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Abstract

As the global energy demand continues to grow and the pursuit of clean and sustainable
resources intensifies, nuclear energy stands out as a secure, reliable, and low-emission
solution. The complexity of nuclear power plant behavior under various operating condi-
tions necessitates advanced simulation tools capable of capturing the interplay between
multiple physical phenomena. Among these, multi-physics coupling, particularly between
neutronics and thermal hydraulics, is a well-established approach for accurately model-
ing transient scenarios with strong feedback effects. In this context, PARCS and TRACE
codes, developed by the U.S. Nuclear Regulatory Commission, are widely used for cou-
pled neutronic/thermal-hydraulic analyses and can be operated via the SNAP graphical
interface. However, the current version of SNAP does not support automatic coupling
for hexagonal core geometries, such as those found in VVER-type reactors. To address
this limitation, a dedicated tool was developed to facilitate the coupling process between
PARCS and TRACE for hexagonal cores. The proposed methodology was tested through
the simulation of a rod ejection accident in a VVER-1000 reactor, demonstrating the valid-
ity of the methodology and confirming that the multi-physics approach provides more
accurate, best-estimate results.

Keywords: multi-physics; coupling; PARCS; TRACE; VVER-1000; safety

1. Introduction

By 2050, the International Energy Agency (IEA) envisions a Net Zero world where
nuclear power stands out as a secure, reliable, and low-emission solution to reduce reliance
on fossil fuels and address climate change [1]. Rising to this challenge, the nuclear industry
is undergoing a transformation, embracing innovation to improve performance, sustain-
ability, and, above all, safety. As public safety remains paramount, one of the sector’s top
priorities is to ensure that both existing and next-generation reactor technologies meet the
highest safety standards under all operating conditions.

To this end, computer codes play a crucial role in supporting safety assessments for
Nuclear Power Plants (NPPs), and ongoing advancements in computer technology and
computational methods have significantly enhanced their capabilities. Currently, a key
trend is to couple existing codes that simulate different physical phenomena to achieve
more accurate simulations of the complex events and transients occurring in NPPs [2].
One of the most widespread coupling techniques is between system thermal-hydraulic
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and reactor kinetics codes. The main advantage is that it accounts for the feedback effects
of thermal hydraulics on neutron kinetics, enabling a more accurate treatment of power
and flux distribution during non-symmetric power generation and uneven core cooling.
Examples of transients where this type of coupling is particularly useful include almost
all reactivity-initiated accidents, such as Rod Ejection Accidents (REA), boron dilution
accidents, anticipated transients without scram, and main steam line break scenarios [3].

This study is based on the coupling between TRAC/RELAP Advanced Computational
Engine (TRACE) [4] and the Purdue Advanced Reactor Core Simulator (PARCS) [5]. TRACE
is a reactor thermohydraulic system code, while PARCS is a multidimensional reactor
kinetics code.

Both codes can be used through the SNAP graphical interface [6]; however, SNAP lacks
an automatic mapping function for hexagonal core geometries, and this requires additional
effort in modeling the coupled system. The groundwork for PARCS/TRACE coupling
in VVER-1000 reactors was previously established in the Czech Republic [7,8]; however,
with recent advancements in these codes and their models, a revision of the previously
developed methodology became necessary. Specifically, there was a need to refine the
mapping procedure for the updated models, verify the coupling requirements, and develop
tools to support the procedure. A substantial part of the methodology development was
carried out and documented as part of a master’s thesis [9], which served as the basis for
the advancements presented in this study.

To run coupled simulations, an external mapping file is required to link the respective
codes’ geometries and enable them to exchange information through the transient. The
developed methodology facilitates the process of generating this mapping file employing
Python3 scripts. The validity of these scripts was tested through the simulation of a REA
scenario for the VVER-1000 [10,11], whose specific requirements were included in the
coupling methodology as well.

The results presented in this paper are preliminary and serve as an example of how
to perform external coupling between the two codes, potentially laying the foundation
for an automatic mapping function implementation within SNAP. Nonetheless, the REA
analysis shows that the coupling leads to a more accurate evaluation of the feedback
effects, confirming that the methodology is both valid and applicable to various hexagonal
core models.

