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New validation of the well-known Monte Carlo code MCNP5 against measured criticality
and kinetics data for the coupled fast-thermal HERBE System at the Reactor B critical assem-
bly is shown in this paper. Results of earlier calculations of these criticality and kinetics pa-
rameters, done by combination of transport and diffusion codes using two-dimension geom-
etry model are compared to results of new calculations carried out by the MCNP5 code in
three-dimension geometry. Satisfactory agreements in comparison of new results with experi-
mental data, in spite complex heterogeneous composition of the HERBE core, are achieved
confirming that MCNP5 code could apply successfully to study on HERBE kinetics parame-
ters after uncertainties in impurities in material compositions and positions of fuel elements
in fast zone were removed.
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INTRODUCTION

Extensive studies on fast neutron fields at the
Vinca Institute of Nuclear Sciences in 1979-1988 re-
sulted in design and construction of a complex, cou-
pled fast-thermal core at the Reactor B (RB) critical
assembly [1], called the HERBE System [2].

Basic purpose of the HERBE System was appli-
cation in experimental validation of computer codes
for calculation of reactor complex lattice cells in espe-
cially designed experiments in this coupled fast-ther-
mal core and study of fast neutron fields. The HERBE
System is described elsewhere [3] as the well as the re- Figure 1. Horizontal cross-section of the RB with the
sults of calculations and experimentally measured ki- HERBE system (1 — heavy water; 2 — air)
netics parameters [4, 5] in various HERBE configura-
tions. In this paper, the horizontal cross-sections of the
full three-dimension (3-D) model RB critical assem-
bly with selected HERBE configuration (RB77/1995)
with a vertical central channel (VCH) in the fast core
centre and the HERBE fast zone are shown in figs. 1
and 2, respectively. Vertical cross-section of 3-D
model of RB critical assembly with same HERBE con-
figuration is shown in fig. 3.

Initial results of calculations of the HERBE criti-
cality and kinetics parameters, carried out by standard
reactor diffusion and transport codes did not agree

Figure 2. Horizontal cross-section of the fast zone of the
HERBE system (1 — heavy water; 2 — air)
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Figure 3. Vertical cross-section of the RB with the
HERBE system (1 —heavy water; 2 —air; 3 —fast zone; 4 —
thermal core; 5 — aluminium construction material)

quite well with experimental results. To improve mod-
els and calculation methods applied, new codes were
developed or existing ones were modified to include
large heterogeneous effects in the HERBE System due
to existence of void (air zones) and neutron high-ab-
sorption (cadmium layer) regions in the fast zone [2].

Complete new, detailed 3-D geometry model of
the RB critical assembly with coupled fast-thermal
core HERBE, based on new 3-D geometry model of
the higly enriched uranium fuel slug [6], is developed
for the Monte Carlo based MCNP code. The latest in-
formation on compositions of materials utilised in the
RB critical assembly are used. Calculations of static
parameters criticality data — and neutron spatial and
energy distribution inside the HERBE System are car-
ried out [7, 8] by using the MCNP4B2 code [9]. Neu-
tron continuous-energy library VMCCS [10], devel-
oped in the Vinca Institute, and TMCCS library for
neutron scattering at thermal energies at H and D at-
oms connected in molecules of light and heavy water,
respectively, are used with the MCNP code. Accept-
able calculation results for fast neutron spectrum in the
centre of fast core and spatial two group neutron distri-
butions, compared to measured ones, are obtained.

Studies on HERBE System safety operations
were carried out with increased attentions to a great
extent, e. g. in reference [11-14], since the possible ac-
cident of flooding (by moderator) of the fast zone is ac-
cepted as the design basis accident.

MATERIALS AND METHODS

Recent studies on impurities in RB reactor mate-
rials [16], development of new version 1.4 [15] of
MCNPS5 computer code and associated nuclear data li-
braries, as well as, increasing computation power of

PC, offered a possibility to re-study the kinetics pa-
rameters of HERBE System.

