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Development and verification of fast reactor burnup calculation module

FRBurner in code system CBZ

Junshuang Fan'*, Go Chibal.

! Division of Applied Quantum Science and Engineering, Faculty of Engineering, Hokkaido University,

Kita 18 Nishi 8, Kita-ku, Sapporo, 060-8628, Japan

CBZ is a general-purpose reactor physics analysis code system, and FRBurner, which
focuses on fast reactor burnup calculations, was developed recently with diverse com-
binations of available methodologies. Verification of this module is conducted with the
OECD/NEA fast rector benchmark since this benchmark provides various types of fast
reactors. Four key reactor physics parameters, effective neutron multiplication factor kg,
effective delayed neutron fraction Seg, sodium void reactivity Apyoiq and Doppler reactiv-
ity Appoppler are the focus and compared to two references provided by JAEA and CEA,
respectively. The biases between the results from FRBurner and the JAEA and CEA ref-
erences on each of the above key parameters are less than 0.5%, 1%, 3% and 7%, and less
than 1.0%, 4%, 12%, and 12%, respectively. The comparison indicates that the FRBurner
module would provide acceptable results for general-type fast reactor physics analysis in
research. As one innovation, the detailed burnup chain model, which is significantly differ-
ent from a generally-used pseudo fission product model in fast reactor neutronic analysis,
is applied in FRBurner. The detailed burnup chain model helps FRBurner explicitly pro-
vide information about the inventory of fission products for nuclear waste management

and spent fuel reprocessing.
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1. Introduction

Neutronics calculation methods have been well established by a number of studies
over past decades, and there are two main directions in the neutronics calculation field:
the deterministic and Monte Carlo methods. FRBurner has been developed as a fast
reactor burnup calculation module in the CBZ code system!, which is a deterministic
code under development at Hokkaido University. While the fast reactor calculation code
systems REBUS?, ERANOS? and MARBLE? exist, the need for a particular code system
that enables diverse purpose (accuracy) calculations still exists for our recent and future
works. For instance, it is desirable to use an identical code for both preliminary design
calculation with a low-resource-cost option and final parameter confirmation calculation
with a high-accuracy option so that consistency is maintained between calculations and
computing resources are saved. Moreover, the demand for a new algorithm, cross-section
library, burnup chain model, etc., exists for our current and future works. It is difficult
to meet such flexible demands without a self-developed code system. For instance, one
original point of this work is the detailed burnup chain model calculation that is becoming
available in FRBurner. The detailed burnup chain model calculation significantly differs
from the pseudo fission product method that is generally used. It can provide essential
information on inventory or spent fuel composition which may be useful in nuclear waste
management. One instance of the detailed burnup chain model calculation is introduced
in this paper to demonstrate the availability of the FRBurner burnup computing function.
To apply such a new study method is one important purpose of this work; thus, developing
an independent fast reactor calculation code system is necessary.

One primary task for FRBurner is showing its capacity to provide satisfactory results
through comprehensive verification work. Consequently, one OECD/NEA fast neutronic
analysis benchmark® was chosen for the verification work. Four sodium-cooled fast reactor

cores which contain three types of fuel, metallic fuel, MOX fuel and carbide fuel, are
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provided in this report. In addition, two of these cores are large-sized with a thermal power
of 3,600 MWth, and the others are middle-sized with a thermal power of 1,000 MWth.
The diversity on core type provides adequate universality, increasing the reliability of this
verification work.

From the perspective of practical application, it is beneficial to understand the dif-
ferences among methodologies of a module, such as FRBurner, that has diverse calcu-
lation methodology options. Thus, the differences in (i.e., effects on) numerical results
while applying a zero-dimensional /one-dimensional /two-dimensional lattice model, diffu-
sion/transport theory for whole-core calculations and coarse/fine-energy group structure
cross-section library are investigated in this work. This impact investigation would help
potential users to choose an appropriate methodology for diverse purposes, and section 4
of this paper is devoted to concluding this investigation.

The introduction of the FRBurner module for the basic theory and numerical method
are given in section 2. The verification work based on the bias comparison is described
in section 3. The impact of the methodology options on numerical results is discussed in
section 4, and the numerical examples of burnup calculation with a detailed chain model

are shown in section 5.

2. Basic theory and numerical method
2.1. Multi-group library and its generation procedure

The FRBurner module uses a multi-group cross-section library called CBZLIB to cal-
culate problem-dependent medium-wise multi-group (or effective) cross sections. CBZLIB
consists of the infinite dilution cross sections, the scattering matrices with an arbitrary
order of the Legendre expansion, and the self-shielding factors for the reactions of (n,n),
(n,f) and (n,y). The self-shielding factors for the elastic removal cross sections and for the

current-weighted total cross sections are also included.
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These multi-group library data are obtained from the ENDF-formatted evaluated nu-
clear data files and the ‘point-wise (resonance-reconstructed) ENDF’ (PENDF) files with
the NJOY-99 code® through the processing sequence of the BROADR, PURR, GROUPR
and MATXSR modules. In the GROUPR module, the narrow resonance approximation
is adopted, and the IWT=8 weighting function, which is adaptive for fast reactor study
is chosen for multi-group constants calculation. The generated text files in the MATXS
format are converted into the other text files in a specific format readable by CBZ. The
PENDF files are generated by the FRENDY code developed at JAEA”. In the present
work, we generate several multi-group libraries with different numbers of energy groups

from several evaluated nuclear data libraries.

2.2. Fuel assembly calculations to obtain homogeneous (homogenized)

cross sections

Since all the assemblies are treated as homogeneous in the whole-core calculations
by FRBurner, spatial homogenization for the assemblies is required prior to whole-core
calculations. This is done at the assembly calculation step. In the assembly calculation of
FRBurner, all assemblies including blanket assemblies are modeled with a single assembly
with the reflective boundary conditions, and multi-group cross section calculations (or
resonance self-shielding calculations) and neutron flux spatial distribution calculations
are conducted with this single assembly model.

Regarding the assembly model, three options can be chosen: the zero-dimensional
model, the one-dimensional cylinder model and the two-dimensional hexagonal model as
shown in Figure 1.

In the zero-dimensional model, nuclides number densities are spatially averaged over
a whole assembly with volume weight, and the resulting homogeneous mixture is treated.

The background cross sections for resonance treatment are calculated with this mixture,
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Figure 1 Three options of lattice model for assembly calculation: zero-dimensional, one-dimensional

and two-dimensional (left to right).

and the multi-group cross sections of this mixture can be easily calculated. In this case,
no spatial neutron flux calculations are required, and the infinite neutron multiplication
factor can be easily calculated by solving the one-point By equation.

In the cylinder and hexagonal models, multi-group cross sections of each medium
are calculated using the method proposed by Tone®. In Tone’s method, the lattice het-
erogeneity effect is taken into account in background cross-section calculations via the
collision probabilities. After multi-group cross sections of each medium are obtained, the
multi-group neutron transport equation is solved by the collision probability method, and
multi-group neutron flux spatial distributions are calculated. The leakage effect is ac-
counted for the pseudo absorption cross sections defined from the critical buckling. With
the calculated neutron flux spatial distribution, spatial homogenization is carried out to
obtain the homogenized multi-group cross sections The homogenized multi-group cross
sections are used in the subsequent whole-core calculations without any group collapsing
(or condensation). The homogenized multi-group microscopic cross sections are calculated
in the initial burnup cycle, and the homogenized macroscopic cross sections in the sub-
sequent burnup cycles are calculated from these microscopic cross sections and nuclide

number densities in the concerned burnup step.
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2.3. Whole-core calculations to obtain eigenvalues and neutron flur distri-

butions

Although several solvers for three-dimensional systems have been implemented in CBZ,
the present version of FRBurner can only use the two-dimensional cylinder model; thus,
users should construct a cylindrical core model from a three-dimensional core configura-
tion. The neutron diffusion or transport equation defined for the cylindrical core model
can be solved, and the eigenvalue and the neutron flux spatial distribution over the whole
core can be obtained. When the neutron diffusion equation is solved, a solver PLOS, which
adopts the finite-volume spatial discretization, is used. When the neutron transport equa-
tion is solved, a solver SNRZ, which adopts the diamond-differencing spatial discretization
scheme and the discrete ordinates angular discretization scheme, is used. The inner it-
erations are accelerated by the diffusion synthetic acceleration in SNRZ. Both solvers
implement the coarse-mesh finite difference acceleration for the outer power iteration.