2. Materials and Methods

This chapter describes the computational tools and methodologies adopted in this
study to simulate the behavior of a VVER-1000 reactor, a Russian-designed pressurized
water reactor (PWR) widely deployed in Eastern Europe. The reactor model serves as
the basis for evaluating the coupled neutronic and thermal-hydraulic response under
transient conditions.

The analysis employs two advanced simulation codes developed and maintained by
the U.S. Nuclear Regulatory Commission (NRC): TRACE, a best-estimate thermal-hydraulic
system code, and PARCS, a multidimensional reactor kinetics code. While each code can
operate independently, their coupled application allows for high-fidelity simulation of
complex transients involving strong neutronic-thermal-hydraulic interactions, such as
reactivity insertion events. Both tools are distributed through the Code Applications and
Maintenance Program, of which the Czech Republic is an active member [12].

The following sections provide a technical overview of the reference reactor model,
the key features of TRACE and PARCS, and the details of their coupling methodology.
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2.1. Overview of the VVER-1000 Reactor

The analysis performed in this study focuses on a generic VVER-1000/V-320 reactor,
originally developed by OKB Gidropress (Podolsk, Russia). The reactor’s basic layout and
main technical parameters are shown in Figure 1 and Table 1, respectively. The VVER-1000
has a thermal output of 3000 MW and is distinguished from Western PWRs primarily by
its hexagonal core geometry and the use of horizontal-axis steam generators. The reactor
cooling system consists of four main circulation loops, each comprising a reactor coolant
pump, a steam generator (SG), a hot leg and a cold leg. The primary circuit is connected to
a pressurizer via a surge line and an injection line, each one located on a different hot leg.
Core cooling under loss-of-coolant accidents is provided by the Emergency Core Cooling
System (ECCS) with high and low-pressure pumps and hydro-accumulators [11].

8. Pressurizer Pulse
Safety Device Valve

7. Accumulator

| 10. Injection System |0 g

Figure 1. Primary Circuit of VVER-1000 plant, adapted from [13].

Table 1. VVER-1000 V-320 technical parameters, adapted from [11].

Parameter Value
Reactor plant type V-320
Nominal thermal power (MW) 3000
Primary pressure (MPa) 15.7
Secondary pressure (MPa) 6.27
Coolant flowrate through reactor (m3/h) 84,800
Coolant temperature at reactor outlet (°C) 320
Number of fuel assemblies 163
Number of control rod drives 61
Uranium inventory (t) 80
U-235 enrichment of fuel (%) 44
Plant operational lifetime (years) 30

2.2. TRACE

The TRAC/RELAP Advanced Computational Engine, formerly known as TRAC-M,
represents the latest development in a series of advanced reactor systems codes. Developed
by the U.S. NRC, these codes are intended to analyze both transient and steady-state
neutronic and thermal-hydraulic behaviors in light water reactors. TRACE is the result of
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a long-term effort to integrate the functionalities of the NRC’s four major systems codes
(TRAC-P, TRAC-B, RELAP5, and RAMONA) into a single, modernized computational tool.
It can model components such as the reactor pressure vessel, steam generator, and loop
systems, enabling 3D heat-transfer analyses in both primary and secondary circuits [4]. The
specific version used in these analyses is TRACE v5, patch 8, released in 2023.

2.3. PARCS

The Purdue Reactor Core Simulator is a three-dimensional (3D) reactor core simulator
designed to solve both steady-state and time-dependent multi-group neutron diffusion or
low-order neutron transport equations in Cartesian and hexagonal fuel geometries. The pri-
mary objective of PARCS modeling is to create an accurate, though approximate, numerical
representation of the physical reactor system. Key modeling components in reactor kinetics
calculations include the core geometric representation, the cross-section library input, and
thermal-hydraulic (T/H) feedback modeling. PARCS offers a 3D geometric representation,
which can be simplified to 2D, 1D, or 0D (point kinetics) by selecting appropriate boundary
conditions [5]. All simulations in this work were performed using PARCS v3.4.2, released
in 2022.

2.4. Coupling PARCS/TRACE

The coupling of PARCS and TRACE codes is implemented through the so-called
“segregated approach”, a well-established technique that relies either on a programmed
interface (SNAP) or on an external file for data exchange. This approach enables an a poste-
riori coupling of mono-physics solvers without the need to re-verify and re-validate them.

