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ISOTHERMAL FLOW BEHAVIOR PAST
VORTEX-INDUCING SWIRLER GRID

Matgj DOLEJS
University of West Bohemia in Pilsen, Czech Republic
In this work, airflow through the model of a nuclear reactor fuel assembly has been studied at the

University of West Bohemia in Pilsen, specifically flow through and around spacer grids for fuel
rods and the influences different shapes and placements have on the airflow.
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ISOTHERMAL FLOW BEHAVIOR PAST
VORTEX-INDUCING SWIRLER GRID

Mateéj Dolejs, Daniel Duda, VitaliiYanovych, Vojtéch Jansky, Anna Mrazova &Vaclav Uruba

Nuclear fuel assembly model for isothermal wind tunnel exper

P Air flow, U =20 m/s
P Testsection 0.3x0.2x3.0m

P Rod diameter D =4.2 cm
»> Rod distance M =5.9 cm
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Measurement plane A

Stereo Particle Image Velocimetry (SPIV)

Abstract & introduction

P> Nuclear energy offers stable, large-scale energy source
with very low environmental impact

P> Afacility for physical modeling of flow inside a fuel as-
sembly has been constructed at UWB in Pilsen

P> Swirler grid produces longitudinal vortices whose mean-
dering enhances mixing within the inter-rod channel;
suchvortices decay slower than standard turbulence

D> 3 configurations are tested:
e basic spacer grids only, 5 pieces in total
e single swirler grid (SG), i.e. 4 basic and 1 SG
¢ two counter-rotating SGs, i.e. 3 basic and 2 SG

P> Vortices produced at upstream grid are observable
even past the next one at distance over 12.7 x M

D> Correlation analysis of vortex meandering does not sug-
gest coherent motion of vortex bundle

P> Vortices from upstream grid slightly enhance vortex
meandering of nextvortices
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CORE CHARACTERISTICS OF THE SELECTED SMR
Jan HERMAN

University of West Bohemia in Pilsen, Czech Republic

This work focuses on small modular reactors, with particular attention given to the Finnish LDR-
50 modular reactor designed for centralized district heating. The Serpent 2 calculation code was
used to create a 2D model and to calculate the multiplication factor and the power distribution of

fuel assemblies. The model results are compared to a reference case and visualized using the
NuclearVisualizer tool.
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The aim of this work was to create a 2D model of the core of a selected modular reactor in the neutron physics calculation code Serpent 2, calculate the effective multiplication factor k-eff, the power
distribution at the level of fuel assemblies (kq), and subsequently compare the results with those of a reference model.

Small Modular Reactors (SMRs) are reactors with an output of up to 300 MWe that are manufactured in series in production facilities and delivered as modules instead of being constructed on-site. SMRs offer
the possibility of using nuclear energy for combined heat and power generation, or solely for centralized heat supply. Centralized heat supply (CZT) is an efficient system for the production and distribution of
heat, utilizing combined heat and power generation or heat-only supply to reduce primary energy consumption and emissions. Thanks to centralization, individual sources of pollution, such as local boiler
plants and domestic coal burning, are reduced. The small modular reactor LDR-50 (Low-temperature District heating Reactor) is one of the few reactors specifically designed for this purpose. The SMR is
being developed by the Technical Research Centre of Finland VTT and the company Steady Energy, and it is one of the most advanced projects in this field. Many European countries have extensive district

heating networks, and the use of CZT is essential for them. A reactor dedicated to heat production therefore represents significant potential for Europe, especially for the Czech Republic.

LDR-50

As a result of operation at low temperatures, while a typical CZT system operates at 65-120 °C, the
reactor has a lower operating pressure in the range of 0,5-0,8 MPa, which is approximately 20 times
lower compared to pressurized water reactors, making it more economical to manufacture and safer.
The reactor has an operational thermal power of 50 MWt, with a fuel cycle duration of 24 months.
The core is moderated and cooled by light water, which circulates naturally through the primary
circuit without the need for pumps. The reactor consists of two nested pressure vessels. The coolant
is heated in the reactor core, creating upward flow. At the top of the vessel, the flow is directed into

Reactor modeling

The reactor core consists of 37 square fuel assemblies surrounded by a stainless-steel reflector and
a water cylinder that serves as a downcomer channel for the coolant. The fuel assemblies contain
fuel rods with uranium dioxide (UO:) of varying enrichment and guide tubes for control rod
clusters. Some rods also contain gadolinium oxide (Gd:0s) as a burnable absorber to reduce
reactivity. The LDR-50 reactor uses six types of fuel assemblies, which differ in composition or
profiling. The correctness of the power distribution is verified using the kq coefficient, which
indicates the symmetry of the power relative to the center of the core.

heat exchangers placed around the inner cylinder. Thermal energy is transferred to the secondary
circuit, and the cooled water exiting the heat exchangers flows through a downcomer channel to the
bottom of the reactor vessel and back into the core. If a failure occurs in the heat exchanger, the
temperature in the reactor begins to rise, activating passive heat removal. Heat will be transferred
through the containment into a cooling pool, which is designed to maintain natural circulation of the
primary circuit for several weeks without operator intervention.
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Figure 4. Layout of the fuel assembly types 1, 4 and 5

with fuel containing gadolinium shown in green.

