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Abstract

This paper presents a numerical study of fuel cycle performance and time—space characteristics of a
research-scale high temperature gas-cooled reactor (HTGR) using high-fidelity Monte Carlo
simulations with continuous-energy and double-heterogeneity modeling. Three core geometries (V1,
V2, V3) and three fuel enrichment levels (5%, 8%, 12%) were analyzed with axial batch refueling
strategies. Results show a strong dependence of fuel utilization on geometry and enrichment. The V2
configuration achieves the best performance, with sub-cycle lengths up to 550 days and fuel
utilization over 91% at 12% enrichment. V1 and V3 yield shorter cycles but maintain stable power
and temperature profiles. In all cases, fuel temperature remained below 1200 K, ensuring a wide
safety margin. The similarity of power distributions for different enrichments indicates that a single
core design can accommodate various fuel types without compromising safety. These findings
support the selection of V2 as a reference configuration for a future HTGR research reactor.

Keywords: HTGR; Monte Carlo; TRISO; fuel utilization; burnup; power distribution; safety margins

1. Introduction

Within the framework of a national initiative led by the National Centre for Nuclear Research
(NCBYJ) in Swierk-Otwock, conceptual design activities were launched to develop a low-power high-
temperature gas-cooled research reactor (HTGR) with a thermal output of approximately 30 MW.
This project is part of a broader international effort focused on the development of advanced
Generation IV reactor technologies. These systems are aimed at enhancing intrinsic and passive
safety, improving fuel utilization efficiency, and broadening the scope of nuclear energy applications
beyond electricity generation.

HTGR technology offers a number of significant advantages, including inherent and passive
safety features, high thermal stability, and coolant outlet temperatures in the range of 700-950 °C.
Such characteristics enable a wide range of potential applications — from hydrogen production and
high-temperature process heat supply to seawater desalination and other industrial processes.

In the present study, the prismatic block-type core design was adopted, drawing inspiration
from the well-documented Fort St. Vrain (FSV) reactor concept [1]. This design approach allows for
flexible core configuration, well-controlled power and temperature distributions, and the integration
of different fuel zoning and burnable poison strategies, which are essential for both achieving high
fuel utilization and maintaining nuclear safety margins.

Recent trends in prismatic HTGR core design for moderate power units (i.e., below 200 MW),
particularly those intended for cogeneration and polygeneration applications, show a clear tendency
toward elongated core geometries (H >> R). This represents a significant departure from the
geometric proportions of the historical FSV reactor. However, despite changes in overall core
geometry, the basic structure of the fuel block — including its dimensions, fuel element lattice, and
coolant channel arrangement — has been largely preserved in most contemporary prismatic HTGR
design concepts. This continuity reflects the maturity and proven performance of the original fuel
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block design, which remains a robust and reliable technological foundation for further reactor
development.

Three geometric configurations of the prismatic core were investigated to identify layouts that
offer a favorable balance between power density, reactivity control, fuel depletion behavior, and
safety characteristics. These core configurations served as a basis for detailed neutronic analyses
employing high-fidelity Monte Carlo models, explicitly accounting for the double material-spatial
heterogeneity characteristic of HTGR fuel elements.

2. Background and Design Objectives

The design of an HTGR research reactor is guided by well-defined mission objectives that
determine the reactor’s operational role and research functions. A key component of the design
process is the numerical analysis of different geometric and material configurations of the core,
including strategies for partial fuel reloading. Such investigations must consider multiple constraints,
ranging from nuclear safety requirements to technological feasibility, fuel cycle efficiency, and
economic performance.

2.1. Safety Requirements

The primary safety criteria considered in this study are:
*  maintaining the maximum fuel temperature during a loss-of-coolant accident
(LOCA) below 1600 °C, ensuring the integrity of TRISO fuel particles,

* maintaining the maximum reactor pressure vessel temperature during LOCA below 500 °C,
ensuring the mechanical integrity of the vessel.

Meeting these requirements is essential for the safe and robust operation of HTGR systems and
places direct constraints on the feasible range of core design strategies.

2.2. Safety Requirements

In addition to these fundamental safety limits, several secondary objectives were defined to
ensure long-term stable operation and support the reactor’s experimental mission:

¢ Axial power shaping to increase power density in the upper region of the core and decrease it
in the lower region,

¢ Radial power flattening to reduce local thermal peaks and improve safety margins,

¢ Enhancement of fuel utilization

2.3. Fuel Utilization and Economic Considerations

Fuel utilization in a nuclear reactor can be characterized by several complementary measures:

a) Burnup (BU) — the total energy released from fission per initial mass of heavy metal
(MWd/kgHM),

b) FIMA (Fissions per Initial Metal Atom) — the ratio of the total number of fissions to the initial number
of heavy metal atoms,

c) FIFA (Fuel Utilization Factor) — the ratio of the total number of fissions to the initial number of
fissile atoms.

Among these, FIFA is the most representative metric of the actual utilization of the fissile
content, as it indicates what fraction of the original fissile inventory has been converted into energy.
and subsequent fission of the bred fuel, the FIFA value may exceed 100%, reflecting the additional
contribution from in-situ produced fissile material.

Mathematical Formulation

(1) Burnup (BU)
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Burnup is defined as:

BU = Eﬁssion(t)

MHM,O
where

®  Egssion(t) — total energy released by fission up to time ¢t [MWd],

e  Myyo— initial heavy metal mass [kg].

