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Estimates of the uncertainties arising from approximations in the methods used in different
nuclear data processing and neutron transport codes are usually obtained by
inter-comparing calculations made using different code systems. This paper gives details of
an investigation of differences between results obtained by using different codes for a single
zone model of the Encapsulated Nuclear Heat Source (ENHS) benchmark core fuelled
with metallic alloy of Pu, U, and Zr. The ENHS is a new lead-bismuth or lead cooled novel
reactor concept for 20 effective full power years without refuelling and with very small reac-
tivity swing. The computational tools benchmarked include: MOCUD, a coupled
MCNP-4C and ORIGEN2.1 utility codes with MCNP data libraries based on
ENDE/B-VI evaluation; KENO-V.a/ORIGEN2.1 code system, recently developed by au-
thors of this paper, with the ENDFB-V based 238 group library; the design-oriented proce-
dure based on the simplified one-dimensional (1D) geometry model and SAS2H control
module; and the well-established fast reactor neutronics design tools in use at Argonne Na-
tional Laboratory. Calculations made for the ENHS benchmark have shown that the differ-
ences between the results obtained when using different code schemes are quite significant
and should be taken into account in assessing the quality of the nuclear data library.
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INTRODUCTION

The Encapsulated Nuclear Heat Source (ENHS)
is a new lead-bismuth or lead cooled novel reactor con-
cept for a nominal power of 125-250 MWy, [1, 2]. One
of its novel design features is its core; it is to use uniform
composition fuel rods, have no blanket elements and is
to operate for 20 effective full power years without re-
fuelling and with a very small reactivity swing. In the
absence of an experimental benchmark of comparable
hard spectrum lead-cooled cores, a computational sin-

Scientific paper
UDC: 539.125.52:519.876.5
BIBLID: 1451-3994, 18 (2003), 2, pp. 3-11

Authors’ addresses:
Nuclear Engineering Laboratory,
VINCA Institute of Nuclear Sciences
I O. Box 522, 11001 Belgrade, Serbia and Montenegro

2Depeu‘tment of Nuclear Engineering,
University of California, Berkeley, CA 94720-1730, USA

E-mail address of corresponding author:
mmilos@vin.bg.ac.yu (M. Milosevi¢)

gle zone benchmark was defined by the ENHS project
team to provide a reference design case.

This paper describes three procedures, being pre-
pared for the long-life core fuel burnup analysis of de-
fined ENHS benchmark core. The first procedure is
based on the application of the MCNP-4C [3] and
ORIGEN?2.1 [4] codes, interfaced by the MOCUP [5]
driver. The second procedure is founded on the cou-
pling of KENO-Va [6] and ORIGEN2.1 codes. These
utility codes are designed for reference calculations of
long-life cores in 2D or 3D geometry models. In the
third, design-oriented procedure, the simplified 1D ge-
ometry model and control module SAS2H are used.
The purpose of this paper is to describe the ENHS
benchmark problem and to inter-compare the results
obtained with these procedures and with fast reactor
neutronics design tools in use at the Argonne National
Laboratory (ANL).

COMPUTATIONAL
BENCHMARK MODEL

The single zone model of ENHS benchmark is
shown in fig. 1. Material compositions for this bench-
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Figure 1. ENHS benchmark problem geometry and dimensions (in cm)

Table 1. Material compositions, volume fractions, and
temperatures

Regions Material, Temperature
(region number) volume fraction K
Control rod region (1) | 99% Pb + 1% SS* 753
47.621% fuel
Core (2) + 31.425% Pb 753
+20.953% SS
Inner Pb gap (4) 100% Pb 753
Core barrel (5) 100% SS 753
Outer Pb gap (6) 100% Pb 693
Cavity (7) A I;kéb()or 693
Reflector guide (8) 70% Pb + 30% SS 693
Down comer (9) 100% Pb 693
Radial shield (10) 100% Pb 693
Core vessel (11) 100% SS 693
Lower shied (12) 100% Pb 693
Gas plenum (13) 3505535 S5 813
Lower reflector (14) 100% Pb 693
Upper Pb (16) 100% Pb 813
Lower Pb (17) 100% Pb 693
Upper reflector (18) 90% Pb + 10% SS 693

