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Glossary of abbreviations

ACE A Compact Endf

ACS Above-Core Structure

ADS Accelerator-Driven System

BoC Beginning-of-Cycle

BolL Beginning-of-Life

cDT Central Design Team for a Fast-spectrum Transmutation Experimental Facility
CHANDA solving CHAllenges in Nuclear DAta

CR Control Rod

EoC End-of-Cycle

EUROTRANS EUROpean Research Programme for the TRANSmutation of High Level Nuclear Waste in an Accelerator
Driven System

FA Fuel Assembly
IPS In-Pile Section
JEFF Joint Evaluation Fission and Fusion
LBE Lead-Bismuth Eutectic
MOX Mixed Oxide
MYRRHA Multi-purpose Hybrid Research Reactor for High-tech Applications
SANDA Supplying Accurate Nuclear Data for energy and non-energy Applications
SR Safety Rod
STA Spallation Target Assembly
S/U Sensitivity and Uncertainty
WP Work Package
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Abstract

The MCNP neutronics model referring to the MYRRHA reactor design version 1.8 was homogenized at the assembly level as
a part of the SANDA WP5. The model description, homogenization assumptions and methodology are reported, as well as
a comparison of the model performances with respect to the heterogeneous model.
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1. Introduction

In 1997 SCK CEN launched the MYRRHA (Multi-purpose hYbrid Research Reactor for High-tech Applications) project [1], with
the goal of designing a multi-purpose flexible irradiation facility that could replace the BR2 reactor and provide a research
ground for Accelerator Driven System (ADS) applications. MYRRHA was conceived as a pool-type ADS reactor with a proton
accelerator linked to a subcritical core fueled with MOX and cooled by lead-bismuth eutectic (LBE), with the chain reaction
guaranteed by the proton beam interaction with the LBE spallation target.

The MYRRHA concept, in its 2005 version, was offered as a design basis for the XT-ADS system within the EU-FP6
EUROTRANS (EUROpean Research Programme for the TRANSmutation of High Level Nuclear Waste in an Accelerator Driven
System) project [2] in the context of partitioning and transmutation. In a later stage, a small-scale reactor called MYRRHA/XT-
ADS was developed, with an optimization of the design choices based on the XT-ADS needs.

As an upgrade of MYRRHA/XT-ADS, MYRRHA/FASTEF was developed within the EU-FP7 CDT (Central Design Team for a
Fast-spectrum Transmutation Experimental Facility) project [3]. Compared to its predecessor, both sub-critical and critical
operation modes were requested. Within the CDT project the reactor was designed to an advanced engineering level with
the following objectives in mind: being a high-flux and flexible fast spectrum irradiation facility, being an effective
demonstrator of the ADS technology for high level waste transmutation, and being a demonstrator of the lead fast reactor
technology [4][5].

A further core revision was delivered in 2014 with the name "MYRRHA Revision 1.6"[6]. This version addressed the
shortcomings of the CDT work, including the rather low expected fuel discharge burnup and the concerns regarding the use
of 34.5 wt.%-enriched MOX. The outcome was a larger core that could operate both in critical and subcritical modes at 100
and 70 MWth, respectively. The fuel enrichment was also changed to 30 wt.% plutonium.

New design constraints identified after the version 1.6 finalization, together with the need for a core size reduction, led to a
further upgrade of the core design called “version 1.8".

Simplified, homogenized on fuel assembly level, models for version 1.6 [7] were developed and used as a basis for the
Sensitivity and Uncertainty (S/U) analyses performed within the work package (WP) 10 of the EU-FP7 CHANDA (solving
CHAllenges in Nuclear DAta) project [8,9]. The objective of these studies was to identify and improve the most important
nuclear data for neutron induced reactions for the effective neutron multiplication factor, ke, and effective delayed neutron
fraction, fer, of MYRRHA. As a result, recommendations to the JEFF project were given [10], which were included in the latest
version of the JEFF nuclear data library, JEFF-3.3 [11].