(2) FIMA - Fissions per Initial Metal Atom

N (T
FIMA(t) — flSS( )
NHM,O
where
®  Npgss(t)— total number of fissions up to time t,
®  Nymo— initial number of heavy metal atoms.
(3) FIFA — Fuel Utilization Factor
N (T
FIFA(t) — flSS( )
fissile,0

where

If the initial fissile fraction is Xfisg o, then
FIMA
Nfissile,0 = Xfiss,0 Num,o0 = FIFA = .
xfiss,o
This means that for enriched uranium fuel, FIFA is directly related to FIMA through the

reflecting that more fissile atoms were fissioned than initially present.

Improving fuel utilization is a critical aspect of HTGR design, driven by both economic and
environmental considerations. From the economic perspective, higher fuel utilization reduces
uranium procurement and fuel fabrication costs, as well as the costs of spent fuel management.
Numerical fuel cycle studies indicate that high enrichments combined with low TRISO packing
fractions yield the best fuel utilization performance.

However, high fuel utilization typically requires high burnup levels (MWd/kg), which may pose
licensing and regulatory challenges. Therefore, adopting moderate burnup levels can offer a practical
balance between performance and regulatory feasibility. The optimal strategy should be determined
through detailed numerical fuel cycle analyses.

If obtaining regulatory approval for higher burnup levels requires additional experimental
evidence, a research reactor provides an ideal platform for such demonstration activities. Moreover,
current international trends in HTGR development show a tendency to increase fuel enrichment up
to the maximum levels allowed by non-proliferation agreements, further motivating research in this
area.

2.4. Safety Considerations

Because the coolant flows from top to bottom through the core, increasing power density in the
upper part of the core has a beneficial effect on temperature distribution during LOCA, inherently
supporting the safety requirements. Moreover, strong axial power shaping towards the top offers
two additional benefits:

e higher neutron fluence in the upper region, which enables dedicated irradiation positions for
experimental purposes

e achieving local power densities at levels of commercial HTGRs, which supports the
demonstration mission of the research reactor.

3. Methodology
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A continuous-energy Monte Carlo approach was applied to simulate neutron transport and fuel
depletion with high physical fidelity. During the simulated fuel cycle, criticality was maintained
through adaptive control rod insertion, ensuring that the computed neutron flux and power
distributions accurately represent the reactor’s actual operating conditions.

3.1. Monte Carlo Burnup Code System — MCB

The Monte Carlo Continuous Energy Burnup Code (MCB) is a general-purpose computational
tool designed to calculate the time evolution of nuclide densities during irradiation or decay
processes. The code performs eigenvalue calculations for critical and subcritical systems as well as
fixed-source neutron transport calculations to obtain reaction rates and energy deposition needed for
burnup analysis.

MCB internally integrates the well-known MCNP code (currently version 5 [2]) for neutron
transport calculations with an advanced Transmutation Trajectory Analysis (TTA) module [3,4],
which generates and solves transmutation chains online. The publicly available version, MCB1C [5,6],
has been distributed through the OECD NEA Data Bank (Package ID: NEA-1643) since 2002.

The MCB code has been applied in several advanced reactor studies, including the EU projects
[7-9], which focused on neutronics and fuel cycle analysis of helium-cooled reactor systems. In recent
years, MCB has undergone continuous development aimed at improving the modelling of modern
reactors, particularly double-heterogeneous structures characteristic of HTRs [10].

The main features of MCB that are used in HTGR fuel cycle analysis are:

¢  Thermal-hydraulic coupling for prismatic HTRs:

direct coupling with the POKE code [11] and FLUENT [12] allows the simulation of temperature
feedback and realistic thermal-hydraulic conditions.

¢  Heating and decay heat:

heating rates are determined during neutron transport simulation using KERMA factors from
standard nuclear data libraries. Additionally, decay heat is computed based on ORIGEN data,
enabling afterheat analysis.

*  Material processing and shuffling:

MCB allows material relocation during burnup, enabling simulation of fuel shuffling, control
rod operation, or material movement within the core. The current version allows the user to
define models with a larger number of universe levels and to assess statistical fluctuation effects
in Monte Carlo reactor simulations.

3.2. Thermal-Hydraulic Coupling with POKE

Thermal-hydraulic effects are introduced into Monte Carlo calculations by coupling MCB with
the POKE code. POKE was originally developed at General Atomics for modeling the Fort St. Vrain
reactor and later adapted for GT-MHR analysis. The code computes fuel and coolant temperature
distributions and coolant mass flow rates under steady-state conditions.

POKE solves the one-dimensional mass, momentum, and energy conservation equations for
each coolant channel iteratively. The coolant mass flow rate is determined from the pressure drop
balance between inlet and outlet plena.

An initial temperature profile at beginning of life (BOL) can be set by the user or derived from
previous thermal-hydraulic simulations. Once invoked, POKE calculates the updated thermal-
hydraulic parameters and temperature profiles, which are then passed back to MCB. These
temperatures are used to adjust the temperature-dependent cross sections, enabling a new power
distribution iteration and a more realistic isotopic evolution during subsequent burnup steps.

3.3. Boundary Conditions for Neutronic Calculations
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https://doi.org/10.20944/preprints202510.2267.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 October 2025 d0i:10.20944/preprints202510.2267.v1

5 of 22

Neutronic characteristics of a reactor with a strongly moderated neutron spectrum are highly
sensitive to the chosen reactivity compensation scheme, since neutron absorbers can substantially
perturb the spatial neutron flux distribution. Accurate calculation of neutronic parameters—such as
power distribution, burnup, and reactivity coefficients—therefore requires a computational model
capable of representing the time-dependent configuration of neutron absorbers used for reactivity
control. The influence of absorbers on local power distributions is particularly significant in graphite-
moderated HTGRs.