To set up such coupled calculations, a “spatial coupling” or “mapping” is required [2].
This procedure consists of linking the neutronic nodes in PARCS (fuel assemblies and
reflectors) with the thermal-hydraulic nodes in TRACE, both axially and radially. The codes
will then exchange various types of information to enable integrated calculations:

e TRACE computes coolant and fuel properties (e.g., moderator temperature, lig-
uid/vapor density, void fraction, boron concentration, centerline and surface tem-
perature of heat structures). These calculations are based on the power distribution
provided by PARCS, which serves as the heat source for heat conduction [4].

e  PARCS updates macroscopic cross-section data using the local conditions of the coolant
and fuel, as received from TRACE. PARCS then calculates the 3D neutron flux and
sends the resulting node-wise power distribution back to TRACE.

For each link between the neutronic and the T/H volumes, “coupling coefficients” or
“weighting factors” must be specified. These factors are required to match the different
nodalizations of the two models and are evaluated from geometrical considerations, as
further explained in the following chapters.

The coupling of TRACE and PARCS for VVER-1000 purposes was verified and vali-
dated against the OECD NEA benchmark exercises [14]. Specifically, both Ivanov et al. [15]
and Jaegar et al. [16] performed the validation for Exercise 1 and 2 of the VVER Coolant
Transient Benchmark Phase 2, demonstrating the validity of using both codes for transient
analyses of VVER reactors.

3. Models and Methodology

The following sections provide a description of the neutronic and thermohydraulic
models developed for this reactor, followed by an outline of the coupling methodology and
the relative tools.
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3.1. TRACE Model

The VVER-1000 model was initially developed for the RELAP5/Mod3.3 code and sub-
sequently converted to TRACE v5.8. This model includes both the primary and secondary
systems of the plant, as well as its safety systems. The primary system model begins with
the Reactor Pressure Vessel (RPV), represented by TRACE’s 3D VESSEL component, which
is shown in Figure 2. The vessel is divided radially into three zones: the two inner zones
represent the lower plenum, core, and upper plenum, while the third outer zone models
the downcomer. Axially, the original model consists of 9 meshes representing the active
core, though a variant with 40 axial meshes was also created to achieve a 1:1 alignment with
the PARCS model. Azimuthally, the vessel is divided into six 60-degree sectors. Figure 3
provides the details of the axial and sextant mesh distributions.

The primary circuit model comprises various loops representing different primary
system components. These include hot leg pipes, horizontal steam generators, hot and cold
collectors, heat exchange tube bundles, loop seal pipes, reactor coolant pumps, and cold
legs. The pressurizer, together with its surge and spray lines, is also modeled, including
the power-operated relief valve and safety valves. TRACE v5.8 also models the secondary
system’s steam lines up to the turbine, with steam dump valves and steam generator safety
valves being individually simulated. The feedwater system model incorporates pipes and
valves located within containment. Additionally, control components and trip functions
are included to simulate safety-grade actions of the instrumentation and control systems.

Finally, the model includes the ECCS with High- and Low-Pressure injection systems
and accumulators, allowing for the simulation of Large Break, Medium Break, and Small
Break Loss of Coolant Accidents (SBLOCA).
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Figure 2. RPV model in TRACE.
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Figure 3. Loop radial distribution and fuel nodalization in TRACE models.
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3.2. PARCS Model

The neutronic model of the VVER-1000 in the PARCS code is developed using various
“cards,” each containing specific neutronic definitions. These include, most notably, the
cross-sections for fuel assemblies and reflectors, which are generated by an external code (in
this case, SCALE), the core layout, and the radial and axial mesh structures. For successful
coupling, the geometrical configuration must align with the TRACE model, although the
nodalization may differ. The reactor model is divided into 8 radial rings, with 7 rings
representing the fuel assemblies and 1 peripheral ring for the reflector, as shown in Figure 4,
where each numerical node represents an assembly. Each element consists of 40 axial nodes:

26 nodes of 13 cm for the fuel active length;

4 nodes of 5 cm for the bottom blanket pins;

2 nodes of 5 cm for the top blanket pins;

4 nodes of 3.75 cm for the bottom reflector region;
4 nodes of 3.75 cm for the top reflector region;

40 nodes (with the same dimensions) for the radial reflector.