Within the context of the SANDA (Supplying Accurate Nuclear Data for energy and non-energy Applications) H2020 project
WP5, SCK CEN has produced simplified versions of the MYRRHA reactor reference neutronics models for the latest neutronics
design version 1.8 [12]. The core and reactor components were homogenized radially at the assembly level and vertically on
a number of discrete regions. In-vessel reactor components located outside the core barrel, such as primary pumps, primary
heat exchangers, fuel handling machines and fuel storages, were neglected and not modelled. Nuclide composition, densities
and temperatures of the several materials were homogenized for each region using the corresponding volumes as a
weighting function. The models will be used in task 5.1 to perform S/U analyses of the latest MYRRHA design, focusing on
the reactivity coefficients (i.e., Doppler and coolant density coefficients). This will allow further identifying MYRRHA-related
nuclear data in need for improvement, which will be communicated to the JEFF community for consideration in the next
release of the JEFF nuclear data library, JEFF-4, planned for 2024 [13].

An input deck containing the details of both the critical and subcritical reactor model was created and is distributed along
with the present report:

¢ myr18_bol.i: the MYRRHA reactor at beginning-of-life modelled with MCNP.
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2. Neutronics models

Detailed heterogeneous 3D geometrical models of the MYRRHA reactor both for the critical and subcritical layouts are
developed at SCK CEN to reproduce a realistic design of the facility. The Monte Carlo N-particle transport code MCNP version
6.2 [14] is customarily adopted at SCK CEN as a reference for the MYRRHA neutronics calculations. The neutronics models
are representative of:

e the reactor start-up conditions at beginning-of-life (BoL) where only fresh fuel is loaded in the core;
e ahypothetical irradiation cycle in a dynamic equilibrium state that is reached after the reactor operation at constant
nominal power.

Computer calculations using high-quality codes such as ALEPH-2 [15] and MCNP-6.2 were used to produce a neutronics
model of the reactor for its long-term operation at nominal power (beginning-of-cycle BoC and end-of-cycle EoC). A cycle-
by-cycle loading/unloading and in-core (re)shuffling of the fuel assemblies (FAs) was incorporated in the model. Fuel
reloading involves removing (partially) depleted or used FAs from the shutdown core and replacing them with fresh fuel.
Then the fuel still in the core is reshuffled. The reloading of FAs in the MYRRHA core requires recalculating the core reactivity,
the power distribution, and the nuclide inventory of the fuel at every irradiation cycle to guarantee constant irradiation
performances over the reactor lifetime within the safety requirements and design constraints. Together with this report only
the BoL models are distributed, not the BoC and EoC models.

JEFF-3.1.2 [16] was selected as a reference nuclear data library for the MYRRHA calculations [17]. Neutron-induced nuclear
data evaluated files were processed at SCK CEN into the MCNP-compatible format ACE over the whole range of temperatures
reported in the MYRRHA model [18]. The library is not distributed.

To perform proton source-driven calculations for the subcritical core the CEM03.03 event generator [19] incorporated in
MCNP-6.2 was used to transport high-energy particles for energy ranges above 200 MeV and for nuclides not covered by
tabulated nuclear data libraries [20]. The 600 MeV proton beam originates 115 cm above the fuel column mid-plane and
descends vertically in the core central assembly with a Gaussian shape swept around the beam axis [21]. The proton beam
radial profile is shown in Figure 1.
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Figure 1: Proton beam radial profile [21].
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3. Critical and subcritical core layout

The simulated MYRRHA core configurations include 163 assemblies/channels arranged in a hexagonal lattice with a central
position and seven radial crowns. The assembly lattice is shrouded by a stainless steel jacket and wrapped by a cylindrical
core barrel with an inner diameter of 157.0 cm and a wall thickness of 3.0 cm. The seventh crown does not contain corner
assemblies to comply with the geometrical constraint imposed by the core barrel dimensions.