1SS denotes stainless steel
® When cavity is not filled with lead

mark problem are given in tab. 1, and atomic number
densities for composing materials are presented in tab.
2. The reactor thermal power is 250 MW and is con-
stant during the entire life of ENHS assumed to be
even 30 years. The average specific power is 6.12 Wg™!
heavy metal (HM) corresponding to an average linear
heat rate of 120 Wem™. The core is assumed to be ho-
mogeneous and of annular cylindrical geometry. The
fuel is a metallic alloy of 90% HM and 10% Zr. Its den-
sity is assumed to be 75% of the nominal density. The
HM consists of 9.81% Pu and 80.19% U. The ura-
nium is depleted to 0.2% 23°U. The isotopic composi-
tion of the loaded plutonium is 67.2% 2°Pu, 21.7%
240py, 6.4% 2*1Pu, and 4.7% 2*?Pu. The clad is made
of stainless steel having 17% Cr, 14% Ni, 2.8% Mo,
and 1.5% Mn; the rest is Fe. The coolant is lead.

COMPUTATIONAL METHODS

The main computational tool employed con-
sists of MCNP-4C and ORIGEN2.1 interfaced by
MOCUP driver. In addition to calculating kg, flux
and power distribution, MCNP-4C calculates effec-
tive one-group cross-sections for the fuel constitu-
ents specified in its input. These cross sections are
used by ORIGEN2.1 for burnup analysis. For iso-
topes not included in the MCNP-4C analysis,
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Table 2. Atomic number densities for composing
materials

Region Atomic number density
(region number) 102*cm™

Pb: 3.02043-2¢, Fe: 5.55118-4,
Ni: 1.14172-4, Cr: 1.56540-4,

Control rod

region (1) Mo: 1.37239-5, Mn: 1.30727-5
Pu-239: 9.40189-4, Pu-240:
3.02336-4, Pu-241: 8.87696-5,
Pu-242: 6.49405-5, U-235:
o 2.32633-5, U-238: 1.14617-2,
ore (2)°

Zr: 3.73749-3, Pb: 9.58770-3,
Fe: 1.16316-2, Ni: 2.39230-3,
Cr: 3.28003-3, Mo: 2.87562-4
Mn: 2.73916-4

Inner Pb gap (4)¢ | Pb: 3.05094-2

Fe: 5.55118-2, Ni: 1.14172-2,
Cr: 1.56540-2, Mo: 1.37239-3,

Core barrel (5)

Mn: 1.30727-3
Outer Pb gap (6) | Pb: 3.07187-2
Cavity (7) Pb: 3.07187-2

Pb: 2.15031-2, Fe: 1.66535-2,
Reflector guide (8) | Ni: 3.42517-3, Cr: 4.69619-3,
Mo: 4.11718-4, Mn: 3.92180-4

Down comer (9) | Pb: 3.07187-2
Radial shield (10) |Pb: 3.07187-2

Fe: 5.55118-2, Ni: 1.14172-2,
Cr: 1.56540-2, Mo: 1.37239-3,
Mn: 1.30727-3

Lower shield (12) | Pb: 3.07187-2

Pb: 9.52193-3, Fe: 1.16316-2,
Ni: 2.39230-3, Cr: 3.28003-3,
Mo: 2.87562-4, Mn: 2.73916-4

Core vessel (11)

Gas plenum (13)

Lower

reflector (14) Pb: 3.07187-2

Upper Pb (16) Pb: 3.03001-2

Lower Pb (17) Pb: 3.07187-2

Unper Pb: 2.76468-2, Fe: 5.55118-3,
bp Ni: 1.14172-3, Cr: 1.56540-3,

reflector (18)

Mo: 1.37239-4, Mn: 1.30727-4

? Read as 3.02043-10

® Fuel density: 15.85-0.75 gcmﬁs; SS density: 7.95 gcmf3

¢ Pb density: 11.3 gem™ (solid); (11072-1.2-T)/1000 gem™
(liquid), for T from 400 to 700 °C

ORIGEN2.1 wuses cross sections from its

pre-processed standard libraries.
The first MOCUP results for the ENHS

benchmark core was obtained by using the fuel
burnup model with 26 actinides (A) and 47 fission
products (EFPs). Then, the UCB (University of Cal-
ifornia at Berkeley) model with 45 A and 67 FDs
was applied. In this model different MCNP-4C
cross section libraries were used. For example:

—for the 2352380 and 238-2#2Pu the Texas A&M li-
brary is used (.86¢ at 750 K, based on the ENDF/B-VI
evaluation);

— for Th, Pa, Np, ***#Am and Cm the
FSXJ3R2 library is used (.37c at 300 K, based on the
JENDL-3.2 evaluation);

— for 22mAm the RMCCS library is used (.51c at
300 K, based on ENDF/B-V evaluation);

— for fission products two libraries are used, the
ENDF60 (.60c at 300 K based on the ENDF/B-VI
evaluation) and ESXJ3R2 library (.37c at 300 K, based
on the JENDL-3.2 evaluation); and

—for constructional material the ENDF60 library
is used (.60c at 300 K based on the ENDFE/B-VI evalu-
ation).