Calculations of the reactivity induced by the reduction in coolant density and the
increase in the fuel temperature can be calculated by the exact perturbation theory in
an arbitrary burnup cycle. The homogenized microscopic cross sections of the assemblies
at these perturbed states are conducted in the initial burnup cycle. The effective delayed
neutron fraction Feg can be also calculated with the forward and adjoint neutron fluxes

obtained by PLOS or SNRZ.

2.4. Fuel burnup calculations

With the neutron flux energy and spatial distribution obtained by the whole-core
calculation, the nuclide-wise reaction rates can be calculated, and with these reaction
rates, the changes in the nuclide number densities with time can be calculated. This
nuclide transmutation process is simulated by fuel burnup calculations with a nuclide

burnup chain.
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In the nuclide burnup chain, 21 important actinides are considered. On fission prod-
ucts, the pseudo fission products are generally used in the fast reactor neutronic analyses
since the variation in neutron capture cross sections of various fission products is not
significant in fast reactors. When the pseudo fission products are introduced to a burnup
chain, the number of nuclides in the burnup chain could be small, and the fuel burnup
calculations can be done easily. On the other hand, the detailed information on the nuclide
inventory included in the spent nuclear fuel is required for the works relevant to nuclear
waste management or spent fuel reprocessing. In such cases, it is preferred that the fission
products are explicitly treated in a burnup chain. This requires a relatively large computer
memory since the information on nuclide inventories including a large number of fission
products must be stored for all burnup media through whole-core burnup calculations.
Such fuel burnup calculations, with the detailed nuclide burnup chain treating fission
products explicitly, are also possible in FRBurner.

Nuclides transmutation is represented by the Bateman equation, and the solution to
this equation is obtained by the matrix exponential method in FRBurner. There exists
several methods to numerically calculate the matrix exponential in CBZ, FRBurner adopts
the mini-max polynomial approximation method®!°. This can be adopted to the Bate-
man equation including the quite short half-lived nuclides, which should be considered in
burnup calculations with the detailed nuclides burnup chain.

Fuel exchange during multiple burnup cycles can be simulated by FRBurner. Since a
reactor core is modeled as a cylinder, the explicit representation of a reactor core consisting
of fuel assemblies with different irradiation histories is impossible. In FRBurner, nuclide
number densities are calculated for each assembly with its irradiation history, but in the
whole-core calculations, the macroscopic cross sections are obtained through the averaged

number densities over a region which is involved in burnup calculation.



J. Nucl. Sci. & Technol. Article

3. Verification work with the OECD/NEA benchmark

In this section, essential information about four fast reactor cores which are provided
by the benchmark, the calculation methodology of FRBurner and the reference results

are introduced. Bias comparison and error analysis are discussed also in this section.

3.1. Core configuration

As mentioned in section 1, four fast reactor cores are described in the benchmark:
MET-1000, MOX-1000, MOX-3600 and CAR-3600. The name of the cores indicates the
fuel type and power level (core size), as listed in Table 1. Each core is modeled as
multi-layer cylinder model, and the width of each layer is calculated from the sum of
the hexagonal-cross-section assembly areas of corresponding layers. The layout of the
MET-1000 multi-layer cylinder model is shown in Figure 2 as one example, the y-axis
is the axial direction and the x-axis is the radial direction. Medium information is listed

according to the medium number in the right of the figure.

Table 1 Fuel type and core size information of each benchmark core

Core name Fuel type Power level [MWe]

MET-1000  Metallic 1000
MOX-1000 MOX 1000
MOX-3600 MOX 3600
CAR-3600 Carbide 3600

The benchmark provides number density data at the beginning of equilibrium cycle
(BOEC), and users calculate the number density data at the end of equilibrium cycle
(EOEC). The effective neutron multiplication factor kg, effective delayed neutron frac-
tion Be, sodium void reactivity Apyoiq and Doppler reactivity Appeppler are four target
parameters, and the reference results provided by a variety of institutes of these four pa-
rameters at BOEC and EOEC are given in the benchmark. The condition for calculating

Apyoia is that all sodium is voided. The condition for calculating Appeppler is that the



J. Nucl. Sci. & Technol. Article
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Figure 2 Multi-layer cylinder model of MET-1000.

temperature in the core regions are changed to twice those of the standard state.

The normalized (scaling to unit length) forward and adjoint neutron fluxes at the
center of each core calculated by the diffusion solver with the 70-group cross section
are shown in Figure 3 in order to show the basic characteristics of these four cores.
It is obvious that MET-1000 consisting of metallic fuel has a harder neutron spectrum.
Energy group wise Apyoiq and Appeppier; Which are calculated by the diffusion solver with
the 70-group cross section are shown in Figure 4, and component-wise Apyoiq is shown in
Figure 5. From Figure 4 it is noticed that all four cores have a significant Ap,.q peak
around 0.8 MeV, which is caused by the sodium nuclide, and Appeppier in an energy range
higher than 10° eV is negligible. Then, Figure 5 reveals that Apy.iq is mostly caused by

the scattering and leakage components.

3.2. Calculation methodology in the verification work

FRBurner applies the traditional two-step method to solve problems. Three lattice
model options are available in the lattice calculation procedure: two-dimensional hexag-
onal rigorous model, one-dimensional cylinder model and zero-dimensional homogeneous
model. The heterogeneity of the assembly structure cannot be considered in the whole-core

calculation procedure since the whole core is completely homogenized as a two-dimensional

10
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cylinder. Considering other options for theory, library and energy group structure, there-
fore, multiple combinations in FRBurner can be chosen for diverse problems according to
purpose.

In the verification part, the most rigorous methodology, the two-dimensional lattice
model in assembly calculation procedure with the transport theory-based solver SNRZ
(P1S4) with 280-group CBZLIB, was used. The 280-group structure CBZLIB is based on
the JAERI fast set-3 (JFS-3) structure proposed for sodium-cooled fast reactor analysis,
and each group of this 70-group structure is divided into 4 groups. References provided
by JAEA (Japan Atomic Energy Agency) and CEA (Commissariat a 1’énergie atomique)
were used for verification. The methodologies of these two chosen references are shown
in Table 2. The suffix of the reference name in Table 2 is to maintain consistency with
the benchmark. It should be noted that these references use 3-dimensional models in the
whole-core calculation step. Although these two institutes provided several references, we
only chose one reference from each institute. The JENDL-4.0'-based CBZLIB and the
JEFF-3.1.1"2-based CBZLIB were used for the present calculation for comparison with
the JAEA-2 and CEA-1 reference results, respectively.

To verify the burnup function of FRBurner, the number density at EOEC was calcu-

lated by FRBurner based on the BOEC number density which is given by the benchmark.

Table 2 Methodologies used for the references.

JAEA-2 CEA-1
Library JENDL-4.0 JEFF-3.1
Lattice code MARBLE(SLAROM-UF) ECCO
Core code MARBLE(TRITAC) ERANOS VARIANTS
Lattice geometry Heterogeneous Heterogeneous
Core geometry Homogeneous Homogeneous
Approximation Diffusion(Transport correction) Transport SP;
Depletion chain - Pseudo FP
Fuel S/A One-dimensional multi-ring, 70g-70g | Two-dimensional hexagonal, 1968g-33g
Energy groups in lattice/core 70-group/70-group 1968-group/33-group

As this work was preliminary verification, the criteria of the FRBurner module calcu-

lation on Kegr, Sefrs Apyoid and Appoppler Were set at 0.5%, 3%, 10% and 10%, respectively.