Both the critical and subcritical layout include:

e hexagonal fuel assemblies (FAs) consisting of 127 fuel elements with highly enriched MOX fuel. Each fuel element

contains a fuel vertical column 65.0 cm long that defines the axial center of the model;

e boron carbide B4C control rod (CR) bundles;

e in-pile sections (IPSs) for material testing and experiments with fast neutron fluxes;

e in-pile sections for the production of molybdenum-99, also called thermal islands;

e dummy assembilies filled with LBE;

o reflector assemblies with bundles of magnesium oxide rods.

A spallation target assembly (STA) is located in the central channel of the subcritical core layouts and hosts the accelerator
proton beam tube and window. Safety rods (SRs) are included in the critical layout as a redundant and diversified emergency

shutdown system that is complementary to the CRs.

Table 1: Assembly types modelled in the hexagonal lattice of the MYRRHA core.

Assembly Subcritical Subcritical Critical Critical
BolL BoC Bol BoC
STA 1 - -
FA 78 69 105
Fast IPS 6 1 1
Thermal islands 3 6 6
CR 3 6 6
SR - 3 3
Dummy 30 36 =
Reflector 42 42 42

Each core assembly/channel in the neutronics model extends vertically from the horizontal plane defining the bottom of the
core barrel — i.e. 147.5 cm below the fuel column mid-plane — and up to the reactor cover. The reactor core is vertically
connected to the reactor cover by an above core structure (ACS). The model is vertically truncated at its top-end in
correspondence of the hot LBE free surface level, i.e. 290.0 cm above the fuel column mid-plane. Below the core the model
is simplified by only accounting for the presence of LBE. The model is vertically truncated at its bottom-end 554.6 cm below
the fuel column mid-plane. The reactor pool model outside the core barrel is largely simplified. No component of the primary
system such as the pumps and the heat exchangers, as well as the structural components such as the reactor vessel and
cover, and the fuel handling machines and fuel storages are modelled. The model is radially truncated 760.0 cm equidistantly

from the radial center.

The radial layouts of the homogenized critical and subcritical MYRRHA core models at BoL are reported in Figure 2.
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Figure 2: Radial view of the MYRRHA homogenized critical (left) and subcritical (right) core at BoL.

In Figure 2 the following nomenclature was adopted:

e LBE: hexagonal dummy-channel filled by lead bismuth eutectic (in the subcritical layout the central channel is also
named LBE despite the presence of the beam tube and window);

CR: channel containing the control rod bundle;

SR: channel containing the safety rod bundle;

IPS: in-pile section for irradiation experiments;

ThIPS: in-pile section for radioisotope production (thermal islands);

MgO: reflector channel composed of reflector pins in magnesium oxide (MgO);
101-608: fuel assemblies (FAs) grouped in batches.

The FA subdivision into batches follows the core 1/3™ azimuthal symmetry around the central assembly, making each batch
be composed of three FAs. Each batch is identified by a three digit number, i.e. XYY, where the first digit — i.e. X — indicates
the core radial crown (or ring) where the FA is located, and the second and third digits — i.e. YY — represent a counter with
an increasing order to distinguish batches with different burnup levels (the counter increases with burnup).

The axial layout of the homogenized critical MYRRHA core model at Bol is reported in Figure 3.
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Figure 3: Axial view of the MYRRHA homogenized critical core at BoL.
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4. Model homogenization

The core model was radially homogenized at the assembly level and axially in either two, three or five zones. Nuclide atomic
compositions were homogenized using the corresponding material volumes as weighting functions, as

iViNy;
<Nj> =L 1
Zivi

where:

e N;;is the atomic composition in atoms/cm/b of nuclide j in material i;

eV, is the volume of material i in cm? in the selected homogenization region;
. (Nj) is the atomic composition in atoms/cm/b of nuclide j averaged over the volume of all materials in the selected

homogenization region;

Then, the volume-averaged material atomic density {p) is the sum of all nuclide compositions (N;) included in the

homogenization region,
(=) () 2
J

Analogously, the volume-averaged material temperature (T) is

_ 2 VT,

m=3,

and it was rounded off to a set of pre-defined temperature values in a range with uniform intervals of 50 degrees [22].