For reason of decreasing CPU time, the ENHS
benchmark calculations with this model was per-
formed with (50 + 250) x 1000 source neutrons.

A modified procedure of interfacing MCNDP-4C
and ORIGEN2.1 was developed to bypass the limita-
tion of the number of fission products that can be han-
dled by MCNP-4C. In addition to the 67, all other fis-
sion products for which we had cross sections in the
MCNP-4C format were specified in the input to
MCNP-4C and taken into account for the calculation of
kg, However, MCNP-4C did not generate the effective
one-group cross sections for these extra fission products.
Analgorithm was written to transfer the number density
of these extra fission products into the MCNP-4C input
in addition to the number densities MOCUDP was set to
transfer from ORIGEN2.1 to MCNP-4C. By using this
new procedure we were able to account for additional
111 fission products in MCNP-4C calculations. In this
procedure the one-group cross section data for fission
products not included in MCNP-4C were taken from
AMORUUUC [4] library prepared by using the energy
spectrum of neutron flux in the typical Fast Breeder Re-
actor with sodium.

In order to use the MCNP-4C cross section data
for temperatures which are as close to the benchmark
specification (tab. 1) as possible, we selected the
VMCCS library [7] based primarily on ENDF/B-VI
data, but, if that is not available, on JENDI.3.2 and
BROND?2 data. At present, this library contains cross
section data for light elements, actinides and fission
products at three temperatures (300 K, 600 K, and
900 K). It allowed us to use MCNP-4C cross section
data at 900 K for all actinides and fission products,
and at 600 K for all constructional materials and cool-
ant. For decreasing the statistical uncertainties, a
model with (50 4+ 500) x 1000 source neutrons was
used. Also, the new ORIGEN2.1 one-group
cross-section library; 7. ¢., the ENHSB library for the
ENHS benchmark core calculation was prepared. Al-
though, replacing the existing ORIGEN2.1 library
with the ENHSB library for the benchmark core is
not so important with regard to criticality calculation,
this replacement is very important with regard to the
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radiological characterisation of ENHS benchmark
core. The first results with VMCCS library were ob-
tained with the so-called UCB model with 45 A and
67 FDs [8].

Another computational tool is a variant of
MOCUP in which KENO-Va is used instead of
MCNPAC. It uses the ENDE/B-V based 238-group
cross section library of the SCALE-4.4a code package
[9]. The initial version of KENO-Va/ORIGEN2.1 pro-
cedure was similar to the MOCUP utility since the
MOCUP codes origenPRO for preparing input and for
running the ORIGEN2.1 code and compPRO for pre-
paring the atomic number densities of actinides and fis-
sion products were used. Later this procedure was sim-
plified; the new modules were prepared, and the existing
origenPRO and compPRO codes from MOCUP util-
ity code were replaced. Also, the possibility to use the
predictor/corrector steps was added instead of predictor
steps that are used in the MOCUP procedure. Al-
though, this new KENO-Va/ORIGEN2.1 procedure
can handle any number of actinides and fission products
for which the cross sections exist in the SCALE
multigroup libraries (instead of total 130 nuclides,
actinides plus fission products, in the MOCUP utility
code), and although this procedure is much faster than
MOCUP, the common characteristic of these proce-
dures (MOCUP and KENO-Va/ORIGEN.2.1) is a
limited number of material zones in which fuel burnup
calculation can be performed. This limitation is the con-
sequence of the feature of these procedures to keep, at
the same time, all microscopic cross sections for all
nuclides in all material zones in the computer memory or
in auxiliary binary files. In cases of high number of mate-
rial zones (2. e. nodes) this requirement cannot be satis-
fied with the present version of MOCUP and
KENO-Va/ORIGEN.2.1 procedures. The major ad-
vantage of using KENO-Va/ORIGEN?2.1 procedure is
the decrease in computation time by about factor 20
compared with MOCUP.  Therefore, we used
KENO-Va/ORIGEN2.1 procedure:

— for choosing the fuel burnup model (2. e. for se-
lection of actinides and fission products that we must in-
clude in one-group cross section calculations),

— for examination of the influence of handling the
corrector steps in fuel burnup analysis,

—for the testing of accuracy of different geometri-
cal models, and

— for selection of the number of source neutrons
per generation and number of generations which can
provide a reliable space distribution of fission power.