13
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3.3. Bias comparison with the JAEA reference result

The JAEA-2 reference only contains the results of MET-1000 and MOX-3600. The
reference and the FRBurner calculation results are summarized in Table 3. A relative
biases comparison is shown in Figure 6. Relative biases on k.g are multiplied by 10 for
clarification.

Table 3 JAEA-2 reference and FRBurner results based on the JENDI-4.0 library.

BOEC EOEC
Ees ‘ Betr ‘ Apyoid ‘ ApDoppler Kot ‘ Betr ‘ Apyoid ‘ Appoppler | Apeycle
JAEA-2
MET-1000 1.0289 | 339 2170 -375 1.0081 | 338 2256 -389 -2004
MOX-3600 | 1.0133 | 363 1948 -921 1.0193 | 355 1977 -881 581
FRBurner
MET-1000 | 1.02910 | 336 2147 -352 1.00815 | 335 2239 -366 -2019
MOX-3600 | 1.00889 | 361 2002 -924 1.01602 | 353 2027 -878 696

* ke is unitless parameter, the unit of others are per cent mille (pcm).
* Apeycle value in benchmark is not calculated from keg. To keep consistency, Apcycle calculated by keg

is listed at here.

Bias comparison to JAEA-2
15% :

MET-1000, BOEC mmmmm MET-1000, EOEC s
MOX-3600. BOEC MOX-3600, EOEC
10% | 4+ Biason Apcycle a

MET-1000: 15.3pcm (0.76 %)

MOX-3600: 114.7pcm (19%)
5% I -

e N RLLS

-5% - I -

-10%

| | | | | | | |
10(kerp) Bt APyoia APpop 10(ker) Bt APyoia APpop

Figure 6 Biases comparison between FRBurner and JAEA-2 reference at BOEC and EOEC.

The maximum bias of each parameter is less than 0.5%, 1%, 3% and 7% respectively.

Preferable results were obtained through comparison between the JENDL-4.0-based CB-

14
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ZLIB FRBurner calculation results and the JAEA-2 reference results. The biases at BOEC
and EOEC were consistent with each other, suggesting perfect performance of the burnup

calculation function.

3.4. Bias comparison with the CEA reference result

The CEA-1 reference was used as supplement although it provides results for all four
cores due to methodology differences between CEA-1 and FRBurner. The CEA-1 reference
and the FRBurner calculation results are summarized into Table 4. Relative biases of

each parameter are summarized into Figure 7.

Table 4 CEA-1 reference and FRBurner result based on the JEFF-3.1.1 library.

BOEC EOEC
ke | Ber | Apvoid | Appoppler | ket | Bei | Apyoia | Appoppler | Apeyele
CEA-1
MET-1000 | 1.0372 | 355 | 2190 -362 1.0100 | 354 | 2385 -357 -2596
MOX-1000 | 1.0316 | 345 | 1922 -789 1.0141 | 342 | 2060 =767 -1673
MOX-3600 | 1.0162 | 381 | 1931 -971 1.0136 - 2056 -887 -252
CAR-3600 | 1.0097 | 391 | 2122 -1048 1.0147 | 381 | 2233 -949 488
FRBurner

MET-1000 | 1.03836 | 343 | 2012 -348 1.01553 | 342 | 2108 -364 -2165
MOX-1000 | 1.03792 | 334 1845 -731 1.02422 | 332 1881 =747 -1289
MOX-3600 | 1.01451 | 370 1856 -926 1.01881 | 362 1896 -884 413
CAR-3600 | 1.00903 | 380 | 2053 -970 1.02050 | 371 2162 -921 1281

* keg is unitless parameter, the unit of others are per cent mille (pcm).
* Apcycle value in benchmark is not calculated from keg. To keep consistency, Apcycie calculated by kes

is listed at here.

The maximum bias of each parameter is less than 1.0%, 4%, 12% and 12%, respectively.
These results are regarded as acceptable regardless of the relatively large biases (>10%)

on Apyeia and Appeppler because such a large bias does not always occur in all four cores.

3.5. Bias analysis

Firstly, the comparison between the FRBurner calculation and the JAEA-2 reference
suggested that FRBurner can give acceptable results on fast reactor analysis work, al-

though consistent results are not obtained when compared with the CEA-1 reference. The

15
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Bias comparison to CEA-1
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Figure 7 Biases comparison between FRBurner and CEA-1 reference at BOEC and EOEC.

reason for the discrepancy between FRBurner and CEA-1 is differences in calculation con-
ditions. More importantly, the biases at BOEC and EOEC show obvious differences when
compared with the CEA-1 reference. This is because the depletion calculation conditions
between FRBurner and CEA-1 are different. According to benchmark, the recommended
depletion calculation is using Molybdenum to substitute every fission production. So that
the discrepancy caused by depletion model between references can be eliminated. We
chose the same depletion calculation condition as JAEA-2 reference applies for keeping
consistency. CEA-1, however, applies pseudo-FP treatment which is different from recom-
mendation.

As the FRBurner module applies a two-dimensional homogeneous model in the whole-
core calculation step, the biases found in the two comparisons should be caused by the
difference of models in the whole-core calculation step. It is noteworthy that the impact
of this difference in the whole-core calculation step would not be large since acceptable

agreement was observed when compared with the JAEA reference result.

16
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Additionally, as for the biases on f.¢ found in comparison with the CEA-1 reference,
the delayed neutron emission data are partly responsible them. While energy-dependent
delayed neutron yield, vq, is used in CBZ, energy-independent 14 is adopted by CEA-1.
As v4 becomes smaller with increased incident energy, FRBurner tends to give smaller

Begr than the CEA-1 reference.

4. Impact of the methodology option on numerical result

In this section, the differences (effects on) results while applying zero-dimensional /one-
dimensional /two-dimensional lattice model, diffusion/transport theory and coarse/fine-
energy group structure library are investigated. The dependencies among these three
effects are also studied. The differences between two different order options of the transport
theory solver (PxSy) are studied as supplement. Data used in this section are obtained
only from the JEFF-3.1.1-based CBZLIB calculations, because there is no correlation
between ENDF library and the terms which are analyzed in this section. Accordingly, the
JENDL-4.0-based calculation results are not discussed here. To investigate the differences,
we focused not only ke, Ber; Apyoia and Appeppler, but also the components of Apyeiq:
the non-leakage and leakage components, are investigated. To avoid redundancy, only the
effects at BOEC are shown in tables and figures in this section since these effects have no

relationship with the burnup calculation.

4.1. Three lattice models (model effect)

Three options for the lattice model in the first step of the traditional two-step method
are provided in FRBurner. It is essential to recognize the degree of effect caused by the
one-dimensional cylinder model /two-dimensional hexagonal model when compared with
the zero-dimensional homogeneous model since the zero-dimensional model is applied

particularly in the beginning of work, and researchers would like to adjust the core config-

17
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uration based on this preliminary calculation result. It would be beneficial if users could
estimate a more accurate value using the result of such comparison.

Firstly, the two-dimensional lattice model effect is shown in Figure 8. Specific values
of each parameter are recorded into appendix. From Figure 8 we find that:

(1) The two-dimensional lattice model makes obvious changes on keg, Apyoiq and
Appoppler approximately from 0.4% to 0.6%, from -5% to -8% and 5%, respectively,
compared with the zero-dimensional lattice model.

(2) The lattice model effect does not depend on the theory(diffusion/transport) and the

energy group structure.
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Figure 8 Two-dimensional lattice model effects of multiple methodologies in JEFF-3.1.1-based-CBZLIB

calculations.