Based on the experience and recommendations from the GEMINI+ project [13], the following
reactivity control methods and corresponding modelling constraints have been adopted to minimize
undesirable perturbations of the neutron field in the HTGR research reactor core:

*  Control-rod placement and Reserve Shutdown Control (RSC):

®  The main control rods are located in the reflector, thereby minimizing their direct impact on the
neutron flux distribution during normal operation.

®  The Reserve Shutdown Control (RSC) system is installed inside the active core but is designed
so as not to influence normal operation and not to disturb the neutron field under routine
conditions.

¢  Control-rod grouping and operational strategy:

e  Total 18 control rods are divided into three sections:

Section 1: Six startup rods (located in the fourth ring, nearest to the active core). The core is
configured so that these rods remain withdrawn during most of the reactor’s operating cycle.

Sections 2 and 3: Compensating groups that are operated sequentially, the first section is fully
inserted before the second is engaged.

This operational strategy minimizes the time that compensating rods spend inside the active
region, thereby limiting flux perturbations.

®  Burnable poisons (BPRs) are used primarily to:
1. Maintain core reactivity within the operational margin at the beginning of cycle (BOL);

2. Flatten the radial power distribution among fuel columns.
The radial and axial BPR distribution is therefore a key design parameter.

3.3.1. Power and Burnup Flattening Objectives

Radial power flattening is the most important d esign goal for fuel and absorber layout, as it
simplifies core cooling, reduces thermal stress, and improves fuel utilization. Axial burnup flattening
is also desirable but may be influenced by control-rod effects. It can be achieved more easily through
partial axial fuel shuffling during reload, which tends to homogenize end-of-cycle burnup. Burnable
poisons can also be used to shape the power profile, mitigating local power and temperature peaks,
and thereby reducing the probability of fission product release during off-normal events.

3.3.2. Strategy for Burnable Poison Distribution

The radial distribution of burnable poison is achieved by decreasing the number of BPR pins
with increased radial distance from the core center, while keeping the poison content per pin
constant.

3.3.3. Reactivity Target and Shutdown Margin

The total amount of burnable poison is chosen such that at BOL the reactor is critical with startup
rods fully withdrawn and compensating rods inserted. Full insertion of all control rods at any point
in the cycle must result in a negative reactivity margin of at least 5000 pcm, ensuring sufficient
shutdown capability.

3.3.4. Axial Profiling and Optimization

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202510.2267.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 October 2025 d0i:10.20944/preprints202510.2267.v1

6 of 22

In the first design step, a homogeneous axial poison distribution is assumed to establish a stable
reference configuration. In subsequent optimization steps, axial poison profiling will be investigated
to maximize cycle length and improve burnup uniformity.

3.3.5. Implications of Absorber Modelling

The neutronic model must account for time-dependent absorber configurations (moving control
rods and depletion of burnable poisons), updating spatial cross sections at each burnup step. The
chosen absorber layout and operational strategy are designed to minimize perturbations of the
neutron field during normal operation, but the model must still include key reactivity states (e.g.,
BOL criticality, control rod insertion cases, worst-case shutdown conditions).

4. Core Configuration and Calculation Setup

4.1. Introduction

The design and modelling of the HTGR research reactor core were based on the technical
recommendations of the GEMINI+ project and selected geometrical specifications provided by JAEA.
These documents offer detailed guidance regarding fuel block geometry, reflector layout, and TRISO
particle structure (particularly coating layer thicknesses). However, several essential design
parameters—such as enrichment zoning, fuel shuffling strategy, absorber layout and reactivity
control system—were defined and optimized in the course of this study to ensure appropriate
operational flexibility, safety margins, and good fuel utilization.

The Fort St. Vrain (FSV) fuel block geometry was adopted as the baseline design due to its
proven operational performance, extensive validation record, and widespread use in contemporary
prismatic HTGR concepts (e.g., GT-MHR, GEMINI+). This design choice ensures high technological
readiness, validated thermal-hydraulic behaviour, and a well-characterized neutronic response.

4.2. Core Structure

The core structure is defined by the number of prismatic fuel block columns arranged in a
hexagonal lattice and the number of axial layers (fuel block tiers).
Two basic variants were considered:

e V1 /V2: Core consisting of 31 fuel columns, corresponding to the Gemini_A geometry, chosen
primarily for economic and compactness considerations, minimizing reactor vessel diameter.

e V3: Core consisting of 19 fuel columns, offering a smaller active volume and reduced initial fissile
inventory.

The active core is surrounded by graphite reflector blocks—top, bottom, and lateral —which
provide neutron reflection and thermal inertia, improving both neutronic performance and passive
safety characteristics. Control rods are placed in dedicated reflector channels to minimize their direct
perturbation of the neutron flux distribution during normal operation.

The numerical core models were developed based on GEMINI+ and JAEA specifications and
include:

¢ Geometric parameters:
reactor vessel and core dimensions, vessel-core gap, prismatic fuel block geometry (with and
without CR channels), graphite reflector geometry (top, bottom, lateral), fuel compact geometry,
coolant channels, control rod channels, TRISO structure.

e Material parameters:
material compositions and densities for structural steel, helium coolant, graphite, TRISO fuel,
and uranium enrichment levels.