Recently, we applied the same fuel burnup model
in both methodologies MOCUP(MCNP-4C/ORI-
GEN2.1) and KENO-Va/ORIGEN2.1. In this new
model we selected 95 most important fission products
(in the sense of neutron absorption in the ENHS bench-
mark core), which represent the 99.5% of total fission
products absorption (including 180 FPs) or 99.97% of
total actinides and fission products absorption (includ-

ing 30 A and 180 FDs). This model leads to a negligible
overestimation of &g, less than 30 pem (1 pcm = 107°).
The application of this model has resulted in better
agreement between these two methodologies during
tuel burnup. Using the new model with 95 FPs and
KENO-V.a/ORIGEN2.1 procedure we found that the
difference between the results obtained only with predic-
tor time steps equal to 2 years and those obtained with
predictor/corrector time steps also equal to 2 years is
negligible (less than 30 pcm). This means that the model
with only predictor time steps, which we used in the
MOCUP utility code is appropriate for ENHS cores cal-
culations.

The REBUS-3 code system [10] was used at ANL
for the benchmark calculations [8]. The DIF3D code [11]
was used with 230-energy group structure for calculating
space and energy dependence of neutron flux using fi-
nite-difference RZ diftusion theory method. Burnup
chains spanning the range from 22U to 2Cm were taken
mnto consideration. The multigroup cross sections are
based on ENDE/B-V data and were generated by using
the MC2-2 code [12]. A resonance “screening” procedure
was applied to pre-process broad resonance into MC?-2
“smooth data” library at 2082 group level. Self-shielding
effects of the remaining resonance were explicitly evalu-
ated in MC?-2 by narrow resonance approximation. For
individual core-region materials of given nuclide density
and temperature, homogeneous ultra-fine-group flux cal-
culations were performed by using MC2-2. The consis-
tent P; method was applied in group-independent buck-
ling search for fundamental mode spectrum using 2082
groups. From the homogeneous ultra-fine MC?-2 calcu-
lations (2082 energy groups), 230-group cross sections
were generated for individual materials of given nuclide
number density and temperature as specified for the
ENHS benchmark problem at the beginning-of-cycle
(BOC). A lumped fission product approach, based on
cross section data for 180 individual FPs; was used to
model the pseudo fission products (PEPs) from five dif-
terent actinides. The PEPs were created from fission yields
based on 23°U, 238U, 239Py, 240Py, and 2#'Pu fission, and
subsequent transmutation in a typical fast reactor spec-
trum.

At this stage we tried to find explanation for a
large difference in evolution between UCB results
(obtained by MCNP-4C/ORIGEN2.1  and
KENO-V.a/ORIGEN2.1 utility codes) and ANL re-
sults (obtained by REBUS-3 code package). Among
other reasons, we observed a significant deficiency in
the MOCUP utility code. First, this deficiency was
observed in 2! Am, and then in all nuclides (light ele-
ments, actinides and fission products) that produce a
product nuclide in an excited (metastable) nuclear
state in (n, y) reaction. For these nuclides, the
MOCUP offers two possibilities (that will be ex-
plained for the 2! Am and 2#2™Am):

— the first option, in MCPN-4C tally specifica-
tion for one-group cross section preparation pro-
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vides that neutron capture (n, y) on >!Am will pro-
duce 2*2Am (i. e. the calculation of atomic number
density for 242™Am is omitted), and

—the second option in MOCUP utility code, de-
signed for (n, y) reaction that produces a product nu-
clide in an excited (metastable) nuclear state enables to
produce **2Am with the one-group cross section o,,,,
calculated with MCNP-4C code during fuel burnup,
while the fixed cross section G’;” taken from the speci-
fied ORIGEN2.1 library (AMORUUUC.LIB or
ENHSB.LIB in the case of ENHS benchmark core)
will be used to produce 2MAm. This means that
atomic number density of 2*?Am will be overesti-
mated, and the changes of the o}, cross section dur-
ing fuel burnup will be omitted.