Volumes and homogenized atomic compositions were calculated using the OpenMC code [23,24]. OpenMC is an open
source Monte Carlo neutron and photon transport simulation code, developed with a focus on high-performance algorithms
and modern software development practices. It is capable of performing fixed source, k-eigenvalue, and subcritical
multiplication calculations, as well as depletion calculations, on models built using either a constructive solid geometry or
CAD representation. OpenMC also has the capability to stochastically determine volumes of cells, materials and universes.
First, core models for both configurations were developed based on the MCNP heterogeneous models [25]. Then, stochastic
volume calculations were carried out with OpenMC to determine the volume with a statistical uncertainty lower than 0.05%
for each cell of the models. The calculated volumes where integrated in the above equations to calculate the averaged
quantities.

The hexagonal fuel assembly (FA) consisting of 127 fuel pins containing highly enriched MOX fuel was split into five axial
parts:

e acentral part covering the whole 65 cm of the fuel column (active part);

e a 3.5 cm-long cylindrical lower insulation/reflector segment in yttria stabilized zirconia placed above the active
zone;

e a 3.5 cm-long cylindrical upper insulation/reflector segment in yttria stabilized zirconia placed below the active
Zone;

e everything above the upper insulator/reflector segment;

e everything below the lower insulator/reflector segment.

In the neutronics models the active part is vertically symmetric with respect to the system origin. Then, the fuel column
extends from -32.5 cm below the origin to 32.5 cm above the origin. The homogenized fuel assembly is displayed in Figure
4.
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reflectors
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Figure 4: Homogenized fuel assembly vertical layout. Dimensions are given in cm.

Given that each hexagonal assembly has a pitch of 10.45 cm, corresponding to an area of A = 94.57 cm?, then the volume
of each axial segment can be calculated multiplying the area by the segment height h,

V=AXh 4
The volume fractions for the different materials present in the active zone of a fuel assembly are reported in Table 2.

Table 2: Volume fractions used for the homogenization of the active part of a fuel assembly.

Material Volume fraction (%)
MOX 30.98
Cladding 14.81
Wrapper 7.29
Helium gap 2.69
LBE 4423

The in-pile sections for material testing, the thermal islands, the reflector assemblies, the control rods and the safety rods
were axially split into three parts:

e acentral part covering the whole 65 cm of the fuel column (active part);
e everything above the active zone;
e everything below the active zone.
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The spallation target assembly was split into two axial parts:

above the lowest point of the beam window external wall, with a partial homogenization of the LBE and wrapper;

below the lowest point of the beam window external wall.

The lowest point of the beam window was determined to be located 7.585 cm above the fuel column mid-plane. The beam

window's position was optimized to improve the neutronics performances of the subcritical core driven by the 600-MeV
proton beam [21].

The stainless steel jacket is modelled as subdivided into hexagonal lattice as for all other core components. The axial

discretization is in three zone equivalent to those of the other assemblies without fuel.

Table 3 reports the homogenized regions and their main characteristics used to create the homogenized core layouts.

Table 3: Volume, density and temperatures of the homogenized regions.