Figure 4. Radial nodalization of the reactor core in PARCS.

Along with the radial assembly configuration, it is also necessary to set up the control
rods configuration. Figure 5 shows their location in the reactor core.

0 0 0] 0 0 0 0
0 0 0 0 0 o] 0] ] 0 0
0 0 0 3 0 4 0 4 0 0 a
0 0 4 0 7 1 2 8 0 3 0 0
0 0 0 8 0 0 5 0 0 7 0 a 0
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0 0 0 7 0 0 5 0 0 8 0 Q 0
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Figure 5. Position of control rods in the reactor core.

3.3. Coupling Methodology

To enable the exchange of information between the two codes, as explained in
Section 2.4, an interface file called MAPTAB containing all mapping information is re-
quired. For square-pitch reactor models, MAPTAB is automatically generated by the SNAP
interface when coupling PARCS and TRACE. However, for triangular-pitch configura-
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Sector 5

Sector 4

tions, characteristic of hexagonal geometries, this process is not automated and must be
performed manually.

Due to the complexity and limitations of manual mapping, two Python scripts were
developed to simplify and standardize the procedure. The first script, referred to as the
core script, produces the mapping file almost entirely automatically. The second script
provides a graphical interface, relying on the core script but requiring more user interaction.
These tools significantly streamline the coupling process and support various hexagonal
configurations, enabling easier integration between PARCS and TRACE.

This work focuses on coupling the TRACE 3D VESSEL component, although the
feature is also provided for other components, such as pipes. As described in Section 3.1,
the TRACE vessel is a cylindrical component divided into axial levels, azimuthal sectors,
and radial rings, which together form a mesh-cell grid [17]. Conversely, the reactor core in
PARCS is represented by Fuel Assemblies (FAs) arranged as numerical nodes in the radial
plane, with additional nodes corresponding to the radial reflector. Because the TRACE
vessel geometry does not precisely match the PARCS core nodalization, adjustments are
required. Specifically, the number of PARCS nodes must be increased where the axial
divisions of the TRACE vessel intersect the FAs.

An example of this discrepancy is illustrated in Figure 6, where the TRACE VESSEL
component with the current work’s nodalization is overlaid on the respective PARCS
map. The vessel is divided into six azimuthal sectors and two radial rings, excluding the
outermost ring (corresponding to the downcomer). White hexagons represent the PARCS
FAs, while gray hexagons denote the radial reflector.

Each node in the map is associated with a weighting factor. This factor quantifies the
fraction of thermal-hydraulic feedback received by a neutronic node from its associated
thermal-hydraulic cell or, conversely, the fraction of the total neutronic power deposited
into the corresponding thermal-hydraulic cell. When a node is shared by many sectors,
their weights must be reduced proportionally to maintain consistency with the original FA
distribution. For instance, in the VVER-1000 model, nodes located between two azimuthal
sectors are divided in two, each with a weight of 1/2. Similarly, the central node is split
into six nodes, each with a weight of 1/6.

Sector 6

1: internalring
2: externalring (includes reflector)
3: inactive ring (downcomer)

Sector 1
3

@: TRACE VESSEL radial nodalization

sactor2 O : PARCS fuel assembly

O : PARCS reflector assembly

ot

Sector 3

Figure 6. Example of radial nodalization of the RPV in TRACE and PARCS, adapted from [8].

For axial meshing, TRACE typically divides the vessel into n nodes, with the core
occupying only n — k nodes, where k corresponds to non-active levels (e.g., lower and
upper plenum or other non-heat-structure regions). The heat structures in TRACE are
numbered from 1 to n — k, whereas PARCS uses a numbering scheme from 1 to NAX, where



Energies 2025, 18, 5500

8 of 18

NAX represents the number of neutronic axial levels. Ideally, the thermal-hydraulic and
neutronic meshes should align closely to ensure consistent accuracy in both fields.