In order to remove this deficiency, we made a
simple correction of MOCUP utility code. It was
found that the simplest way for this correction is to
change the input file (TAPE5.INP) for the
ORIGEN2.1 code after its preparation with the
origenPRO code. For this purpose we wrote a new
simple code FNGI. The FNGI code uses data file
FNGI.INP which contains the fraction f,; of radioac-
tive capture (n, y) reactions that produce a product nu-
clide in an excited (metastable) nuclear state for all
light elements, actinides and fission products, and al-
lows us to divide the (n, y) cross section ¢, , (calcu-
lated with MCNP-4C code during the fuel burnup)
nto:

—thecrosssectiono,, | (1-£,;) for production of
nuclide in ground nuclear state, and

— the cross section 6, £, for production of nu-
clide in excited nuclear state.

The f,; fraction data are taken from the
XSECTPHO library, prepared for the ORIGEN-S [13]
code in the SCALE-4.4a code system.

To provide an independent check of evolutions
during fuel depletion, based on the approximate
model with five PFPs (at ANL) and the rigorous
model used in the ORIGEN2.1 code (in both
MOCUP and KENO-V.a/ORIGEN2.1 proce-
dures), we created a simple 1D cylindrical model of
the ENHS benchmark core for the application in the
ORIGEN:-S code (via the SAS2H [14] control mod-
ule of the SCALE-4.4a code system). It was found
that a simple two-zone 1D cylindrical model with
core radius equal to 52.29 cm (calculated so that core
volume is preserved) and with 47.71 c¢m thick lead
(99% PB +1% SS) reflector, where axial neutron
leakage is modelled with actual core height (z. e. with
height equal to 400 cm), is good enough for k.4 evo-
lution. That was confirmed by comparison of k.4 re-
sults obtained with KENO-V.a/ORIGEN2.1 utility
code for the proposed 1D model and for an exact
model (z. e. the 2D r-z model). The compared results
are shown in fig. 2. To use the SAS2H code, de-
signed for fuel burnup analysis with ORIGEN-S
code in lattice cell problems with the white boundary

-
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Figure 2. Comparison of the KENO-V.a/ORIGEN2.1
calculations of 2D (r, z) and 1D cylindrical single zone
models of the ENHS benchmark core. Results ob-
tained for (100 + 750) x 5000 source neutrons with
ENDEF/B-V based 238 groups library, and fuel burnup
model with 25 A and 95 FPs, corrected for fraction of
(n, y) reaction that produces nuclide in an excited nu-
clear state

condition at the outer lattice cell surface, we extend
the proposed two-zone 1D model by a third zone of
effective thickness equal to 10 cm. This zone contains
lead and added 1/v absorber (with high atomic num-
ber density, equal to 10718 atoms cm™), and serves
tor the simulation of vacuum boundary condition at
the outer reflector surface of the proposed 1D model.
The results obtained by the proposed 1D model and
SAS2H (used with the ENDFE/B-V based 238-group
cross section library and ORIGEN-S BASLMFBR
library, designed for the LMFBR cores analysis) were
corrected for the difference between 2D and 1D
models, that  was found  with  the
KENO-V.a/ORIGEN2.1 utility code.

RESULTS

The MOCUP (MCNP-4C/ORIGEN2.1) re-
sults obtained for the single zone model of ENHS
benchmark core with all fuel burnup models used at
UCB are given in fig. 3. As we can see from fig. 3, the
influence of f,; -correction that separates the (n, y)
cross section (calculated by MCNP-4C code during
tuel burnup) into the cross section for production of
nuclides in ground and in excited nuclear states is not
significant, . ¢. this influence cannot explain the dif-
ference in k.4 between the UCB and ANL results.

