between the unit pin cell and the fuel
rods adjacent to the ByC rod from the VIM calculation
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Figure A.15 Comparison of multi-group 24lpy figsion microscopic

cross section between the unit pin cell and the fuel
rods adjacent to the water hole from the VIM calculation
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