As it is shown in fig. 2, the fast zone (FZ) of the
HERBE System consists of an outer ring of 24 highly
enriched uranium (HEU) fuel assemblies in air that
acts as a neutron converter (NC). Uranium in HEU ele-
ments (slugs) is in the form of uranium dioxide and en-
riched to 80% 233U. Fuel slugs cladding is produced as
high purity aluminum known in Russia as SAV-1 [6].
External diameter of the NC is 400 mm and inner di-
ameter of the NC is 300 mm. Each fuel assembly of the
NC consists of 9 HEU slugs, placed above inner (low
purity, YuAl) aluminum supporter (430 mm high), and
inserted in an aluminum (fuel assembly) tube. The as-
sembly tubes are closed at the bottom in aim to prevent
heavy water to enter in, in a case of possible fast zone
flooding accident. Medium ring of the fast zone is
made of 32 natural uranium metal rods in air with cad-
mium sheet (thick 1.6 mm) at inner side and acts as the
neutron filter (NF). External diameter of the NF is 300
mm and inner diameter of the NF is 200 mm. The inner
ring of the fast zone, made of 32 natural uranium metal
rods in air around the vertical central channel (VCH),
acts as the fast core (FC). Outer diameter of the FC is
200 mm, while inner diameter of the VCH, made of
ANSI 403 stainless steel with wall thickness 3 mm, is
70 mm.

This HERBE fast core is driven, as it is shown in
fig. 1, by a thermal core (TC) designed from 44 highly
enriched uranium fuel assemblies (each with 13 fuel
slugs in aluminum tube) placed around the FZ in heavy
water moderator and reflector in square lattice with
pitch of 120 mm. Diameter of RB tank is 2000 mm and
the critical level of heavy water for the RB77/1995
configuration is 1386.6 + 0.2 mm, determined experi-
mentally at 19.3+£0.2 °C. Inreal HERBE System (and
in the model) the cylindrical tank (made of low purity
aluminum) of the critical assembly is surrounded by
air. Two detectors of moderator leaking, placed in the
FZ (in NC and NF), are neglected in the 3-D model.

MCNP42B was applied for HERBE System 3D
geometry configuration in 2000 using neutron
cross-section data library VMCCS (based on neutron
cross-section data from the ENDF/B-VI) for the most
of natural occurred elements in HERBE System mate-
rials. If ENDFB60 nuclide library are used, for some
impurities (e. g., Cr, Fe, Ni, Cu, Cd) neutron cross-sec-
tion library from RMCCS (based on neutron
cross-section data from EBDF/B-V) was applied be-
cause the appropriate cross sections in ENDFB60
were missing. For interaction of neutrons in thermal
range of energies with H and D atoms in molecules of
heavy water with small amount light water at 20 °C are
applied TMCCS (based on ENDF/B-V) neutron ther-
mal cross-sections libraries HWTR.0lc and
LWTR.01c for heavy water and light water, respec-
tively. For neutron interaction with argon in air and
with zinc impurity in the high purity aluminum
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(SAV-1) new cross-sections are evaluated in
VMMCS, or used independently from older BMCCS
neutron cross-section continuous energy library
(based on the ENDEF/B-IV cross-sections), and
ENDLD92 library, respectively, because the evaluations
of those cross-sections were missing in ENDFB60 li-
brary.

New MCNPS5 release 1.4 code is run for HERBE
System 3-D geometry configuration with all material
data cross-sections for nuclides (in natural occurring
elements) from ENDFB66 neutron cross-section con-
tinuous energy library at room temperatures, based on
ENDEF/B-Vlrelease 6. For neutron interactions with H
and D atoms in molecules of heavy water with con-
tents of 1.6% (molar) fraction of light water at 20 °C
last available SAB2002 neutron thermal cross-sec-
tions libraries HWTR.60c and LWTR.60c for heavy
water and light water, are applied, respectively. Only
for interaction with argon in air it is still applied the
ENDL92 (based on neutron cross-section data devel-
oped in Lawrence Livermore National Laboratory at
room temperatures in 1992) neutron cross-section
continuous energy library, since cross-sections in
ENDFB66 for that element were still missing in
cross-sections libraries distributed with the MCNP5
code. All ENDF/B-VI (release 60c or 66¢), including
older RMCCS (based of ENDF/B-V) and BMCCS
(based of ENDF/B-IV) neutron cross-section libraries
as well as TMCCS and SAB2002 neutron cross-sec-
tion data are developed in Los Alamos National Labo-
ratory. Last available gamma ray interaction library
MCPLIB.04P and electron interaction library EL03