¢  Operating parameters:
thermal power, coolant conditions, boundary temperatures.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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To reduce computational complexity while preserving neutronic fidelity, the reflector geometry
was simplified by replacing individual graphite blocks with concentric rings of equivalent mass. This
simplification does not affect the calculated neutron flux distributions or reactivity coefficients.
Burnup zones were defined independently of the block structure, allowing for finer control of
depletion effects without increasing geometric complexity. The general cross-section of the reactor
with a bigger core diameter (version V1 and V2) divided into burnup zones is shown in Figure 1. In
the core of third version - V3 the reflector expands for entire 3-th ring and all CR are located in blocks
of 4-th ring.

Figure 1. Cross-section of the HTGR research reactor core model of configurations V1 and V2.

4.3. Fuel Block Structure

The fuel block geometry follows the standard prismatic HTGR design based on the historical
FSV reactor.
Key features include:

e Hexagonal fuel block with coolant channels, fuel pin channels, and optional control rod channels.

e  Graphite matrix providing structural stability and high-temperature capability.

e Central channels used either for burnable poison rods (BPR) or control rod guide tubes
depending on block location.

e Geometry compatible with standard block handling and refueling operations.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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This fuel block configuration has a long operational history and was successfully cooled without
significant overheating or fission product release, as confirmed during post-operation dismantling of
the FSV reactor. The same geometry has been adopted in modern HTGR concepts developed by
General Atomics, Framatome/AREVA, and European GEMINI+ and PUMA projects, with only
minor modifications (e.g., control rod channel diameter).

Burnable poison pins (BPR) are integrated directly into the fuel blocks to flatten the power
distribution and support reactivity control throughout the cycle. Table 1 shows the main core fuel
block design assumptions used in the present analysis.

Table 1. Parameters of the fuel blocks in the HTGR reactor.

Reactor Core value
Number of fuel block layers (V1/V2/V3) 4/6/6
Number of fuel columns 31or19
Number of fuel columns inrings0/1/2/3 1/6/12/12/
RSC channels in the core — ring #2 6
Control rods — located in reflector 18
Number of fuel block layers 4orb6
Fuel Block
Apothem [cm] 18
Apothem including inter-block gap [cm] 18.1
Height [cm] (V1/V2/V3) 58/60/60
Number of coolant channels in fuel block 108
Number of coolant channels in fuel block with RSC 89
Coolant channel radius [cm] 0.8
Fuel channel radius [cm] 0.65
Lattice pitch [cm] 1.88
Number of fuel channels per block 216
Number of fuel channels per block with RSC 182
Fuel Compact
Radius [cm] 0.6225
Height [cm] 5

4.4. Fuel Pin Parameters

The TRISO fuel pin design is defined by three key interdependent parameters. The nominal
values adopted in this study are:

e TRISO kernel diameter: 500 pm,
e TRISO packing fraction in compact: up to 30%,

e uranium enrichment in i.i?3°U: 5%, 8%, and 12%.

These values were selected to allow parametric studies of fuel utilization and cycle length while
maintaining compatibility with existing TRISO manufacturing capabilities and non-proliferation
limits.

Different combinations of enrichment and packing fraction were investigated to evaluate their
impact on:

o fuel utilization (FIFA and FIMA factors),
¢  burnup distribution,

e swing of reactivity over the cycle,

e achievable cycle length.

4.5. Enrichment Zoning Strategy
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For the partial refueling strategy, homogeneous enrichment is assumed for each reload batch. In
the initial core, fresh fuel is loaded uniformly but with reduced packing fraction in zones that will
later serve as receiving zones for partially burned fuel after refueling. This approach allows the initial
power distribution to approximate the equilibrium power distribution, which would normally only
be reached after several reload cycles. Such zoning helps:

e reduce initial reactivity excess,

e flatten power distribution,

¢ minimize local peaking factors,

e extend cycle length without additional absorber use.

4.6. Reactivity Control System

The control system is designed to ensure:
e BOL criticality with startup rods fully withdrawn and compensating rods inserted,
e minimum shutdown margin of 5000 pcm when all rods are fully inserted,

e minimized local perturbation of the flux field during normal operation.

4.6.1. The Reactivity Control System Consists of Two Main Elements:

e Control rods (CR) located in the reflector divided into three sections 6 rods each:
Section 1: six startup rods (nearest to active core), normally withdrawn during power operation,
Sections 2 and 3: compensating rods, operated sequentially.

e Reserve Shutdown Control (RSC) systems located inside the active core (in 6 fuel blocks),

function exclusively as an emergency shutdown mechanism, does not affect normal operation

and does not distort neutron flux distribution.

4.6.2. Burnable Poison Rods (BPR) Are Additionally Employed to

e maintain reactivity within operational margins at BOL,
¢ flatten the radial power distribution and reduce reactivity swing,

e  limit the use of control rods during normal operation.

4.7. Fuel Shuffling and Reloading Strategy
A two- or three-batch axial refueling scheme is applied for a core with six axial layers:
e Fresh fuel is loaded in the top layers,
e Partially burned fuel is shifted downward,
e Spent fuel from the bottom layer is discharged.
This axial shuffling strategy contributes to:
e flattening the axial burnup distribution,
e reducing reactivity swings between cycles,
e achieving higher fuel utilization,
e supporting longer cycle length without increasing enrichment.

This scheme is compatible with standard HTGR refueling technology and allows flexibility in
operational planning.

5. Results of Calculations

5.1. Fuel Cycle Analysis of HIGR Core in V1 Geometry for Three Base Enrichments

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The V1 core configuration is characterized by a relatively low active height of 232 cm and an
axial division into four fuel block layers. Due to the small active volume and limited axial
segmentation, a two-batch axial fuel shuffling scheme was identified as the most practical refueling
strategy.