Secondly, direct comparison between the two- and one-dimensional lattice models is

shown in Figure 9.
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Figure 9 Direct comparison between two-dimensional and one-dimensional lattice models.

19



J. Nucl. Sci. & Technol. Article

According to Figure 9 we indirectly come to the conclusion that the one-dimensional
lattice model causes almost identical changes on four parameters compared with the
two-dimensional lattice model; namely, the one-dimensional lattice model represents the
characteristics of the two-dimensional hexagonal assembly pretty well.

The increase in keg obtained from the heterogeneous lattice model is due to the spatial
and energy self-shielding effects, which reduces the neutron absorption of the two/one-
dimensional lattice model system compared with that in the zero-dimensional lattice.
Next, the decrease in Apyyq is due to the decrease in the non-leakage component of
Apyoiqa which is positive. More accurately, the decrease in the non-leakage component of
Apyoia is due to the changes in yield, absorption and scattering fractions (the main con-
tribution is the scattering fraction). The sign of yield, absorption and scattering fractions
are negative, positive and positive respectively, and the heterogeneous model enhances
the yield fraction, and decreases the absorption and scattering fractions. Thus, these to-
tal effects decrease Ap,oq when applying the heterogeneous model. Thirdly, the increase
in Appeppler is due to the change in the background cross section >, in resonance cal-
culations. ¥, in the homogeneous model is larger than that in the heterogeneous model.
Therefore, the absorption cross section of 233U and its change due to temperature increase

in the homogeneous model is larger than those in the heterogeneous model.

4.2. Two solvers (transport-effect)

At present, FRBurner has three available solvers that apply the diffusion theory, the
transport theory and the simplified — P; (SP3) method, respectively. In this work, only
the diffusion and transport solvers were employed for verification and methodologies dif-
ferences investigation of the differences in methodologies. The differences between the
transport and diffusion theory solvers under three lattice models condition, with two en-

ergy group structures are studied in this subsection. Figure 10 shows the transport-effect
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obtained by the six methodologies.
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Figure 10 Transport-effect obtained by multiple methodologies in JEFF-3.1.1-based-CBZLIB calcula-

tions.

(1) The transport theory solver (transport-effect) causes a significant increase in ke,
about 0.4% for the 70-group calculation and 1.0% for the 280-group calculations.

(2) Concerning Apyeia, the transport-effect differs for different sized cores. The effect
on the middle-sized cores is more obvious than that in the large-sized cores. The
transport-effect on Apeiq of the large-sized cores is quite small.

(3) The transport-effect strongly relates to the energy group structure, and fine-energy
group structure enhances the transport-effect. However, the transport-effect is in-
dependent on the lattice model.

To find out the cause of transport-effect, and why the fine-group structure enhances

transport-effect, we take the MET-1000 and MOX-3600 as targets, the neutron flux in
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several typical locations, relative difference between transport-solver-calculated ¢,, and
diffusion-solver-calculated neutron flux ¢ p; (transport-effect on neutron flux), macroscopic
total and scattering cross-section and microscopic scattering cross-section of Na and Fe are
investigated together. Figures 11 and 12 show the energy-wise distribution of transport-
effect on neutron flux. For MET-1000, mediums 0, 10 and 20 are in inner-core, mediums
27, 35 and 43 are in outer core. The mediums 0, 10, 20 and medium 27, 35, 43 belong
to two fuel assemblies, respectively. The mediums 0 and 27 locate at top, and mediums
20 and 43 locate at bottom. Similarly, for MOX-3600, mediums 0, 18 and 36 belong to
inner-core, mediums 47, 57 and 67 are outer core. The mediums 0, 18, 36 and mediums
47, 57, 67 belong to two fuel assemblies, respectively. The mediums 0 and 47 locate at

top and mediums 36 and 67 locate at bottom.
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Figure 11 Transport-effect on neutron flux, MET-1000.

The following points can be observed:

e Although transport-effect shows negative effect at some regions and some energy
ranges, eventually it is a positive effect for target reactors.

e The transport-effect in outer-core regions and near-reflector regions is more obvious.

e Fine-energy group structure enhances transport-effect at entire energy range, mostly
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Figure 12 Transport-effect on neutron flux, MOX-3600.

for outer-core regions.
Besides, Figure 11 suggests that transport-effect has correlation with scattering cross-
section since there is a slight peak around 3keV, and Na has a elastic-scattering cross-
section peak around 3keV.

The transport-effect on neutron flux behaves differently in inner-core and outer-core
regions suggests that it is a ”spatial-correlated” effect. The transport-effect reduces inner-
core neutron flux level, and increases outer-core neutron flux level. Due to the outer-
core region has more fissile material, the kg is increased eventually. If considering the
transport-effect reversely, the nature of transport-effect is the error caused by diffusion
approximation. Therefore, above two figures indicates that diffusion-solver increases the
neutron flux level in inner-core, and reduces flux level in outer-core. The gradient of
neutron flux is increased by using diffusion-solver. Naturally, the neutron leakage is further
overestimated due the increased neutron flux gradient.

As for the detailed mechanism of fine-energy group structure enhances the transport-
effect, the authors think it is difficult to give a quantified explain since the system is

complicated, so that further discussion is omitted at here.
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Above discussion also indicates one thing that diffusion-solver shall cause larger error
for sodium-cooled reactor, especially for reactor which has multiple regions (inner-region,
outer-region). Analysis for such type of reactor system should not be conducted with
diffusion-solver. When neutronic analysis of such type of reactor system is conducted by
diffusion theory, one should pay more attention on bias caused by diffusion approximation.

Next, the reason for the increase in Apyoq obtained by the transport solver for the
middle-sized cores is the same as that for the increase in keg. That is, correcting the
neutron leakage overestimation would decrease the leakage component of Apyiq, as shown
in Figure 10. Neutron leakage in large-sized cores, however, is less significant than that
in middle-sized cores. Accordingly, correcting the overestimation of neutron leakage for
large-sized core calculations does not result in significant differences when compared with
the diffusion theory solver. The authors believe that the different levels of neutron leakage
for different sized cores are responsible for the difference of this significant transport-effect.

Additionally, the transport-effect calculated for MET-1000 is larger than that for the
others. This is due to a relatively harder neutron spectrum of the metallic fuel core than

other cores. For this reason, the overestimation of neutron leakage is more significant.

4.3. Coarse/fine energy group structure (fine-energy group effect)

Two energy group structures were applied in this work: 70-group and 280-group. There
would be six methodologies for each core: two/one/zero/dimensional lattice model with
diffusion/transport theory solver. Figure 13 shows this fine-energy group effect and in-
dicates that:

(1) The fine-energy group calculation largely increases keg: around 0.2% for the diffusion
theory solver calculations, and from 0.2% to 0.6% for the transport theory solver
calculations.

(2) The fine-energy group calculation has a negative effect on Apyeiq. The negative ef-

24



J. Nucl. Sci. & Technol. Article

10% 10%

MET-100 MOX-100¢
8% 8%
6% 6%
4% 4% 7 q
2% 2% é q
A . | l
0% i % | % % E y 0%} p g ? g /) ]
2% é é 2% l
-4% A -4%
6% 0b-D 2D-Di ID-Tr -6%| " 0D-Di 2D-Di ID-Tr ‘
8% ID-Di = OD-Tr 2D-Tr 8% ID-Di s (OD-Tr 2D-Tr
8% ‘ : : : 8% ‘ : : : ‘
10(keg)  Per  N-leak  Leak  APyoig APpoppler 10(ky)  Ber  N-leak  Leak  APyoig  APpoppler
10% 0OX-360f 10% CAR-360!
8% 8%
6% 6%
4% 4%
7
" om N %
0% . | 7 g - % Z 8 0% Z— % 5 | 4 g
2% A U -2% g
A
4% 4%
6% 0DD 2D-Di ID-Tr 6% 0D-D 2DDi DTt
8% 1D-D1‘ = (0D-Tr ! ‘2D—Tr 8% 1D-D; — OD-Tr ! ‘ZD-Tr
0 10Ckegr) Befr N-leak Leak Apyoid ApDoppler ’ 10Ckegr) Befr N-leak Leak APyoid ApDoppler

Figure 13 Fine-energy group structure effects under multiple methodologies in JEFF-3.1.1-based-

CBZLIB calculations.
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fect is due to the decrease of the non-leakage component of Apyuq (positive value)
and the increase of leakage component of Apyq (negative value). Besides, the neg-
ative effects on Ap,eiq differ between the middle-sized and large-sized cores. In the
middle-sized cores, the negative effect is more intense in the diffusion theory solver
calculations; however, in the large-sized cores, the negative effect is nearly identical.