The final results for the single zone model of
ENHS benchmark core, obtained with both proce-
dures based on ORIGEN2.1 code (corrected for the
fraction of (n, ) reaction that produce a product nu-
clide in an excited nuclear state), and SAS2H and
REBUS-3 utility codes are given in fig. 4. In these
calculations the temperature equal to 750 K for the
benchmark core was used, except the MOCUP evo-
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Figure 3. MOCUP (MCNP-4C/ORIGEN2.1) re-
sults for 2D (r, z) single zone model of the ENHS
benchmark core (obtained with VMCCS library for
(50 + 600) x 1000 source neutrons and different fuel
burnup models)

lution, where the core temperature equal to 900 K
was applied. When the same cross section data are
used (as in case of KENO-Va/ORIGEN2.1 and
SAS2H utility codes calculations), these results con-
firm a good agreement between ORIGEN2.1 and
ORIGEN-S codes in fuel burnup range from the
BOC to the EOC (end-of-cycle), equal to 20 years, 7.
e. ~ 120,000 MWd/tHM. There is also a good agree-
ment between MCNP-4C/ORIGEN2.1 and
KENO-V.a/JORIGEN2.1  procedures, although
these results do not decline with burnup as ANL re-
sults. The difference between two ORIGEN2.1 re-
sults, which is still present, is mostly a consequence of
various cross section evaluations that we used
(ENDF/B-VI in MOCUP, and ENDE/B-V in
KENO-V.a/ORIGEN2.1 procedure).

Results for the macroscopic cross sections ob-
tained for the single zone model of the ENHS
benchmark core with KENO-V.a/ORIGEN?2.1 pro-
cedure and REBUS-3 utility code (both using
ENDE/B-V evaluation), and with MOCUP proce-

;
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Figure 4. Comparison of 2. calculations of single zone
model of the ENHS benchmark core (MOCUP and
KENO-V./aORIGEN2.1 cross sections are corrected
for fraction of (n, y) reaction that produces a product
nuclide in an excited nuclear state)

dure (using ENDF/B-VI evaluation) are given in
tab. 3. KENO-V.a/ORIGEN2.1 and REBUS-3 cal-
culations overestimate both macroscopic fission and
capture cross sections when compared to MCNP-4C
results. However, KENO-V.a code overestimates
much more the fission than capture cross section,
while ANL procedure overestimates much more the
capture (particularly in construction material, 7. e.
stainless steel) than the fission cross section. This
means that accuracy of resonance absorption calcula-
tion in KENO-Va (via CSAS25 module) and in
ANL codes are not the same. The cross sections of
nuclides Cr, Mn, Fe, Ni, Mo, and Zr have windows
below each scattering resonance where the cross sec-
tion becomes very small over a small energy range, so
that the procedure for modelling of resonance
self-shielding effect on these nuclides in the ENHS
core must be very rigorous. It was recognized that
even the 238-group SCALE-4.4a library is not good
enough to account for this effect. That’s why we tried
to use the best option for modelling of resonance

Table 3. BOC macroscopic one-group cross sections in single zone model of the ENHS benchmark core

. KENO-V.
Reaction rate MCNP-4C (ENDF/B-V1.7) (ENFB /B—\;}) REBUS-3 (ENFB/B-V)

Fission 2.299-3¢ 2.339-3 2.325-3

(Difterence to MCNP-4C in %) (0.000) (1.752) (1.148)
Capture of all nuclides 3.164-3 3.208-3 3.237-3
(Difference to MCNP-4C in %) (0.000) (1.384) (2.298)
Capture of actinides 2.898-3 2.933-3 2.945-3
(Difference to MCNDP-4C in %) (0.000) (1.222) (1.637)
Capture of construction materials 2.660-4 2.744-4 2.913-4
(Difference to MCNDP-4C in %) (0.000) (3.151) (9.502)
Ratio of total fission and absorption 4.208-1 4.217-1 4.180-1
(Difference to MCNP-4C in pcm) (0.000) (209.8) (- 654.6)

*Read as 2.299-107
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Table 4. The influence of Fe cross section data on k. at BOC state of single zone model of the ENHS benchmark core

Case MCNP™ library Temperature [/
Fe cross section data evaluation + (1o = 0.00025)
! (s, Fe, M and. ggl?riﬁt%uﬁ%w&vm 600 1.01393
2 (s, oFe. e, iéﬂggl}rﬁtﬁgwﬂvw 300 101395
3 (54Fe, S6Fe, 57FI;:}\T:1113§ 6&§)L§0Nn% )ENDF/B—VI.Z 300 1.01265
4 (Fc_ﬁ%cfgf;rf%%&v 300 1.00930
5 (Fl\ﬁ‘ii“}iiﬁ lliablffigyl:}ls-v 300 1.01079

* The MCNP-4C library for Fe-Nat was obtained with NJOY97 [15] code by using the same principles as for the VMCCS library

preparation (z. e. without cross section thinning)

self-shielding effect in the ENHS benchmark core
with CSAS25 module. We found that the best op-
tion for accounting for these effects in KENO-V.a
calculation (via the CSAS25 module) is: to use for
stainless steel a specially prepared cross sections for
Fe, Ni, and Cr available in ENDF/B-V SCALE li-
braries; and for zones which contain a mixture of
stainless steel and other materials to use so-called
more data option for approximate 1D geometry of
these zones with Dancoff factors equal to zero.