However, in practice, neutronic nodalization is often finer. In such cases, the meshes
must be aligned side by side, as shown in Figure 7, to determine the overlap between nodes.
If nodes align perfectly without overlapping, as in the case shown in figure, their weights
are set to unity. If an overlap occurs, weights are adjusted proportionally to the fraction of
the neutronic node’s length aligned with the thermal-hydraulic node. The sum of weights
within each neutronic node must always equal unity.

TRACE PARCS

L
L PARCS,NAX [ : axial fuel assembly node
TRACEn—k [ : axial reflector node

Lrrace,i l weight; = 1 ¥ Lparcs,

LTRACE,l

-------  Loarcsa

Figure 7. Example of axial mapping between TRACE and PARCS.

The developed scripts automate the creation of these mapping tables, apply the
necessary logic for weights assignment, and organize the data into the MAPTARB file. This
file consists of two tables:

e  Mapping between hydrodynamic volumes and neutronic nodes.
e  Mapping between heat structures and neutronic nodes.

Both tables share the same structure, with each row containing five values: vessel
ID, TRACE radial ID, TRACE axial ID, PARCS node ID, and the product of radial and
axial weights.

In addition to the mapping file, to couple PARCS and TRACE three more files are
needed: the PARCS and TRACE inputs, and the TRACE Stand Alone (SA) restart file,
which is generated by the SA TRACE. With these files, it is possible to run the Steady State
(SS) Coupled (-C) calculation. This calculation produces several output files, including the
restart files of both PARCS and TRACE, which are necessary for Transient (Tr) calculation.
The SS-C restart files are then used for the Tr-C calculation along with the transient inputs
of PARCS and TRACE.

3.3.1. Core Script

The initial script, referred to as the core script, enables map generation and the cre-
ation of a mapping file with minimal user input, requiring only a few key data entries.
However, the script has limitations regarding the complexity of the geometry it can process,
supporting a maximum of 6 azimuthal sectors and 2 radial rings, although the outer ring
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can include a reflector layer. Data extractions necessary for creating the MAPTAB file are
automated within the script using Python’s “Regular Expressions” [18].

A flowchart of the script’s logic is shown in Figure 8. First, a set of data is extracted
from TRACE input and the SA PARCS output. Additional parameters that cannot be
directly obtained from these files must be provided manually by the user. The script
then generates all the additional maps required for the mapping file or modifies existing
ones as needed, based on the geometry. It supports geometrical configurations with 1 or
2 radial rings and 1, 2, 3, or 6 azimuthal sectors, enabling the generation of maps with
1 to 12 hydraulic sectors. However, if the radial reflector HS are activated, the coupled
simulation fails. Instead, the outer ring HS can be used as a substitute, with a weighting
factor of 0 to ensure no neutron power generation in these regions.

For axial mapping, it is recommended to maintain consistent axial geometry across
thermohydraulic and neutronic models. Nevertheless, the script can modify the weight
map and smaller maps as necessary, even if the neutronic, hydraulic, and heat structure
nodalizations deviate from the actual vessel geometry.

Additionally, the user can manually activate or deactivate the inclusion of the radial
reflector HS and assign a zero-weighting factor to these, if needed.

Vessel
TRACE input component
data

PARCS output ESET TN Core Script MAPTAB file

mesh data

Radial reflector

User input prperes

Figure 8. Core script’s logic flowchart.

3.3.2. Graphical Interface

The core script automatically generates the mapping files, requiring minimal user
input. However, due to programming complexity when creating more sophisticated maps,
an alternative script with a graphical interface was developed. This alternative allows
users to manually configure maps with a slightly increased effort, allowing for a greater
number of radial rings. The graphical interface, built using Python’s “tkinter” package [19],
displays a modified radial map of the core represented by hexagons, each corresponding to
a specific node.

A flowchart of the graphical interface functioning is shown in Figure 9. To create the
core map, the script first extracts the PARCS radial map, then expands the nodes based on
the number of azimuthal sectors for the vessel component. Simultaneously, a corresponding
map of weighting factors is generated. Finally, the user selects hexagonal nodes on the
interface and assigns each a TRACE Node, which identifies the hydraulic sector where
the FA is located, a TRACE HS, corresponding to the HS associated with the FA, and an
optional weighting factor available for testing.