(3) The fine-energy group effect is independent of the lattice model, but it has a rela-
tionship with the calculation theory. For large-sized cores, the difference between
theories becomes negligible.

There are several possible explanations for these fine-energy group effects. The first
is the weighting function used to generate the multi-group constant. In this study the
IWT=8 weighting function was used. In the 70-group case the IWT=8 weighting function
may have caused errors, but the errors would be reduced in the 280-group structure case.
The second is the change in the resonance absorption cross sections of medium mass nuclei

such as Fe and Na. These two factors should contribute to the fine-energy group effect.

4.4. The order of transport solver

In FRBurner, the order of the transport solver is determined by two parameters: Py
and Sy, which are the maximum order of the Legendre polynomial for the anisotropic
scattering cross section expansion, and the number of discrete points in a direction angle,
respectively. Generally, option P1S, is applied. P3Sg is known to be more accurate; how-
ever, it could be extremely time-consuming. Figure 14 shows the differences between the
P1S, and P3Sg options in 70-group calculations.

Option PS4 could provide preferable results with enough accuracy for problems such

as preliminary/initial stage calculation that do not require high accuracy.
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Figure 14 Differences between PS4 and P3Sg options for transport solver.
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4.5. Dependency among three variables on methodology

The above investigations have thoroughly described the degree to which changes would
be caused by different methodologies. The dependencies among the lattice model effect,
transport-effect and fine-energy group effect are discussed in this subsection.

Firstly, from Figure 8 it is obvious that the lattice model effect has no relationship
with the core calculation theory and the energy group structure. This independence indi-
cates that users could freely choose any lattice model according to need. On the contrary,
it is clear from Figure 10 that the transport-effect depends on the energy group structure.
As discussed above, we already know that it is not appropriate to apply the fine-energy
group option with the diffusion theory. Accordingly, the fine-energy group effect has s
relationship with the calculation theory as well, as shown in Figure 13.

The dependency investigation suggests users how to properly set the calculation

methodology with the FRBurner module.

5. Examples of burnup calculation results with the detailed nuclides chain

model

In this section, some examples of burnup calculation results with the detailed nuclides
chain model that explicitly treats the fission products are presented. The target fast
reactor is JSFR-1500, which is a 1,500 MWe large MOX-fueled sodium-cooled fast reactor
developed by JAEA through a feasibility study on the commercialized fast reactor cycle
systems'®. This reactor has been designed to achieve a long operation period and a high
conversion ratio. JSFR-1500 has two different core concepts: the transition-phase core
and the equilibrium core, and the latter was treated in the present calculation. Detailed
calculation conditions such as material compositions and geometrical configurations were
taken from the open literature. The cylindrical core model of JSFR-1500 prepared for

FRBurner is shown in Figure 15.
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Figure 15 JSFR-1500 Cylindrical core model for FRBurner calculation.

In the present calculations, the JENDL-4.0-based 70-group CBZLIB was used, and
the zero-dimensional homogeneous assembly model and the diffusion theory-based solver
PLOS were adopted. For the burnup calculations, a detailed nuclide chain model consist-
ing of 193 fission products, which are included in the most detailed nuclide chain model
used in the SRAC-2k6 code'*, and four other nuclides, was used. That is a total of 197
nuclides were explicitly treated in this detailed chain model. The calculated effective neu-
tron multiplication factor kg during the initial six burnup cycles is shown in Figure 16.
Since the number of refueling batches is four for all the assemblies, the core reaches the
equilibrium state after the initial three cycles. At the end of the equilibrium cycle, ket is

slightly larger than unity. This suggests that our calculation model is reasonable.

5.1. Darect calculations of back-end-related quantities

Through whole-core burnup calculations with the detailed burnup chain model, precise
information on the compositions of discharged fuel assemblies per cycle can be obtained;
and important quantities related to the back-end nuclear fuel cycle, such as the radioac-
tivity and the decay heat of the discharged nuclear fuel can be calculated. This is one of
the specific features of FRBurner, and this cannot be accomplished if the conventional
simple chain model including the pseudo fission products is used.
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Figure 16 Effective neutron multiplication factor during burnup

Figure 17 shows the radioactivity and the decay heat of the fuel discharged after a
cooling period following an equilibrium cycle. This figure also provides the contributions
of heavy metal and fission products separately. Additionally, it is also possible to show the
nuclide-wise contributions. Note that the nuclear fuel cooling calculations were performed
by the Cooler module of the CBZ code system, and all the fission products defined in

JENDL/FPY-2011'516 are explicitly take into consideration.
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Figure 17 Radioactivity and decay heat of discharged nuclear fuel.
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5.2.  Quantification of impact of impurities in recycled fuel on neutronics

parameters

In the nuclear fuel cycle, certain reusable materials such as fissile (or fissionable) nu-
clides are extracted from discharged fuels in spent fuel reprocessing. During this process, a
small fraction of other materials should accompany the reusable materials, and the accom-
panying materials should be considered as impurities in the recycled fuel. Since burning
the minor actinides is also an important role of the fast reactors, the minor actinides are
also extracted in the reprocessing. However, since it is well known that chemical separa-
tion of the minor actinides from the rare earth elements is a challenge, special measures
to achieve high separation efficiency are required. Under this circumstances, the concept
of a fast reactor with poorly-decontaminated fuel has been proposed to enhance the fea-
sibility of the nuclear fuel cycle!”. In this type of work, the impact of the impurities in
the recycled fuel on the neutronic properties of fast reactors should be quantified. This
cannot be addressed by the conventional fast reactor burnup calculations with a simple
burnup chain model including the pseudo fission product methods. On the other hand,
this can easily be done by FRBurner with the detailed chain model mentioned below.

Here we assume that the rare earth elements are mixed in the recycled fuel at a fixed
volume ratio. Note that yttrium is also considered as one rare earth element because of its
chemical similarity to the rare earth elements. Since we need to obtain the compositions of
the rare earth elements in the recycled fuel in the equilibrium state, iterative calculations
are performed to obtain converged compositions of the rare earth elements. The plutonium
enrichment in the charged fuels is adjusted so as to make k.g at the end of the equilibrium
state close to unity. The volumetric ratios of each rare earth element to the total in the
discharged fuel in the equilibrium state with different volume fractions of the rare earth
element to the recycled fuel are shown in Figure 18. The dependence of the volumetric

ratios on the volume fractions is generally small, but slight dependence is observed in
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some rare earth elements such as Gd and Pm. This kind of evaluation cannot be done

easily when the conventional simple burnup chain model is employed.
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Figure 18 Volumetric ratio of each rare earth element in discharged fuel.

The impact of the impurities in the recycled fuel on several neutronic parameters is
quantified in Figure 19. The changes in neutronic parameters by adding the rare earth

elements to the recycled fuel are consistent with the previous work!”.