Assuming in the first approximation that the
product of average v in the ENHS benchmark core
and neutron leakage probability from the core has
the same value in both KENO-Va (CSAS25) and
REBUS-3 calculations, we found that the difference
of the ratio of total fission and absorption (capture
plus fission) of these codes and the MCNP-4C code
is the same as the difference that we found with these
codes.

The importance of Fe (**Fe, 5Fe %’Fe, and
58Fe) cross section data is illustrated in tab. 4, which
presents the results of MCNP-4C calculations of a
single zone model of the ENHS benchmark core for
BOC state. These results were obtained with
VMCCS library (based on the ENDF/B-VI.7 evalu-
ation), but with different iron cross-section data. As
we can see from tab. 4, the influence of different Fe
cross sections evaluations is a quite high (up to 460
pcm).

The continuous energy libraries VMCCS (from
VINCA Institute of Nuclear Sciences) and ENDF60
(from Los Alamos National Laboratory — LANL)
did not provide for the self-shielding effect in the unre-
solved resonance energy region, although the code
MCNP-4C was designed to include this eftect by us-
ing the probability table method (the most rigorous
method for the treatment of the unresolved resonance
self-shielding effect in the Monte Carlo calculations).
The only library that contains probability table
(ptable) data is the LANL library URES 3 , prepared
for the most important uranium and plutonium

nuclides at room temperature (300 K). We used this
library to examine the self-shielding effect in the unre-
solved resonance energy region of single zone model
of the ENHS benchmark core at 300 K. The obtained
results are shown in tab. 5. Since the MCNP-4B code
does not include the probability table option, the re-
sults shown in tab. 5 allow us to conclude that the dif-
terence between the results obtained with MCNP-4C
and MCNP-4B codes with URES library for uranium
and plutonium nuclides represents the effect of self
shielding in the unresolved resonance region. This ef-
tect has the value equal to 330 pcm at room tempera-
ture. Since this effect has a lower value at working
temperature (equal to 750 K), the omission of unre-
solved resonance self-shielding effects in the current
MCNP-4C calculation is not responsible for the ob-
served difference between MCNP-4C and REBUS-3
results.

In order to investigate the effects of space de-
pendent depletion in the ENHS benchmark core, as
a further step of fuel burnup analysis for the ENHS
core, the following division types of the core are
used:

Table 5. Results of self-shielding effect calculations in
the unresolved resonance region at BOC (300 K)
state for single zone model of the ENHS benchmark
core

Code MCNP™ library + (1o =k8f 00050)

URES - for U and Pu
MCNP-4C | nuclides; ENDF60 — for 1.01988
the rest nuclides

ENDF60 - for U and
MCNP-4C |Pu nuclides; ENDF60 — 1.01687
for the rest nuclides

URES - for U and Pu
MCNP-4B |nuclides; ENDF60 — for 1.01657
the rest nuclides

ENDF60 - for U and
MCNP-4B |Pu nuclides; ENDF60 — 1.01629
for the rest nuclides
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— single zone (the space dependent depletion is
ignored),

— three radial zones with equal zone volumes,
and

— three radial zones and five axial zones with
equal zone volumes (total fifteen zones).

The results obtained with improved
MCNP-4C/ORIGEN2.1 procedure, corrected for
the fraction of (n, y) reaction that produces a product
nuclide in an excited nuclear state, are shown in fig. 5.
These results were obtained by the MCNP-4C code
with the VMCCS cross section data at 900 K for all
actinides and fission products, and at 600 K for all
constructional material and coolant. As usually, we
used the KENO-V.a/ORIGEN2.1 procedure to ex-
amine the influence of the number of source neutrons
per generation on the space dependent depletion. It
was found that the 1500 source neutrons per genera-
tion (with initial 50 discarded generations and 600 ac-
tive generation) are sufficient to include the effects of
the space dependent depletion in the ENHS core. The
results given in fig. 5 show the existence of a consider-
able gradient of fuel depletion in the radial and axial
direction. This means that the use of single zone
model for the fuel depletion of ENHS benchmark
core is not adequate. Nevertheless, the single zone
model of the ENHS core represents a simple compu-
tational benchmark for testing of accuracy of different
codes and cross section data libraries designed for the
tact reactor calculations.