Main uncertainty in material composition of
HERBE System comes from contents of impurities of
neutron highly absorbing elements, like boron in alu-
minum of low purity produced in ex Yugoslavia in late
1950-ies, labelled as YuAl or LpAl [16], and uncer-
tainties of exacted positions of fuel elements in the fast
zone. To compensate this uncertainties, the simplest
way was to adjust boron concentration in YuAl to a
value (0.028%) within reported measured range
(0.01-0.03%) to obtain effective factor of neutron
multiplication in the system, kg, as close as possible to
criticality (. e., 1) to get reliable values of kinetics pa-
rameters for the HERBE System.

RESULTS AND DISCUSION

Obtained kg values for different neutron cross-
-section libraries and computer codes, compared to ex-
perimental data, are shown in tab. 1. After running
MCNPS code (in MODE N P) for adjusted values of
boron concentration in YuAl for contribution of
prompt neutrons from fission only (k,, code option
TOTNU NO) and for contribution of all neutrons from
fission (kg code option TOTNU) it is possible to de-
termine effective fraction of delayed neutrons (and
photoneutrons) .-and compare it to previously deter-
mined values in earlier calculations and experiment
(tab. 2). The B.41s determined from, either relation be-
tween k.gand k, or from relation between number of
prompt neutrons v, and total neutrons v, emitted
from fission nuclides as

are applied for calculations in option MODE N P for k, Vo
MNCP5 code. Pegp =1=7—=1-——
eff tot
Table 1. HERBE System criticality data
Code Dominant neutron library KCODE/H(D,0) kgto
Twenty grand [17] Vinca 2 group H(D,0) = 1380 mm 0.99837
Galer [18] Vin¢a 4 group H(D,0) = 1380 mm 0.99763
Triton [20] Vincéa 4 group H(Dzo) = 1380 mm 1.00326
MCNP4B2 VMCCS H,.=1386.6 mm 1.00249 £ 0.0027
MNCP5 1.4/MCNB4B2 ENDF60 2000 x (100 + 1000) 1.00477 £ 0.00055
MNCPS5 1.4 ENDF66 [16] 2000 x (200 + 1000) 1.01182 +0.00055
MNCP5 1.4 ENDF66, adjusted 198 in YuAl 2000 x (200 + 1000) 1.00021 £ 0.00058

Experiment [5]

H.=1386.6£0.2mmat7=193+0.2°C

Table 2. HERBE System effective fraction of delayed neutrons

Code Dominatn neutron library KCODE vyand vy or k, and kegr Perr o
_ Precursors data from jendl3.1, _ I({)aslgg 4ggn5e0'g?ge6r?tgotr?
endf/b-iv,-v,-vi, vimecs1, vmees2 ) libraryp [20]
MCNP5 1.4/ ky,=0.99713 £ 0.00058
MCNP4B2 ENDF60 2000 x (100 + 1000) fr = 1.00477 + 0.00055 0.00760 + 0.00079
MNCP5 1.4 | ENDF66, adjusted "°B in YuAl | 5000 x (200 + 4000) M 0.00695
tot — &

MNCP5 1.4 ENDF66, adjusted "°B in YuAl | 5000 x (200 +4000) | o= 0:99243 £0.00017 14 40514 1 ¢ 90025

kerr=0.99957 + 0.00018

Experiment [20]

PBer = 0.00791 £ 0.00028
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Table 3. HERBE System reactivity data