A theoretical four-batch refueling scheme was also considered but would require significantly
shorter sub-cycle lengths, approximately half of those for the two-batch scheme, which is
operationally less attractive, particularly at lower enrichments (e.g., 5%). Preliminary depletion
calculations confirmed that the sub-cycle duration becomes too short at low enrichment, reducing
operational flexibility.

In equilibrium cycle studies, the initial core composition was selected to produce a spatial power
distribution close to the target equilibrium shape, thereby minimizing initial transients. The objective
is to obtain an axial power profile with increased power density in the upper layers, which supports
passive safety and mimics the behavior of high-temperature reactors under loss-of-coolant
conditions.

For the V1 geometry, due to its limited height and shallow achievable burnup, this desired
power profile could not be obtained with homogeneous enrichment and packing. Instead, the flux
and power distributions exhibited a tendency to peak in the central layers of the core.

To mitigate this effect, a two-zone TRISO packing scheme was introduced:

higher packing fraction in the upper layer,
¢ lower packing fraction in the lower layer.

After each reload, the blocks are shifted two layers downward.
The adopted packing configurations were:

30%-25% for 5% enrichment,
30%—-20% for 8% and 12% enrichment.

Equilibrium cycles were calculated for three cases:

1. 5% enrichment, 30% / 25% packing — case V1_En5%_Pf30%
2. 8% enrichment, 30% / 20% packing — case V1_En8%_Pf30%
3. 12% enrichment, 30% / 20% packing — case V1_En12%_Pf30%

The equilibrium sub-cycle lengths obtained for analyzed cases of geometry V1 are shown in
Table 2 below, while fuel utilization is shown in Table 3.

Table 2. The equilibrium cycles obtained in HTGR with geometry V1.

Case Enrichment Packing Sub-cycle length  Total cycle length
V1_En5%_Pf30% 5% 30-25% 120 days 2 x 120 days
V1_En8%_Pf30% 8% 30-20% 350 days 2 x 350 days
V1_En12%_Pf30% 12% 30-20% 550 days 2 x 550 days

Table 3. The fuel utilization in HTGR with geometry V1.

Uranium Burnup

Case [kg] [MWd/kgHM] FIMA FIFA
V1_En5%_P£30% 664.07 11.93 1.468% 29.36%
V1_En8%_Pf30% 603.70 34.78 3.76% 47.0%
V1_En12%_P£30% 603.70 54.66 5.96% 49.67%

5.2. Observations and Trends in Geometry V1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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For each case, the time evolution of the power density distribution and the cumulative fission
fraction (FIMA) was analyzed. Figure 2 presents the time-space power distributions for the case with
12% enrichment, illustrating the evolution of the axial and radial power shape during each sub-cycle.

Core V1 Enr. 12% PF 30-20%
Power density maximum 8.25 W/cm?®

Power factor

Cycle 2x550 days, Time 5 days

1.662

Core V1 Enr. 12% PF 30-20%
Power density maximum 7.67 W/cm?

Power factor

Cycle 2x550 days, Time 400 days
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Core V1 Enr. 12% PF 30-20%
Power density maximum 7.7 W/cm?

Cycle 2x550 days, Time 200 days
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Figure 2. Evolution of the power density distribution in the V1_En12%_Pf30% configuration during operation -
up to 550 days: (a) 5 days; (b) 200 days; (c) 400 days (d) 550 days.

Figure 3 shows the corresponding evolution of the cumulative FIMA after 50 and 150 days of
operation. The FIMA values shown in the figures correspond to a single sub-cycle. To obtain the final
FIMA for the discharged fuel, these values must be integrated over the entire cycle, i.e., multiplied
by the number of refueling steps applied in the fuel management strategy.
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Figure 3. Cumulative fission fraction (FIMA) distribution in the V1_En12%_Pf30% configuration after time of:
(a) 200 days; (b) 550 days.

Figure 4 shows the fuel temperature distribution at the beginning, middle and end of the cycle
for 12% enrichment case in V1 geometry calculated using CFD Fluent models. The core in the V1
geometry has a relatively small active volume, which necessitates the use of maximum TRISO
packing fraction to achieve a sufficient excess reactivity. At an enrichment level of 5%, the reactivity
reserve is depleted rather quickly, which leads to the need for refueling after only 120 days of
operation when using the two-batch refueling strategy. A three-batch strategy would reduce the sub-
cycle length to below 100 days, which is operationally impractical.

For higher enrichments, it is possible to achieve reasonably long sub-cycle durations—
approximately 350 days for 8% enrichment and 550 days for 12% enrichment. The best fuel utilization
parameters are obtained for the highest considered enrichment level, 12%, although the resulting
efficiency remains below 50%, which is not particularly high.

The time-space power distribution is generally well flattened in the radial direction, with the
exception of the outer layer, where the power density increases due to the effect of neutron reflection
from the graphite reflector. The axial power distribution exhibits local power peaking near the top
and bottom boundaries of the core. Axial shuffling of partially burned fuel from the top to the bottom
does not significantly reduce the power density in the lower regions, which results from the relatively
low achievable burnup in this compact core.

The FIMA distribution shows a relatively uniform integrated burnup per batch, despite
moderate local deviations from the average value. This indicates that the adopted refueling scheme
provides satisfactory fuel utilization homogeneity.

The fuel temperature distribution exhibits very favorable characteristics:

e good radial flattening,
e maximum fuel temperature below 1200 K, i.e., approximately 700 K below the TRISO coating
integrity threshold.
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Figure 4. Fuel temperature distribution in the V1_En12%_Pf30% configuration during operation - up to 550 days:
(a) 5 days; (b) 250 days; (c) 550 days.