6. Conclusion

FRBurner, a recent developed fast reactor neutronic calculation module of the CBZ
code system, has been verified through the solving of four fast reactor core problems
and compared with two references which are provided by two institutes. Four reactor
physics key parameters were focused in this verification: Keg, Befr, Apvoid and Appeppler-
The maximum biases obatined from the JENDL-4.0-based CBZLIB and JEFF-3.1.1-based
CBZLIB were less than 0.5%, 1%, 3% and 10%, and 1.0%, 4%, 12% and 12%, respectively.
This verification work indicated that FRBurner could provide accurate prediction on ke,
Befts Apyoia and Appeppler for general-type fast reactor systems due to the four fast reactor
cores which were used for verification cover typical fuel types and core sizes proposed as

fast reactor concepts.

Secondly, the authors analyzed the differences between methodologies that are avail-
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Figure 19 Impact of impurities in the recycled fuel on neutronics parameters.

able in FRBurner at present.

The investigation of lattice model effect suggested that the heterogeneous model is
crucial for calculation, but the one-dimensional lattice model is sufficiently accurate esti-
mate the neutronic properties. As the heterogeneous models have large influence on kg,
Apyoia and Appeppler, it is essential to take into account the effect when studying these
three parameters with the one-dimensional homogeneous lattice model.

The transport-effect study indicated that the transport solver has a large impact on
kefr, and Apyoiqa (only for the middle-sized cores). A larger transport-effect on keg for the
fine-energy group calculations means that diffusion theory solver should not be applied
with the fine-energy group library. Thus, the use of methodology options in combination
with the fine-energy group library and the diffusion theory solver should be avoided. The
transport-effect investigation also indicates that diffusion approximation may cause larger

bias for sodium-cooled fast reactor system, especially for system which has multiple core
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regions. Therefore, when diffusion theory is used in sodium-coolant fast reactor analysis,
more attention should be paid on bias. In addition, the study on PxSy order of the
transport solver revealed that the PS4 option is sufficiently accurate to represent P3Sg for
a problem which does not require a highly accurate calculation in the preliminary /initial
stage.

The fine-energy group effect research demonstrated that the fine-energy group struc-
ture calculation is necessary for reasonably accurate analysis of k.s. Considering the
magnitude of biases, it is not necessary to apply the fine-energy group calculation for
reasonably accurate analysis of Bes, Apyoia and Appeppler -

Comprehensive investigation of the above-mentioned effects while applying diverse
methodologies may be useful in choosing an appropriate methodology for work with a
different purpose.

Thirdly, the availability of the detailed burnup chain model was confirmed through
numerical calculation using a 197 nuclide detailed chain model on the JSFR-1500 core
concept.

Our future works regarding the FRBurner module include the implementation of
three dimensional core calculation capability, library generation from the recent libraries,

ENDF /B-VIIL0!® and JEFF-3.3'% and implementation of the advanced leakage theory?°.
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Appendix: Detailed data of FRBurner calculation on four cores with various

methodologies

In the following tables, ‘JDL/JEF’ represents the JENDL-4.0/JEFF-3.1.1, respectively. ‘70g/280g’ means the

energy group structure. ‘0D/1D/2D’ represents the lattice model type. ‘Di/Tr’ means the theory in the whole-

core calculation step. ‘Yield’, ‘Absorp’, ‘Scatt’, ‘N-leak’, ‘Leak’ and ‘Tot Apyoia’ represent the yield, absorption,

scattering, non-leakage, leakage component of Apyoia and total Apyoeia, respectively.
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Table A-1 Original data of FRBurner calculations with various methodologies: MET-1000.

keff

| Beg | Yield | Absorp | Scatt [ N-leak | Leak [ Tot Apyoia | Appoppler

The unit of each parameter in this table is per cent mile (PCM) except keg

JDL-70g-0D-Di BOEC | 1.01403 | 337 | -14 222 3903 | 4111 | -1843 2268 -341
JDL-70g-0D-Di EOEC | 0.99501 | 336 | -15 231 4025 | 4240 | -1884 2356 -352
JDL-70g-0D-Tr BOEC | 1.01885 | 337 | -14 221 3922 | 4129 | -1812 2317 -339
JDL-70g-0D-Tr EOEC | 0.99978 | 336 | -15 229 4046 | 4260 |-1855 2406 -350
JDL-70g-1D-Di BOEC | 1.01802 | 338 | -66 199 3856 | 3988 | -1838 2150 -357
JDL-70g-1D-Di EOEC | 0.99837 | 337 | -66 205 3978 | 4116 | -1881 2235 -370
JDL-70g-1D-Tr BOEC | 1.02284 | 337 | -66 198 3874 | 4006 | -1807 2200 -355
JDL-70g-1D-Tr EOEC | 1.00314 | 336 | -66 205 3998 | 4137 | -1851 2286 -367
JDL-70g-2D-Di BOEC | 1.01848 | 338 | -73 206 3852 | 3984 | -1838 2146 -356
JDL-70g-2D-Di EOEC | 0.99881 | 337 | -73 213 3973 | 4112 | -1881 2231 -369
JDL-70g-2D-Tr BOEC | 1.02330 | 338 | -72 206 3869 | 4002 | -1807 2196 354
JDL-70g-2D-Tr EOEC | 1.00358 | 336 | -72 212 3993 | 4133 | -1850 2282 -366
JDL-280g-0D-Di BOEC | 1.01658 | 336 | -13 219 3827 | 4033 | -1842 2191 -336
JDL-280g-0D-Di EOEC | 0.99624 | 335 | -13 228 3953 | 4168 | -1884 2284 -348
JDL-280g-0D-Tr BOEC | 1.02459 | 335 | -13 217 3832 | 4036 | -1767 2269 -337
JDL-280g-0D-Tr EOEC | 1.00425 | 334 | -14 225 3962 | 4174 | -1810 2364 -349
JDL-280g-1D-Di BOEC | 1.02058 | 336 | -80 216 3775 | 3909 | -1837 2072 -352
JDL-280g-1D-Di EOEC | 0.99968 | 335 | -81 224 3901 | 4043 | -1881 2162 -365
JDL-280g-1D-Tr BOEC | 1.02863 | 336 | -79 213 3781 | 3915 | -1761 2154 -352
JDL-280g-1D-Tr EOEC | 1.00772 | 335 | -79 220 3910 | 4051 | -1805 2246 -366
JDL-280g-2D-Di BOEC | 1.02104 | 336 | -91 225 3769 | 3902 | -1837 2065 -352
JDL-280g-2D-Di EOEC | 1.00011 | 335 | -91 233 3895 | 4035 | -1881 2154 -365
JDL-280g-2D-Tr BOEC | 1.02910 | 336 | -90 222 3776 | 3908 | -1761 2147 -352
JDL-280g-2D-Tr EOEC | 1.00815 | 335 | -90 229 3905 | 4044 | -1805 2239 -366
JEF-70g-0D-Di BOEC | 1.02238 | 344 | -14 210 3777 | 3972 | -1875 2098 -334
JEF-70g-0D-Di EOEC | 1.00149 | 343 | -15 219 3903 | 4107 | -1917 2190 -346
JEF-70g-0D-Tr BOEC | 1.02729 | 344 | -14 208 3796 | 3990 | -1845 2146 -331
JEF-70g-0D-Tr EOEC | 1.00635 | 343 | -14 217 3925 | 4127 | -1888 2240 -344
JEF-70g-1D-Di BOEC | 1.02623 | 345 | -50 179 3729 | 3858 | -1870 1988 -350
JEF-70g-1D-Di EOEC | 1.00475 | 343 | -50 186 3856 | 3991 | -1913 2078 -364
JEF-70g-1D-Tr BOEC | 1.03115 | 345 | -50 179 3747 | 3876 | -1838 2038 -347
JEF-70g-1D-Tr EOEC | 1.00960 | 343 | -49 185 3876 | 4011 | -1883 2128 -361
JEF-70g-2D-Di BOEC | 1.02666 | 345 | -54 185 3724 | 3855 | -1869 1985 -349
JEF-70g-2D-Di EOEC | 1.00516 | 343 | -54 192 3851 | 3988 | -1913 2075 -363
JEF-70g-2D-Tr BOEC | 1.03158 | 345 | -54 185 3742 | 3873 | -1838 2035 -346
JEF-70g-2D-Tr EOEC | 1.01002 | 343 | -54 192 3871 | 4009 | -1883 2126 -361
JEF-280g-0D-Di BOEC | 1.02496 | 343 | -13 209 3699 | 3896 | -1863 2033 -331
JEF-280g-0D-Di EOEC | 1.00272 | 342 | -13 219 3830 | 4036 | -1906 2129 -345
JEF-280g-0D-Tr BOEC | 1.03401 | 343 | -13 207 3707 | 3901 | -1777 2124 -332
JEF-280g-0D-Tr EOEC | 1.01175 | 341 | -14 216 3841 | 4043 | -1820 2223 -346
JEF-280g-1D-Di BOEC | 1.02881 | 343 | -62 192 3652 | 3780 | -1858 1922 -347
JEF-280g-1D-Di EOEC | 1.00604 | 342 | -62 199 3782 | 3918 | -1903 2015 -362
JEF-280g-1D-Tr BOEC | 1.03792 | 343 | -61 190 3659 | 3788 | -1770 2018 -348
JEF-280g-1D-Tr EOEC | 1.01512 | 342 | -61 197 3793 | 3928 | -1815 2113 -364
JEF-280g-2D-Di BOEC | 1.02926 | 343 | -70 199 3646 | 3774 | -1858 1916 -347
JEF-280g-2D-Di EOEC | 1.00646 | 342 | -71 207 3776 | 3912 | -1903 2009 -363
JEF-280g-2D-Tr BOEC | 1.03836 | 343 | -69 197 3654 | 3782 | -1770 2012 -348
JEF-280g-2D-Tr EOEC | 1.01553 | 342 | -69 205 3787 | 3922 | -1815 2108 -364
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Table A-2 Original data of FRBurner calculations with various methodologies: MOX-1000.