This script builds on the programming logic developed for the core script and supports
the same number of azimuthal sectors (1, 2, 3, and 6); however, it offers some advantages
over the previous script. First, it allows to define additional radial rings, extending the
possibility of core geometry configurations. Second, it allows the user to assign any
identification number for hydraulic nodes and HS, removing constraints of predefined
nomenclatures. Finally, it gives the possibility to assign custom weights, which can be
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useful, for instance, for disabling the radial reflector HS that are unsupported by the
current coupling.

TRACE input, PARCS

output

Graphical Interface s MAPTAB file

User input
(TRACE nodes and HS,

weighting factors)

Figure 9. Graphical interface script’s logic flowchart.

4. Accident Description and Main Results

To validate the developed scripts and coupling methodology, a rod ejection acci-
dent scenario at hot full power was simulated [10]. This analysis was conducted using
both VVER-1000 thermohydraulic models: the original (9 axial nodes) and the variant
(40 axial nodes).

The primary objectives were twofold. First, to verify the accuracy of the axial mapping
logic implemented in the scripts, particularly in cases where the two models have differing
axial nodalizations. Second, to assess the validity and performance of both models for
the specified scenario. The original model uses an axial nodalization that adheres to
thermohydraulic requirements, featuring a coarser cell mesh. Conversely, the second
model incorporates a finer axial nodalization, which is in a 1:1 scale with the PARCS model,
thereby aligning with the detailed meshing required by neutronics.

This dual analysis addresses previous limitations in the coupling procedure, which
required identical axial nodalizations for the coupled models, as discussed in [7,8]. By
overcoming these constraints, the present work enhances the flexibility and applicability of
the coupling methodology for complex reactor simulations.

4.1. Rod Ejection Accident

The rod ejection accident is a subcategory of reactivity-initiated accidents and is
classified as a design basis accident according to NUREG 0800 [20].

The event occurs when both the control rod drive mechanism and its drive housing
fail simultaneously, resulting in a sudden and rapid withdrawal of the control rod bank.
The removal of neutron-absorbing material (poison) introduces a substantial amount of
positive reactivity into the core, resulting in a sharp increase in neutron flux and core
heat generation. This rapid power excursion causes a short-term spike in reactor power
and an adverse power distribution within the core, potentially exceeding the thermal and
mechanical design limits of the fuel and reactor system. Given the high speed at which
the control rod may be ejected, it can breach the reactor vessel head, possibly initiating a
SBLOCA [21].

4.2. Coupled Steady States

The steady-state analysis serves a dual purpose: verifying the consistency of the
coupled models and providing a restart point for the transient simulation.

The simulation results were compared to the reference data for ZNPP unit 5 (VVER-
100/V-320 design) [22], and to the TRACE SA simulations, which include some addi-
tional parameters.
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The coupled simulation results show good agreement with both the reference data and
the SA simulations, as well as a strong consistency between the two models, as reported in
Tables 2 and 3.

No significant discrepancies are observed, except for the water flow in the active zone.
The relative error compared with the reference data is —0.60% for the original model and
—2.28% for the variant model, respectively. This suggests that a coarser axial nodalization is
more appropriate for modeling the TRACE VESSEL component, as evidenced by the smaller
deviation in the original model. Conversely, the variant model employs an excessively
fine nodalization, which negatively affects the solution process within the vessel and the
complex three-dimensional mixing phenomena, leading to an overestimation of the mass
flow rate. It should be emphasized, however, that the finer nodalization was introduced
solely to verify the applicability of the methodology, and not to quantitively assess its
impact on the simulation. Nevertheless, the resulting errors remain within acceptable
uncertainty limits for such verification purposes.

It is also worth noting that the inlet and outlet temperatures in the active zone are
evaluated by averaging the temperatures of the first and second rings in the first sector,
weighted according to the number of fuel pins, which serves as a geometrical weighting factor.

Table 2. SS, SA and coupled simulation results.