Code Dominant neutron library KCODE dp/dH + o [em™']
Twenty grand Vinca 2 group 194-105at H= 138 cm
Galer Vinca 4 group } 195-10° at H = 138 cm
MNCP5 1.4 ENDF66, adjusted '°B in YuAl 5000 x (200 + 4000) 204.05-107°
Experiment [2] dp/dH = (191.6 +1.5) 10° cm™'

The value of change of reactivity with moderator
level (reactivity gradient) near critical level in the
HERBE System was determined after the MCNP5
code is run for two values of moderator level, critical
level of 1386.86 mm and water level that is 10 mm
less. The obtained value is compared to previously de-
termined values in earlier calculations and the experi-
ment (tab. 3).

The value of the prompt neutron lifetime /, is de-
termined from the value of prompt neutron decay con-
stant &z, and prompt neutron multiplication factor k,
using well known relation [21]

g ol _p-p

p
L, A

where p is the reactivity of the system with total frac-
tion of delayed neutrons 8 and neutron generation time
Adetermined as A = [y/k,.

Before determining value of the prompt neutron
lifetime /, from the value of prompt neutron decay
constant o, in a complex configuration like HERBE
System with the running MCNP5 code in time domain,
the value /; is determined for a simple system of the
“Lady Godiva” reactor [21, 22], which is homoge-
neous unreflected sphere (radius 8.7407 cm) designed
from high purity uranium (weight fraction 0.9371
#U). The calculated value of a,, at the criticality and
room temperature, given as o, =—(1.22+0.02) 108
s~!is in good agreement with declared, experimentally
determined [22], value o, =—(1.11£0.02)-10°s ™" un-
der the same conditions. The obtained value for /; =
=5.97 ns is in an excellent agreement with the de-
clared experimental value for /, = 6.04 ns [21].

The value of the prompt neutron lifetime /, in
HERBE System is determined, for the first time, after
run of MCNPS5 code in the source (SDEF) option for
simulation of time dependence of the prompt neutron
populations (code option TOTNU NO) detected by
(simulated) three BF; counters, The counters are
placed in VCH in the FC, middle of the TC and outside
of the reactor tank in air. The HERBE System is per-
turbed at sub-critical heavy water level of 1365.0 mm
by a neutron pulse generated in the point that is at the
centre at the half height critical level in the VCH (680
mm). It is assumed that 1 pus wide isotropic neutron
pulse of neutron energy 14 MeV is generated by a D-T
neutron pulse generator in time zero and neutron pop-
ulation time decay in the system is monitored by BF,
counters, as (n, ) reaction rates, from 100 ps to 90 ms
in time bins wide 1 ms. The code is run for near 1.7

| —
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T o . —
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=
c 07w Sidbsins o, Oulside tank
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2 F 3
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107 mC
® 1C
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Figure 4. MNCPS5 results of neutron population time
decay in HERBE System (nps =1.676 M; D-T 1 us pulse;
HERBE H(D,0) = 136.50 cm; k = 0.99467 + 0.00018; '’B
detector at & = 68 cm; case prompt neutrons —- TOTNU
NO)

million neutron histories (pulses from the neutron gen-
erator) in aim to obtain acceptable statistical
uncertainty for the time bin 0f 0.5%. The results of run
of MCNP5 code are shown in fig. 4, where MNCP
code time unit is given in shakes (1 sh =10 ns).

Time decay of neutron population in three BF,
detectors is fitted at an exponential decay curve and
prompt decay constant o, is determined from the fitted
curve for the BF; detectors in TC and outside from the
reactor tank, to be sure that origin pulse neutrons do
not contribute reaction rates directly into the detectors.
From obtained &, and prompt neutron multiplication
factor k,, obtained for the code run for option TOTNU
NO at heavy water sub-critical level, a value of the
prompt neutron lifetime /, is determined, that is com-
pared to values found in earlier calculations and exper-
iment (tab. 4).