keff

| Begr | Yield [ Absorp | Scatt | N-leak | Leak [ Tot Apyoia | Appoppler

The unit of each parameter in this table is per cent mile (PCM) except kg

JEF-70g-0D-Di BOEC | 1.02495 | 335 | -23 408 2842 | 3226 |-1226 2000 -673
JEF-70g-0D-Di EOEC | 1.01271 | 333 | -24 417 2889 | 3283 | -1245 2037 -685
JEF-70g-0D-Tr BOEC | 1.02844 | 335 | -23 402 2855 | 3234 |-1227 2007 -671
JEF-70g-0D-Tr EOEC | 1.01616 | 333 | -24 412 2903 | 3291 |-1248 2043 -683
JEF-70g-1D-Di BOEC | 1.02964 | 336 | -86 376 2788 | 3076 | -1225 1851 -707
JEF-70g-1D-Di EOEC | 1.01661 | 333 | -88 385 2836 | 3133 | -1246 1886 -721
JEF-70g-1D-Tr BOEC | 1.03313 | 335 | -84 369 2800 | 3085 | -1227 1859 -704
JEF-70g-1D-Tr EOEC | 1.02006 | 333 | -85 379 2849 | 3142 | -1249 1894 -718
JEF-70g-2D-Di BOEC | 1.03000 | 336 | -80 383 2778 | 3079 | -1226 1854 -706
JEF-70g-2D-Di EOEC | 1.01697 | 334 | -81 392 2825 | 3136 | -1247 1889 -720
JEF-70g-2D-Tr BOEC | 1.03350 | 335 | -78 376 2790 | 3088 | -1227 1862 -703
JEF-70g-2D-Tr EOEC | 1.02043 | 333 | -79 386 2838 | 3145 | -1249 1897 =717
JEF-280g-0D-Di BOEC | 1.02662 | 334 | -22 430 2765 | 3173 | -1209 1963 -699
JEF-280g-0D-Di EOEC | 1.01378 | 331 | -23 441 2813 | 3231 | -1230 2001 -712
JEF-280g-0D-Tr BOEC | 1.03277 | 333 | -22 420 2777 | 3174 | -1175 1999 -697
JEF-280g-0D-Tr EOEC | 1.01986 | 331 | -23 431 2826 | 3234 |-1196 2038 -711
JEF-280g-1D-Di BOEC | 1.03136 | 334 | -125 426 2719 | 3019 | -1211 1808 -733
JEF-280g-1D-Di EOEC | 1.01777 | 332 | -127 437 2767 | 3077 | -1233 1844 -749
JEF-280g-1D-Tr BOEC | 1.03756 | 334 | -121 415 2730 | 3024 |-1176 1848 -731
JEF-280g-1D-Tr EOEC | 1.02389 | 332 | -123 426 2780 | 3083 |-1198 1885 =747
JEF-280g-2D-Di BOEC | 1.03172 | 334 | -122 432 2707 | 3017 | -1212 1804 -733
JEF-280g-2D-Di EOEC | 1.01810 | 332 | -124 444 2755 | 3074 | -1234 1840 -749
JEF-280g-2D-Tr BOEC | 1.03792 | 334 | -119 422 2719 | 3021 | -1177 1845 -731
JEF-280g-2D-Tr EOEC | 1.02422 | 332 | -121 433 2768 | 3080 |-1199 1881 =747
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Table A-3 Original data of FRBurner calculations with various methodologies: MOX-3600.