Parameter Units Reference Original %f)igli;il:é— Var. A C‘ﬁf’pﬁa
Reactor Power (Boundary condition) [MW] 3000 3000 3000 3000 3000
Pressure in Pressurizer [MPa] 15.7+ 0.3 15.67 15.67 15.67 15.67
Water temperature at the active zone inlet [°C] 290.00 289.21 288.76 288.85 288.95
Water temperature at the exit of active zone [°C] 320.00 319.25 319.85 318.67 319.31

Water flow in the active zone

[kg/s] 17,126.00 17,176.15 17,229.12 17,495.55 17,525.58

Pressure in SG [MPa] 6.30 6.30 6.31 6.30 6.31
Outlet temperature of steam from SG [°C] 278.50 278.95 278.98 278.95 278.99
Core pressure drop [MPa] X 0.16 0.16 0.16 0.16
Feed Water inlet temperature [°C] X 222.16 222.16 22217 222.16
Water flow rate in Pressurizer loop [kg/s] X 4601.50 4601.50 4601.50 4601.50
Feed water/steam flow rate [kg/s] X 410.08 413.10 410.25 413.50

Table 3. SS, -C simulation errors relative to reference data.

Parameter Units Originalo—o(]loupled Var. AEO/Cooupled
Pressure in Pressurizer [MPa] 0.19 0.19
Water temperature at the active zone inlet [°C] 0.43 0.36
Water temperature at the exit of active zone [°C] 0.05 0.22
Water flow in the active zone [kg/s] —0.60 —2.28
Pressure in SG [MPa] —0.16 —0.16
Outlet temperature of steam from SG [°C] —-0.17 —0.18

Figure 10 illustrates a comparison between the axial power profiles in terms of relative
power (local-to-average power ratio). The original model’s profile is slightly less smooth
compared to that of the variant model. This observation underscores the significance of
finer nodalization, enabling a more precise evaluation of power distribution. Nevertheless,
the coarser nodalization of the original model still produces a sufficiently accurate and
consistent power shape.

The radial power maps presented in Figures 11 and 12 also show the relative power,
with the power peaks location and value highlighted in white. These results confirm
that the mapping procedure was executed correctly, as the radial power distribution is
approximately symmetric and aligns with the reference data. However, in both simulations,
the power peak is slightly shifted toward an outer fuel assembly compared to the SA
neutronic simulation. This shift is attributed to the more accurate flow distribution within
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the core, which enhances moderation in the outer regions and consequently leads to higher
power production in those areas.

400 Axial Power Comparison
= Original
= = Variant

Height (cm)

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
Relative Power (locallaverage)

Figure 10. Core average axial power profile.
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Figure 11. Radial power map, coupled PARCS/TRACE, Original model.
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Figure 12. Radial power map, coupled PARCS/TRACE, Variant model.



Energies 2025, 18, 5500

13 0f 18

4.3. Coupled Transients

The transient simulations were computed over a total duration of 200 s. Given the
near-complete alignment of results between the two models, the following discussion will
focus exclusively on the results obtained from the variant model.

The accident was initiated from an initial condition of 104% nominal power, corre-
sponding to 3120 MW, with the SCRAM signal triggered at 113.5% of nominal power. The
simulation assumed four active coolant pumps operating at a reduced water flow rate of
83,000 m? /h. The control rod bank selected for ejection was from group 10, positioned in the
right section of the reactor core. The ejection event began at 0.22 s and lasted 0.15 s, resulting
in a significant reactivity insertion that caused a pronounced localized power excursion
within the core, as illustrated in Figure 13. The resulting radial power distribution matches
that of the SA PARCS calculation shown in Figure 14; however, the peak power in the latter
is significantly higher. This discrepancy arises because the coupled calculation provides
a more accurate assessment of neutronic feedback by dynamically exchanging relevant
information between the neutronics and the thermal-hydraulics domains. Consequently,
the coupled simulation confirms its role as a best-estimate approach.

=
IS

12

-
o
Relative Power (local/average)

o
©

o
o

o
'S

Figure 14. Peak radial power distribution during REA, PARCS SA.
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An additional confirmation is provided by the reactivity insertion shown in Figure 15,
which illustrates the effect of decreased neutron absorption following control rod with-

drawal. The inserted reactivity reaches peak values of 0.66$ in the SA PARCS simulation
and 0.53% in the coupled simulation.

Reactivity Comparison
061 —— PARCS

—— Coupled

Reactivity ($)

025 050 075 100 125 150 175 2.00
Time (s)

Figure 15. Reactivity insertion during REA.