A desirable feature of the distribution is that lower temperatures occur in regions with higher
power density, while the highest temperatures are observed in the lower part of the core,
corresponding to the region of maximum power density. This behavior provides a comfortable
thermal safety margin under normal operating conditions.

5.3. Fuel Cycle Analysis of HTGR Core in V2 Geometry for Three Base Enrichments

The V2 core configuration represents the largest active core volume among the studied
geometries. The active core height is 360 cm, and it consists of 31 fuel block columns arranged in a
prismatic lattice. Axially, the core is divided into six fuel block layers, each 60 cm high. Several axial
fuel shuffling strategies are theoretically possible: two-, three-, or six-batch refueling. From the
standpoint of fuel utilization efficiency, refueling with a larger number of batches is preferred, since
it allows for a more uniform burnup distribution and better exploitation of the fissile material. On the
other hand, increasing the number of sub-cycles inevitably reduces the time interval between
refueling operations, which can be a limiting factor in the case of a low-power research reactor. Very
short sub-cycle durations decrease reactor availability, which worsens its economic performance and
may offset the benefits gained from improved fuel utilization. Considering these trade-offs, a three-
batch refueling strategy was identified as the most balanced and optimal choice for this configuration.
Thanks to the sufficiently large active volume of the V2 core, it is also possible to vary the TRISO
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packing fraction as a function of enrichment, thereby improving the flexibility of fuel management
and enabling more meaningful comparison between different enrichment levels.

Following a series of preliminary depletion calculations, the packing fraction and sub-cycle
lengths were selected in such a way as to achieve similar refueling intervals for different enrichments,
which facilitates direct comparison of fuel utilization efficiency as a function of enrichment. However,
a limitation arises for the lowest enrichment level (5%), where even with the maximum packing
fraction of 30%, the achievable sub-cycle length remains significantly shorter than for higher
enrichments.

The adopted packing configurations were:

e 30% for 5% and 8% enrichments,
o 12% for 12% enrichment.
Equilibrium cycles were calculated for three cases:
5% enrichment, 30% packing — case V2_En5%_Pf30%
8% enrichment, 30% packing — case V2_En8%_Pf30%
12% enrichment, 12% packing — case V2_En12%_Pf12%

The equilibrium sub-cycle lengths obtained for analyzed cases of geometry V2 are shown in
Table 4 below, while fuel utilization is shown in Table 5.

Table 4. The equilibrium cycles obtained in HTGR with geometry V2.

Case Enrichment Packing Sub-cycle length  Total cycle length
V2_En5%_Pf30% 5% 30% 300 days 3 x 300 days
V2_En8%_Pf20% 8% 20% 500 days 3 x 500 days
V2_En12%_Pf12% 12% 12% 500 days 3 x 500 days

Table 5. The fuel utilization in HTGR with geometry V2.

Uranium Burnup
Case FIMA FIFA
[kg] [MWd/kgHM]
V2_En5%_Pf30% 1138.47 23.72 2.574% 51.48%
V2_En8%_Pf20% 758.98 59.29 6.51% 81.38%
V2_Enl12%_Pf12% 455.39 98.82 10.95% 91.25%

5.4. Observations and Trends in Geometry V2

As in previous geometry for each case of enrichment , the time evolution of the power density
distribution and the cumulative fission fraction (FIMA) was analyzed. Figure 6 presents the time-
space power distributions for the case with 12% enrichment, illustrating the evolution of the axial
and radial power shape during each sub-cycle.
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Figure 6. Evolution of the power density distribution in the V1_En12%_Pf30% configuration during operation -
up to 550 days: (a) 5 days; (b) 200 days; (c) 400 days (d) 550 days.

Figure 7 shows the corresponding evolution of the cumulative FIMA after 250 and 500 days of
operation. The FIMA values shown in the figures correspond to a single sub-cycle. To obtain the final
FIMA for the discharged fuel, these values must be integrated over the entire cycle, i.e., multiplied
by the number of refueling steps applied in the fuel management strategy.
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Figure 7. Cumulative fission fraction (FIMA) distribution in the V2_En12%_Pf12% configuration after time of:
(a) 250 days; (b) 500 days.

Figure 8 shows the fuel temperature distribution at the beginning, middle and end of the cycle
for 12% enrichment case in V2 geometry calculated using CFD Fluent models. The V2 core geometry
has the largest active volume among the analyzed configurations, which provides greater flexibility
in fuel composition and core zoning. As the enrichment increases, the TRISO packing fraction can be
reduced, which has a beneficial impact on core characteristics, including a longer sub-cycle length
between refueling operations.

For the lowest enrichment level of 5%, the use of the maximum TRISO packing fraction (30%)
allows a sub-cycle length of approximately 300 days to be achieved. For higher enrichments, in order
to reach the target sub-cycle duration of 500 days, the packing fraction must be progressively
reduced, as summarized in Table 4.

The best fuel utilization parameters are obtained for the highest considered enrichment (12%),
for which the FIMA-to-enrichment ratio exceeds 90%, indicating very efficient fuel use. At 8%
enrichment, the fuel utilization efficiency is approximately 10% lower, which still represents a very
good performance, particularly for a low-power research reactor.

The time-space power distributions exhibit good radial flattening, except in the outer layer,
where a reduction in power density is observed. This effect is caused by the insertion of compensating
control rods in the reflector region. Owing to the larger reactivity margins and longer cycle duration
associated with the three-batch refueling scheme, the influence of control rod insertion is more
pronounced at the beginning of the cycle, gradually diminishing over time as the compensating rods
are withdrawn to maintain criticality.