keff

| Begr | Yield | Absorp | Scatt | N-leak | Leak | Tot Apygia | Appoppler

The unit of each parameter in this table is per cent mile (PCM) except keg

JDL-70g-0D-Di BOEC | 0.99755 | 363 | -18 424 2462 | 2868 | -639 2229 -862
JDL-70g-0D-Di EOEC | 1.00670 | 354 | -18 409 2475 | 2866 | -626 2240 -816
JDL-70g-0D-Tr BOEC | 1.00088 | 362 | -17 419 2474 | 2876 | -655 2221 -858
JDL-70g-0D-Tr EOEC | 1.01009 | 354 | -17 404 2487 | 2874 | -641 2233 -812
JDL-70g-1D-Di BOEC | 1.00313 | 363 | -100 382 2401 | 2681 | -640 2042 -907
JDL-70g-1D-Di EOEC | 1.01069 | 355 | -100 373 2420 | 2691 | -627 2064 -861
JDL-70g-1D-Tr BOEC | 1.00646 | 363 | -97 376 2411 | 2690 | -655 2036 -903
JDL-70g-1D-Tr EOEC | 1.01408 | 355 | -97 366 2431 | 2700 | -642 2058 -857
JDL-70g-2D-Di BOEC | 1.00326 | 363 | -95 394 2394 | 2692 | -640 2053 -903
JDL-70g-2D-Di EOEC | 1.01089 | 355 | -95 383 2414 | 2702 | -627 2074 -857
JDL-70g-2D-Tr BOEC | 1.00659 | 363 | -92 387 2405 | 2701 | -655 2046 -899
JDL-70g-0D-Tr EOEC | 1.01428 | 355 | -92 377 2425 | 2710 | -642 2068 -853
JDL-280g-0D-Di BOEC | 0.99872 | 361 | -17 441 2394 | 2818 | -637 2181 -884
JDL-280g-0D-Di EOEC | 1.00732 | 352 | -17 426 2411 | 2820 | -624 2196 -838
JDL-280g-0D-Di BOEC | 1.00313 | 361 | -17 433 2406 | 2822 | -641 2181 -882
JDL-280g-0D-Di EOEC | 1.01175 | 352 | -16 418 2423 | 2824 | -628 2196 -836
JDL-280g-0D-Di BOEC | 1.00432 | 362 | -164 484 2313 | 2633 | -638 1994 -929
JDL-280g-0D-Di EOEC | 1.01138 | 353 | -163 471 2338 | 2646 | -627 2019 -883
JDL-280g-0D-Di BOEC | 1.00876 | 361 | -158 465 2331 | 2639 | -642 1997 -927
JDL-280g-0D-Di EOEC | 1.01585 | 353 | -157 453 2356 | 2652 | -630 2022 -881
JDL-280g-0D-Di BOEC | 1.00445 | 362 | -156 476 2319 | 2639 | -639 1999 -927
JDL-280g-0D-Di EOEC | 1.01155 | 353 | -155 464 2344 | 2651 | -627 2024 -880
JDL-280g-0D-Di BOEC | 1.00889 | 361 | -151 461 2335 | 2645 | -642 2002 -924
JDL-280g-0D-Di EOEC | 1.01602 | 353 | -150 449 2359 | 2658 | -631 2027 -878
JEF-70g-0D-Di BOEC | 1.00339 | 371 | -19 416 2321 | 2718 | -648 2071 -860
JEF-70g-0D-Di EOEC | 1.00964 | 362 | -19 403 2352 | 2736 | -635 2102 -818
JEF-70g-0D-Di BOEC | 1.00676 | 371 | -18 410 2331 | 2724 | -664 2059 -856
JEF-70g-0D-Di EOEC | 1.01307 | 362 | -18 397 2362 | 2742 | -651 2090 -814
JEF-70g-0D-Di BOEC | 1.00880 | 372 | -92 369 2264 | 2540 | -647 1892 -906
JEF-70g-0D-Di EOEC | 1.01351 | 363 | -93 361 2300 | 2567 | -636 1931 -864
JEF-70g-0D-Di BOEC | 1.01218 | 372 | -88 362 2272 | 2546 | -664 1882 -902
JEF-70g-0D-Di EOEC | 1.01694 | 363 | -89 354 2309 | 2574 | -653 1921 -860
JEF-70g-0D-Di BOEC | 1.00890 | 372 | -85 380 2257 | 2552 | -648 1904 -902
JEF-70g-0D-Di EOEC | 1.01368 | 363 | -86 371 2294 | 2579 | -636 1943 -860
JEF-70g-0D-Di BOEC | 1.01227 | 372 | -82 373 2266 | 2558 | -664 1894 -898
JEF-70g-0D-Di EOEC | 1.01710 | 363 | -82 365 2303 | 2585 | -652 1933 -856
JEF-70g-0D-Di BOEC | 1.00441 | 370 | -18 435 2255 | 2672 | -645 2027 -884
JEF-70g-0D-Di EOEC | 1.01010 | 361 | -18 421 2289 | 2693 | -632 2061 -842
JEF-70g-0D-Di BOEC | 1.00899 | 369 | -17 426 2265 | 2674 | -648 2025 -882
JEF-70g-0D-Di EOEC | 1.01470 | 361 | -17 413 2299 | 2695 | -636 2058 -582
JEF-70g-0D-Di BOEC | 1.00983 | 370 | -150 445 2199 | 2494 | -646 1848 -931
JEF-70g-0D-Di EOEC | 1.01404 | 362 | -150 435 2240 | 2524 | -635 1889 -889
JEF-70g-0D-Di BOEC | 1.01444 | 370 | -144 432 2210 | 2498 | -649 1849 -928
JEF-70g-0D-Di EOEC | 1.01867 | 361 | -145 422 2250 | 2528 | -638 1890 -887
JEF-70g-0D-Di BOEC | 1.00993 | 370 | -141 445 2198 | 2501 | -646 1855 -928
JEF-70g-0D-Di EOEC | 1.01418 | 362 | -141 435 2238 | 2531 | -635 1896 -886
JEF-70g-0D-Di BOEC | 1.01454 | 370 | -136 433 2208 | 2505 | -649 1856 -926
JEF-70g-0D-Di EOEC | 1.01881 | 362 | -136 423 2248 | 2535 | -639 1896 -884
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Table A-4 Original data of FRBurner calculations with various methodologies: CAR-3600.

ke | Ber | Yield | Absorp | Scatt | N-leak | Leak | Tot Apyoia | Appoppler

The unit of each parameter in this table is per cent mile (PCM) except keg

JEF-70g-0D-Di BOEC | 0.99739 | 381 | -20 478 2721 | 3179 | -860 2319 -911
JEF-70g-0D-Di EOEC | 1.01143 | 371 | -18 456 2781 | 3219 | -797 2423 -859
JEF-70g-0D-Tr BOEC | 0.99988 | 381 | -19 467 2734 | 3182 | -874 2308 -907
JEF-70g-0D-Tr EOEC | 1.01402 | 371 | -18 446 2794 | 3222 | -817 2405 -856
JEF-70g-1D-Di BOEC | 1.00288 | 382 | -90 425 2651 | 2985 | -857 2128 -955
JEF-70g-1D-Di EOEC | 1.01528 | 372 | -90 411 2719 | 3039 | -798 2241 -904
JEF-70g-1D-Tr BOEC | 1.00537 | 381 | -84 412 2662 | 2990 | -871 2118 -952
JEF-70g-1D-Tr EOEC | 1.01786 | 372 | -84 398 2729 | 3042 | -817 2225 -901
JEF-70g-2D-Di BOEC | 1.00315 | 382 | -81 435 2638 | 2991 | -857 2134 -952
JEF-70g-2D-Di EOEC | 1.01557 | 372 | -81 420 2706 | 3044 | -798 2246 -901
JEF-70g-2D-Tr BOEC | 1.00563 | 382 | -76 422 2649 | 2995 | -871 2124 -949
JEF-70g-2D-Tr EOEC | 1.01815 | 372 | -76 407 2717 | 3047 | -817 2230 -898
JEF-280g-0D-Di BOEC | 0.99930 | 380 | -18 498 2617 | 3097 | -853 2243 -930
JEF-280g-0D-Di EOEC | 1.01260 | 370 | -17 476 2680 | 3139 | -792 2347 -880
JEF-280g-0D-Tr BOEC | 1.00325 | 379 | -18 482 2629 | 3093 | -851 2242 -928
JEF-280g-0D-Tr EOEC | 1.01631 | 370 | -17 460 2692 | 3136 | -795 2341 -879
JEF-280g-1D-Di BOEC | 1.00478 | 380 | -147 509 2543 | 2904 | -833 2051 -974
JEF-280g-1D-Di EOEC | 1.01649 | 371 | -145 489 2616 | 2959 | -794 2165 -924
JEF-70g-1D-Tr BOEC | 1.00875 | 380 | -137 484 2556 | 2903 | -850 2053 -971
JEF-70g-1D-Tr EOEC | 1.02023 | 371 | -135 465 2629 | 2959 | -797 2162 -922
JEF-70g-2D-Tr BOEC | 1.00505 | 380 | -137 508 2534 | 2904 | -853 2051 -972
JEF-70g-2D-Tr EOEC | 1.01676 | 371 | -136 490 2607 | 2960 | -795 2165 -922
JEF-70g-2D-Tr BOEC | 1.00903 | 380 | -129 485 2548 | 2903 | -850 2053 -970
JEF-70g-2D-Tr EOEC | 1.02050 | 371 | -128 467 2620 | 2959 | -797 2162 -921

Table A.5 Burnup reactivity Apgycie given by different references (unit: pcm)

MET-1000 | MOX-1000 | MOX-3600 | CAR-3600
ANL-1 -1897 -1010 661 1519
CEA-1 2594 1672 253 486
CEA-10 | -2572 -1874 ~256 484
CER 1471 537 1400 2532
JAEA-2 | -2004 / 574 /
KIT 2322 -1598 26 /
UTUC-3 | -2103 1731 69 723
IKE-1 2719 / / /
Average | -2210 1443 312 1149
(£SD) 422 483 542 882
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