Table 4. HERBE system neutron lifetime data

Dominant
Code neutron |KCODE/NPS| /,+ 0o [ms]

library

Twenty grand 2Vinéa
EIUP - 0.636

Galer Vinca

4 group

nps = 1.676

MNCP5 1.4 ENDF66 milion 0.707 £ 0.068
Experiment [2, 3] [, =0.621 £ 0.05 ms
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After comparison of the results obtained by
new calculations to the results of the experimental
measurement and earlier calculations, the progress
can be reported in determination of the kinetics pa-
rameters ofthe HERBE System (effective fraction of
neutrons, reactivity gradient near critical level and
prompt neutron lifetime), while the results of new
calculations of the static parameters (criticality level)
still require study on material impurities and geome-
try uncertainty evaluations for the components in the
HERBE fast zone.

CONCLUSION

Coupled Fast-Thermal Core HERBE System at
RB reactor was selected for verification of Monte
Carlo code MCNPS5 on determination of kinetics and
static parameters of this complex core. After adjust-
ment of '°B impurity concentration in YuAl material to
obtain criticality at experimentally determined critical
heavy water level, reactivity gradient was calculated.
Fraction of delayed neutrons (beta effective) was de-
termined in two separate runs of MNCPS code for con-
tributions of prompt and all neutrons to criticality
(kogr). Prompt neutron lifetime was determined by sim-
ulation of neutron population time decay in the
HERBE System after perturbation at a sub-critical
level by a neutron pulse in MCNPS run in time de-
pendent mode. All new kinetics and static parameters,
obtained by using the latest available version of
MCNPS code and library data in the Vinca Institute,
are compared to previously calculated and experimen-
tally determined data. Satisfactory agreement was
achieved. Progress can be reported in obtained results
of new calculations by using MCNP code with
ENDFB66 data library. This study shows that, if un-
certainty in material composition and HERBE Fast
Core fuel assembly's position are removed expected
results can be achieved after application MCNPS5 code
and associated nuclear cross-section data. So, further
study on understuding material impurities and geome-
try uncertainties in the HERBE System will be done in
aim to propose this system as a new and complex
benchmark facility with fast-thermal spectra.
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Muaan I1. IIEININTH

MCNP5 CTYINJA KUHETUYKMNX ITAPAMETAPA Y
CHHPETHYTOM BP30-TEPMUYKOM CHUCTEMY XEPBE

Y pany je npukasaHa HoBa nmpoBepa no3nator Monrte Kapno nporpama MCNPS5 Ha usmeperum
CTaTUYKUM U KHHETUIKKUM apameTpuMa Op30-tepmuukor cucteMa XEPBE HanpaBibeHOr Ha KpUTUYHOM
peakTopy PbB. Pesynraru paHujux nmpopadyyHa OBUX CTaTMUKHX M KMHETHUYKMX IapameTapa, ypabeHux
KOMOUWHAIIMjOM TPAHCIHOPTHUX U JU(DY3UOHHUX Iporpama y JBOJUMEH3UOHOM I'€OMETPHUjCKOM MOJEIY,
ynopebeHn cy ca pesyaTaTuMa HOBUX IpopaudyHa u3BplIeHHX mnomohy nporpama MOCNP5 y
TPOAMMEH3MOHO] TEeOMeTpuju. 3afoBosbaBajyha crmarawka [OOWjEeHMX HOBUX pe3yjiTaTta ca
€KCIIEpUMEHTAHUM MEpPEmUMa, YIIPKOC KOMIIEKCHE XeTeporeHe cTpykrype op3e 30ue XEPBE cucrema,
nokasyjy ga MCNPS5 nporpam Moxe aa ce npuMmeHr Ha aHanu3dy XEPBE kuneTnukux mapamerepa y3
OTKIIamame HeofipebeHocTH y yuemthy mpumMeca y mMaTepyjanuMa Kao M HEOJpeheHOCTH y MOorieny
reoMeTPUjCKUX IofaTaKka 3a I10J10Xaj ropuBa y Op30j 30HH.

Kwyune peuu: XEPBE excilepumeniti, KuHeiiuuku iapameiipu, peaxiuop Pb