The axial power distribution shows a desirable increase in power density in the upper layers,
which results from the top-to-bottom axial shuffling strategy. The FIMA distribution indicates
reasonably uniform integrated burnup per batch, despite moderate local deviations from the average,
confirming the effectiveness of the adopted fuel management scheme.
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Figure 8. Fuel temperature distribution in the V2_En12%_Pf30% configuration during operation - up to 500 days:
(a) 5 days; (b) 250 days; (c) 500 days.

The fuel temperature distribution in this geometry also exhibits a very favorable behavior:
e radially flattened temperature profile,
e maximum fuel temperature slightly below 1200 K, i.e., approximately 700 K below the TRISO
coating integrity limit.
Compared to the V1 geometry, the V2 configuration shows a moderate decrease in both power
density and fuel temperature with increasing radius. This effect results from the distribution of

burnable poison rods (BPR) and is considered beneficial for this case, as it reduces local thermal loads
near the reactor vessel, mitigating potential structural degradation effects over long-term operation.

5.5. Fuel Cycle Analysis of HIGR Core in V3 Geometry for Three Base Enrichments

The V3 core configuration is characterized by a smaller number of fuel block columns—19
compared to 31 in configurations V1 and V2—which results in a significantly smaller active core
volume. Despite the reduced radial size, the axial height of the core is 360 cm, with an axial division
into six fuel block layers, identical to the V2 geometry.

Given this configuration, the feasible refueling strategies are limited to two- or three-batch axial
shuffling schemes. A series of preliminary depletion calculations showed that, especially for the
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lowest enrichment level of 5%, the time between refueling operations becomes relatively short, which
can limit operational flexibility.

For all enrichment levels considered (5%, 8%, and 12%), the maximum TRISO packing fraction
of 30% was applied in order to maximize the available reactivity margin and extend the sub-cycle
length as much as possible within the constraints of the compact core.

Equilibrium cycles were calculated for three cases:

1. 5% enrichment, 30% packing — case V3_En5%_Pf30%
2. 8% enrichment, 30% packing — case V3_En8%_Pf30%
3. 12% enrichment, 30% packing — case V3_En12%_P£30%

The equilibrium sub-cycle lengths obtained for analyzed cases of geometry V3 are shown in
Table 6 below, while fuel utilization is shown in Table 7.

Table 6. The equilibrium cycles obtained in HTGR with geometry V1.

Case Enrichment Packing Sub-cycle length  Total cycle length
V3_En5%_Pf30% 5% 30% 120 days 2 x 120 days
V3_En8%_Pf30% 8% 30% 450 days 2 x 450 days
V3_En12%_Pf30% 12% 30% 600 days 3 x 600 days

Table 7. The fuel utilization in HTGR with geometry V1.

Uranium Burnup
Case FIMA FIFA
[kg] [MWd/kgHM]
V3_En5%_Pf30% 666.34 10.8 1.538% 30.76%
V3_En8%_P£30% 666.34 40.52 4.22% 52.75%
V3_En12%_Pf30% 666.34 81.04 8.61% 71.75%

5.6. Observations and Trends in Geometry V3

For each case, the time evolution of the power density distribution and the cumulative fission
fraction (FIMA) was analyzed. Figure 9 presents the time-space power distributions for the case with
12% enrichment, illustrating the evolution of the axial and radial power shape during each sub-cycle.

Core V3 Enr. 12% PF 30% Cycle 3x600 days, Time 5 days Core V3 Enr. 12% PF 30% Cycle 3x600 days, Time 200 days
Maximum power density 3.99 W/cm®  Power Factor 1.618 Maximum power density 4.51 W/icm®  Power Factor 1.83

45

o5 &
£
-LEE 3 o 35
S s 3
= 25 2
@ 2 25
c
3 2
[ = 2
g s
15 B
£ o 15
1 1
05 05
T %, )
c 0
2 oo 180 FACA 0 7 100 -180 7
(a) (b)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.



https://doi.org/10.20944/preprints202510.2267.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 October 2025 do0i:10.20944/preprints202510.2267.v1

19 of 22
Core V3 Enr. 12% PF 30% Cycle 3x600 days, Time 400 days Core V3 Enr. 12% PF 30% Cycle 3x600 days, Time 600 days
Maximum power density 5 W/cm®  Power Factor 2.031 Maximum power density 5.53 W/cm®  Power Factor 2.245

6 45 6 5
£ 4 € s
= 4 35 z 4 4
= 3 3 Z 3
[2] [72]
5 & 3
3 2 25 g 2
g 1 . g 2
[a] (=]
@ o 15 T o

0 180 0 180

20 1 20 1

40 40

$, 60 P oo P, -60

G 80 120 C 80 120

% 00" g0 7ACA 0 2 00 g0 FACH) 0

(0) (d)

Figure 9. Evolution of the power density distribution in the V1_En12%_Pf30% configuration during operation -
up to 600 days: (a) 5 days; (b) 200 days; (c) 400 days (d) 600 days.

Figure 10 shows the corresponding evolution of the cumulative FIMA after 300 and 600 days of
operation. The FIMA values shown in the figures correspond to a single sub-cycle. To obtain the final
FIMA for the discharged fuel, these values must be integrated over the entire cycle, i.e., multiplied
by the number of refueling steps applied in the fuel management strategy.