All MOCUP and KENO-Va/ORIGEN2.1 re-
sults were obtained on a Pentium IITPC (2 x 733 MHz,
with the FreeBSD unix). The typical CPU time for sin-
gle zone model of the ENHS benchmark core with
16-tuel burnup steps is 17 days for MOCUD, and 1 day
tor KENO-V.a/ORIGEN2.1 procedure.

1.044

1.03 1

J.Z?:@\\e

1.00

0.99 4

0.98

MOCUP (Core with 1-fuel region)
—o— MOCUP (Core with 3-fuel regions)
MOCUP (Core with 15-fuel regions)

Effective neutron multiplication factor

0.97 4

0.96

T T T T 1

0 5 10 15 20 25 30
Irradiation time [year]

Figure 5. MOCUP calculations of 2D (r, z) models of
the ENHS benchmark core with different number of
fuel regions. Results obtained with the VMCCS li-
brary for (50 + 600) x 1500 source neutrons and fuel
burnup models with 30 A and 95 EDs, corrected for
the fraction of (n, y) reaction that produces a product
nuclide in an excited state

CONCLUSIONS

The overall agreement between the computa-
tional tools used for single zone model calculations
of the ENHS benchmark core is satisfactory. In par-
ticular, the disagreements found would not affect
the conclusions concerning the feasibility of design-
ing the ENHS core to have a nearly constant g for
20 effective full-power years.
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Muogpar MUJIOMEBW, Jexys TPUHCIIEH, Jacmuna BYJTh

MNPUMEHA MOHTE KAPJIO METOJA 3A AHAJIN3Y U3TAPAIBA TOPUBA Y BEHUMAPK
JE3I'PY ENHS PEAKTOPA HA BP3E HEYTPOHE

Y papy cy onucaHe Tpu npoueaype 3a npaheme e(peKTUBHOT (haKTOpa yMHOXKaBamba HEYTPOHA
(keff) m mpocTOpHE pacnopelie (PUCHOHE CHAre Y peaKTopuMa Ha Gp3e HeyTPOHE Y 3aBUCHOCTH O CPEIHET
usrapama ropusa. [Ise cy 3acHoBane Ha cripe3u MonTe Kapio nporpama MCNP-4Cu KENO-V.au3 nakera
nporpama SCALE-4.4a (kojuma ce onpebyje pacmopmena ¢pucroHe cHare W jeJHOIPYNHH HEYTPOHCKH
npeceru) u mporpama ORIGEN2.1 (3a neTaibHe aHanu3e cacTaBa TOpUBa) M HaMeHeHe Cy 3a pehepeHTHE
npopauyHe y BuieauMmensnoHanHuM (2D m 3D) reomerpumjckmm Mmopenuma. Y Tpehoj mpouenypw,
3aCHOBAHOj Ha MPUMEHU yrpolrheHuX jeqHonuMen3noHanuux (1D) mopena u koutposror moayna SAS2H,
JEeMHOIPYIHU HEYTPOHCKU ITpeceli ogpebyjy ce moMmohy MeTojie AUCKPETHUX OpAMHATA, a U3rapame FopuBa
ce npatu nporpamom ORIGEN-S. Ilpuka3ane npouenype IpuMemhEeHe Cy 3a aHallu3y HOBE IeHepalyje
ENHS peakTopa Ha 6p3e HEyTpPOHE KON KOjUX Ce Kao XJIAWiIal KOPHUCTH TEYHO OJOBO (WM CMelIa
0JIOBO-OM3MYT) U Of] KOjHUX Ce OUeKyje ma 06e36efe HenpeKuaaH paj (6e3 u3mene ropusa) Tokom 30 ropuHa.
PesynraTtu oBe anammse ymopebeHm cy ca pesynratuma Apyrux jabopatopuja y CBETY, AOOHjeHUM
MPUMEHOM NOCTOjehnX MporpamMa 3aCHOBAHMX Ha BHUIIIETPYITHO]j IU(PY3MOHO] alpOKCUMAIIH]H.