Area Height Volume Density Temperature

(cm?) (cm) (cm3) (at/b/cm) (K)

FA Top 94.57 254 24020.78 3.745381E-02 600
Upper reflector 94.57 35 331.00 3.709204E-02 700

Middle 94.57 65 6147.05 5.426907E-02 800

Lower reflector 94.57 35 331.00 3.709204E-02 700

Bottom 94.57 111.5 10544.56 4.617310E-02 600

IPS Top 94.57 257.5 24351.78 4.711609E-02 600
Middle 94.57 65 6147.05 4.403813E-02 650

Bottom 94.57 115 10875.55 3.089478E-02 600

Thermalisland  Top 94.57 257.5 24351.78 7.753269E-02 300
Middle 94.57 65 6147.05 7.823904E-02 300

Bottom 94.57 115 10875.55 4.257130E-02 300

CR Top 94.57 257.5 24351.78 3.638115E-02 600
Middle 94.57 65 6147.05 2.922820E-02 650

Bottom 94.57 115 10875.55 4.014485E-02 600

SR Top 94.57 257.5 24351.78 5.199215E-02 600
Middle 94.57 65 6147.05 4.322756E-02 650

Bottom 94.57 115 10875.55 4.201838E-02 600

Dummy Top 94.57 257.5 24351.78 3.720034E-02 600
Middle 94.57 65 6147.05 3.407538E-02 650

Bottom 94.57 115 10875.55 4.304517E-02 600

Reflector Top 94.57 257.5 24351.78 3.778243E-02 600
Middle 94.57 65 6147.05 7.796185E-02 650

Bottom 94.57 115 10875.55 6.725266E-02 600

STA LBE + wrapper - 282.415 9990.69 4.798150E-02 600
Bottom 94.57 155.085 14666.39 3.407533E-02 600

SS jacket Top 94.57 257.5 24351.78 6.353354E-02 600
Middle 94.57 65 6147.05 8.491454E-02 600

Bottom 94.57 115 10875.55 8.491454E-02 600

The spallation target beam tube and window are made of Ferritic Martensitic Steel FMS T91 with a density of 7.760 g/cm?
and a temperature of 600 K. Outside the core barrel (and below the core) LBE with 55.5 wt.% Bi and 45.5 wt.% Pb is modelled
as the reactor coolant. Volume-averaged temperature and density of, respectively, 550 K and 10.44 g/cm? are provided.
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5. Comparison of heterogeneous and homogenized models

A comparative analysis of the reference heterogeneous model and the homogenized model was performed. The following
neutronics parameters are reported:

o the effective neutron multiplication factor kef;
e the neutron flux per fuel assembly batch and in the core;
e the neutron spectra in several reactor assemblies and in the core.

Table 4: Comparison of the neutron multiplication factor kef (with statistical error o) calculated for the homogeneous and
heterogeneous MYRRHA models. Results refer to a configuration with CR fully extracted.

Subcritical Critical
heterogeneous homogeneous heterogeneous homogeneous
keif £ o 0.93247+ 0.00029 0.92816 + 0.00026 1.01458 + 0.00027 1.00640 + 0.00030

The neutron fluxes are given as a ratio with respect to the reference values calculated for the heterogeneous core. Results
are provided in Table 5.

Table 5: Ratio of the integral neutron flux calculated in the homogeneous and heterogeneous core per FA batch and over the
active length. The FA batch nomenclature refers to Figure 2. The ratio of the integral neutron flux for the homogeneous and
heterogeneous models calculated over the whole core volume is reported at the last row of the table.

FA batch subcritical critical
101 0.93 1.00
102 0.93 1.00
201 0.92 0.99
202 0.92 0.99
203 = 0.99
204 - 0.99
301 0.90 0.98
302 0.90 0.98
303 0.90 0.98
304 0.90 0.98
305 0.90 0.96
306 0.88 0.96
401 0.88 0.96
402 0.88 0.97
403 0.88 0.98
404 0.88 0.97
405 0.87 0.96
406 0.87 -
501 0.86 0.96
502 0.86 0.97
503 = 0.97
504 - 0.98
505 = 0.98
506 - 0.99
core 0.88 1.01

Calculations, for the subcritical model, were run using the reference configuration with an external source, except for the
subcritical kef calculation which was performed using the criticality source (KCODE card in MCNP).
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5.1.
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Figure 5: Neutron spectra calculated for the MYRRHA critical BoL homogeneous model in several reactor components averaged
over the active zone. Results are in arbitrary units.
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Figure 6: Neutron spectra calculated for the MYRRHA critical BoL homogeneous model in a FA in the first crown (batch 101)
and averaged over different axial zones. Results are in arbitrary units.
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Figure 7: Neutron spectra calculated for the MYRRHA critical BoL homogeneous model over the whole core. Results are in
arbitrary units.
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Figure 8: Comparison of the neutron spectra calculated for the MYRRHA critical BoL homogenous and heterogeneous models
in a FA in the first crown (batch 101) and averaged over different axial zones. Results are in arbitrary units.