Core V3 Enr. 12% PF 30% Cycle 3x600 days, Time 300 days Core V3 Enr. 12% PF 30% Cycle 3x600 days, Time 600 days
FIMA: average 1.44 %, maximum 2.29 % FIMA Factor 1.591 FIMA: average 2.87 %, maximum 4.67 % FIMA Factor 1.627

FIMA [%]

(a)

Figure 10. Cumulative fission fraction (FIMA) distribution in the V3_En12%_Pf30% configuration after time of:
(a) 300 days; (b) 600 days.

Figure 11 shows the fuel temperature distribution at the beginning, middle and end of the cycle
for 12% enrichment case in V3 geometry calculated using CFD Fluent models. The V3 core geometry
has a smaller active volume, comparable to the V1 configuration, but resulting from a reduced
number of fuel block columns combined with an increased core height. As a consequence, this
configuration exhibits features that combine the characteristics of both V1 and V2 geometries. The
small radial size necessitates the use of high TRISO packing fractions to ensure sufficient reactivity
throughout the cycle.

Despite this, for the lowest enrichment of 5%, the reactivity margin is depleted rapidly, requiring
refueling after only about 120 days of operation, but when applying a three-batch refueling strategy.
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For higher enrichment levels, it becomes possible to achieve reasonably long sub-cycle durations,
approximately 400 days for 8% enrichment and 600 days for 12% enrichment.

The best fuel utilization parameters are obtained for the highest enrichment level of 12%, where
the FIMA-to-enrichment ratio exceeds 70%. Although this is a good result, it is not as high as in the
V2 geometry, reflecting the limitations imposed by the smaller core volume.

The power density, FIMA, and fuel temperature distributions exhibit a hybrid behavior,
intermediate between those observed for the V1 and V2 configurations. Specifically:

¢ the results are improved compared to V1,
e less favorable than in V2,
e but still show well-behaved and stable spatial-temporal profiles with acceptable ranges of
variation.
Overall, the V3 configuration represents a compact core option that retains satisfactory neutronic

and thermal characteristics, though at the cost of reduced fuel utilization efficiency compared to the
larger V2 core.
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Figure 11. Fuel temperature distribution in the V3_En12%_Pf12% configuration during operation - up to 600
days: (a) 5 days; (b) 300 days; (c) 600 days.
6. Discussion

Nuclear fuel is utilized most efficiently in the V2 core configuration, which combines the largest
active core volume with a favorable balance between neutron economy and thermal-hydraulic
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behavior. As expected, fuel utilization improves with increasing enrichment, primarily due to the
extended irradiation time and higher achievable burnup.

The choice of the optimal enrichment level and fuel management strategy will ultimately
depend on the allowable discharge burnup for TRISO fuel. Achieving high fuel utilization efficiency
requires the ability to operate the fuel at burnup levels close to 100 MWd/kgHM, which is technically
feasible but may impose additional licensing and qualification requirements.

An important observation is that, for different enrichment levels within the same geometric
configuration (V1, V2, or V3), the spatial power and temperature distributions remain qualitatively
very similar. This means that a single core design can accommodate different enrichments without
compromising reactor safety margins, provided that reactivity control and refueling strategies are
properly adjusted.

For the highest enrichment level (12%), the V2 configuration achieves a fuel utilization efficiency
exceeding 91%, making it the most promising option from both a neutronic and economic
perspective. The V1 and V3 configurations yield lower values due to their smaller active volumes
and shorter sub-cycle durations.

Another clear advantage of the V2 geometry is the stability of both power and temperature
distributions throughout the fuel cycle. This stability translates into predictable operational behavior,
reduced thermal gradients, and increased safety margins, which are particularly valuable in a
research reactor setting, where flexible experimental operation may be required.

7. Conclusions

This study presents a comprehensive numerical analysis of the fuel cycle performance and time—
space characteristics of a research-scale high temperature gas-cooled reactor (HTGR) for three
different core geometries (V1, V2, and V3) and three levels of fuel enrichment (5%, 8%, and 12%).
High-fidelity Monte Carlo simulations with continuous energy treatment and detailed double-
heterogeneity modeling were used to evaluate neutronic behavior, fuel utilization efficiency, and
thermal safety margins throughout the fuel cycle.

The results demonstrate that:

e  TFuel utilization strongly depends on both enrichment and core geometry.

e The V2 configuration, with its larger active volume and favorable geometry, provides the longest
sub-cycle durations (up to 550 days) and the highest fuel utilization efficiency, exceeding 91% for
12% enrichment.

e The V1 and V3 configurations, while compact, exhibit shorter cycle lengths and lower fuel
utilization, though still with acceptable neutronic and thermal performance for a research reactor.

e Power and temperature distributions remain stable and well flattened for different enrichments
within the same geometry, allowing for flexible adaptation of fuel enrichment levels without
compromising safety margins.

e The maximum fuel temperature remained well below 1200 K in all analyzed cases, providing a
large thermal safety margin with respect to the TRISO fuel coating failure limit.

The choice of the optimal enrichment level and fuel management strategy will ultimately
depend on licensing limits on allowable burnup. Achieving high fuel utilization requires discharge
burnup levels close to 100 MWd/kgHM, which may be within reach of modern TRISO fuel
technology.

From a design and operational perspective, the V2 configuration emerges as the most promising
option, offering the best balance between fuel efficiency, operational flexibility, and safety margins,
while the V1 and V3 configurations may be advantageous in applications requiring compactness or
lower power levels.

These results provide a technical basis for selecting the reference core design for a future Polish
HTGR research reactor and for further optimization of fuel cycle strategy, power shaping, and safety
assessment.
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This section is not mandatory but can be added to the manuscript if the discussion is unusually
long or complex.
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