The reactor power peaked at 6.94 GW at 0.35 s before declining, primarily due to
Doppler feedback, followed by the activation of the SCRAM system. The SCRAM suc-

cessfully shut down the reactor, reducing power levels to decay heat levels, as shown in
Figure 16.

7.0

» o o
=) =} o

Power (GW)
w
o

1.0

0.0

0 25 50 5 100 125 150 175 200
Time (s)

Figure 16. Reactor power during REA.

The coolant temperature exhibited a minor peak a few seconds after the power excur-
sion, followed by a rapid decrease to 555 K caused by the reactor shutdown, as shown in
Figure 17.

The peak cladding and fuel temperatures followed a similar trend to the reactor
power, reaching maximum values of 612 K and 1114 K, respectively, as illustrated in
Figures 18 and 19, within the region affected by the ejected rod bank.

Comparison with the utility’s reference data and results obtained using the PARCS
code in SA mode indicates excellent agreement, demonstrating the accuracy and robustness
of the coupling methodology and simulation approach.
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Figure 17. Coolant temperature during REA.
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Figure 18. Cladding peak temperature during REA.
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Figure 19. Fuel peak temperature during REA.

5. Conclusions

The primary objective of this study was to develop and validate a methodology for
coupling PARCS and TRACE codes specifically for hexagonal reactor models. Building
upon the tools and expertise established in previous works, the coupling process was
streamlined through the creation of two Python scripts. These scripts effectively emulate
the SNAP auto-mapping function originally designed for reactors with squared assemblies.
To utilize the scripts and generate the required mapping file, users only need to provide
TRACE input file along with the output of a stand-alone PARCS simulation. The developed
methodology supports geometries with up to six azimuthal sectors and a variable number
of radial rings depending of the selected script. While the total axial length of the reactor
core must remain consistent between the two models, the methodology accommodates dif-
ferent nodalizations. This flexibility was demonstrated using two thermohydraulic models:
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one with a coarse axial nodalization and another featuring a fine axial nodalization in a 1:1
scale with the neutronic mesh. The rod ejection accident was selected as a representative
transient scenario due to the critical interplay between thermohydraulics and neutron-
ics under such conditions. Steady-state analyses confirmed the validity of the proposed
coupling methodology and the mapping logic embedded within the scripts. The results
indicated that different nodalization schemes could be employed for the models without
compromising the accuracy of the simulations. Furthermore, transient analysis verified the
precision and robustness of the coupled simulation approach. The coupled methodology
yielded more conservative results compared to the reference data, reinforcing its validity
as a best-estimate analysis. This work introduces a reproducible methodology that can be
adopted by researchers analyzing hexagonal core reactors using PARCS and TRACE codes.
Although initially applied to VVER reactors, the methodology can be extended to other
technologies employing hexagonal cores, such as liquid metal reactors, depending on their
implementation status within the codes. Moreover, the methodology is not specific to the
rod ejection accident and can therefore be readily applied to other coupled scenarios. The
automation of the coupling process through Python scripting not only simplifies the work-
flow but also ensures consistency and accuracy across varied geometrical and nodalization
configurations. Currently, however, only the graphical interface script supports models
with an arbitrary number of radial rings. Future developments could focus on extending
this capability to the core script. In addition, the existing limitations due to incomplete
information on radial reflector mapping in the code manuals should be addressed. Once
resolved, the scripts could be fully integrated within SNAP, enabling automatic coupling
for hexagonal geometries to be available to all users.
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Abbreviations

The following abbreviations are used in this manuscript:

-C Coupled
ECCS Emergency Core Cooling System
FA Fuel Assembly
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HS Heat Structure

NPP Nuclear Power Plant

PARCS Purdue Advanced Reactor Core Simulator
PWR Pressurized Water Reactor

REA Rod Ejection Accident

RPV Reactor Pressure Vessel

SA Stand Alone

SBLOCA  Small Break Loss Of Coolant Accident

5G Steam Generator

SNAP Symbolic Nuclear Analysis Package

SS Steady State

T/H Thermal-Hydraulics

TRACE TRAC/RELAP Advanced Computational Engine
Tr Transient

U.S.NRC U.S. Nuclear Regulatory Commission
VVER Water—Water Power Reactor
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