SANDA _T5.1_MYRRHA.docx p- 16/ 24

SCI{ Cen SCK CEN/44835397 ISC: Public

Last saved on 16-07-21



—— heterogeneous - above active part
——- homaogeneous - above active part
—— heterogeneous - active part

10‘5 —==- homogeneous - active part )
—— heterogeneous - below active part i ,4' '
i
—=—- homogeneous - below active part o :l,'

neutron spectrum
>
ft S
1%
23
1%
Y
)
4
¥
. i
33
_—

| e Y . "ﬂﬂ' ‘
o
,.IJ‘ & |
ta‘ 1 i '
-9 [ oL
10 |4 - I
y ,l 11
1]
& ;o
P ‘
I
10—10 h 1 E -
107 107° 107 107 10° 10°

energy / MeV

Figure 9: Comparison of the neutron spectra calculated for the MYRRHA critical BoL homogenous and heterogeneous models
in a FA in the fifth crown (batch 501) and averaged over different axial zones. Results are in arbitrary units.
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Figure 10: Comparison of the neutron spectra calculated for the MYRRHA critical BoL homogenous and heterogeneous models
in a fast IPS and averaged over different axial zones. Results are in arbitrary units.
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11: Comparison of the neutron spectra calculated for the MYRRHA critical BoL homogenous and heterogeneous models

in a thermal island and averaged over different axial zones. Results are in arbitrary units.
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12: Comparison of the neutron spectra calculated for the MYRRHA critical BoL homogenous and heterogeneous models

in a reflector assembly and averaged over different axial zones. Results are in arbitrary units.

sckcen

SANDA _T5.1_MYRRHA.docx p.
SCK CEN/44835397

18/ 24
ISC: Public

Last saved on 16-07-21



5.2. Subcritical core
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Figure 13: Neutron spectra calculated for the MYRRHA subcritical BoL homogeneous model in several reactor components
averaged over the active zone. Results are in arbitrary units.
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Figure 14: Neutron spectra calculated for the MYRRHA subcritical BoL homogeneous model in a FA in the first crown (batch
107) and averaged over different axial zones. Results are in arbitrary units.
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Figure 15: Neutron spectra calculated for the MYRRHA subcritical BoL homogeneous model over the whole core. Results are in
arbitrary units.
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Figure 16: Comparison of the neutron spectra calculated for the MYRRHA subcritical BoL homogenous and heterogeneous
models in a FA in the first crown (batch 101) and averaged over different axial zones. Results are in arbitrary units.
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Figure 17: Comparison of the neutron spectra calculated for the MYRRHA subcritical BoL homogenous and heterogeneous
models in a FA in the fifth crown (batch 501) and averaged over different axial zones. Results are in arbitrary units.
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Figure 18: Comparison of the neutron spectra calculated for the MYRRHA subcritical BoL homogenous and heterogeneous
models in a fast IPS and averaged over different axial zones. Results are in arbitrary units.
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Figure 19: Comparison of the neutron spectra calculated for the MYRRHA subcritical BoL homogenous and heterogeneous
models in a thermal island and averaged over different axial zones. Results are in arbitrary units.
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Figure 20: Comparison of the neutron spectra calculated for the MYRRHA subcritical BoL homogenous and heterogeneous
models in a reflector assembly and averaged over different axial zones. Results are in arbitrary units.
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