Figure 5. Layout of the fuel assembly type 3 with fuel
containing gadolinium shown in green.
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Figure 1. A schematic figure of the LDR module.

Figure 2. Realistic 3D model of the LDR module.

Figure 3. Radial geometry of the reactor core model.

Calculation results
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.
Conclusions

The main objective of this work was to create a radial 2D model of the Finnish LDR-50 reactor intended for heating using CZT, calculate the effective multiplication factor k-eff, and determine the power
distribution of fuel assemblies kq. The calculations were carried out in the cold ARO (All Rods Out) state using the ENDF/B-VIL.1 nuclear data library.

The effective multiplication factor k-eff is a dimensionless quantity that expresses the ratio of the number of neutrons produced in one generation of a fission chain reaction to the number of neutrons in the
previous generation. It determines whether the reactor is in a critical, supercritical, or subcritical state. The k-eff of the 2D model is 1.8% higher than that of the reference model. This is caused by the fact that
the reference model is 3D and therefore includes both axial and radial profiles. Since the 2D model includes only the radial profile, it has higher reactivity, as it does not account for axial neutron leakage and
certain structural details of the fuel assemblies that are captured in a full 3D model.

The power distribution of fuel assemblies kq describes the relative power values of individual fuel assemblies in the reactor core. The kq coefficient is defined as the non-uniformity coefficient of the power
distribution of fuel assemblies. The power values calculated using the 2D model differ numerically from those of the reference 3D model, but they preserve symmetry with respect to the center of the reactor
core. Relative deviations reach up to 2.5%, with the largest differences occurring in fuel assemblies located at the edges and in the central region. These deviations are related to the absence of the axial profile
in the 2D model, which is included in the reference 3D model.

The model created in this final project serves as a foundation for further extensions and studies, such as the addition of an axial view in a 3D model. Another possible study, given the importance of CZT, is to
calculate the fuel costs for reactor operation using fuel burnup simulations.

References

R. Komu. and R. Tuominen. "LDR lite benchmark specifications.” LDR design document, LDR-PUB-VTT-10002-R2, VTT Technical Research Centre of Finland, 2023.
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ANALYSIS OF SEVERE ACCIDENTS
OF VVER 440 REACTORS

Filip JaniCek

Slovak University of Technology in Bratislava, Slovakia

The thesis presents a simulation of a combined severe accident scenario involving a large-break
loss-of-coolant accident (LOCA 2x500 mm) and station blackout in a VVER 440/V-213 power
plant under nominal operating conditions. The analysis focuses on the in-vessel phase, assessing
core degradation, hydrogen production, and the delayed activation of severe accident
management systems. Simulations were performed using MELCOR 2.2 and APROS-SA, with
thermal-hydraulic behavior compared under identical boundary conditions. Results confirm the
importance of in-vessel retention and validate the role of post-Fukushima safety upgrades.
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Introduction

Nuclear energy remains a key part of global electricity production. However, past severe accidents such as Three Mile Island (1979), Chernobyl (1986), and Fukushima
(2011) have highlighted the importance of advanced safety systems and accident prevention strategies.

This work focuses on the VVER 440/V-213 pressurized water reactor design, widely used in Central and Eastern Europe. The study examines nuclear safety principles,
particularly defense-in-depth, and presents a simulation of a hypothetical severe accident to assess the reactor’s safety response capabilities.

By modeling a large break LOCA scenario and analyzing it using advanced computational tools, the goal is to evaluate the effectiveness of emergency cooling
systems, containment integrity, and hydrogen management under extreme conditions.

LOCA 2x500 accident phenomenology

The chosen scenario involves a guillotine break of the
primary loop piping — a double-ended break with 2x500 mm
diameter, representing the maximum design-basis accident
for VVER 440/V-213 reactors [1].

The rupture causes rapid depressurization and loss of coolant
inventory from the primary circuit, resulting in:

Rapid drop in core coolant levels

Onset of core heat-up and potential damage to fuel cladding
Zirconium-steam reaction producing hydrogen

Risk of core melt if no mitigation occurs

Need for proper functioning of passive and active emergency
systems

The scenario assumes a station blackout (SBO) initially
preventing emergency systems activation, with recovery
occurring later via DG-SAM (severe accident diesel
generator). The goal is to simulate containment and reactor
vessel integrity preservation during the in-vessel phase of the
event.

Calculus of accident scenario - e S
The accident progression was simulated using two deterministic codes: : .
MELCOR 2.2 and APROS-SA, both validated tools for reactor safety
analysis.

The model used input parameters based on the Bohunice V2 NPP (Unit 3),
under nominal operating conditions. Identical boundary and initial
conditions were set for both codes to compare results objectively.

Key time-dependent outcomes from the simulations include:

Core exposure with onset of steam-induced zirconium oxidation : 310 s
(MELCOR), 1369 s (APROS). 3
Makx. fuel cladding temperature: Over 1200°C (oxidation and degradation )
start). e B
Hydrogen production: Peaks after cladding oxidation initiates SE . =
Reactor cavity flooding: Initiated at 4947 s using Tl system and external

RPV cooling. A m

Residual decay heat: Drops to 12.7 MW at the end of simulation (9350 s). ‘ \ ros M ELCO R
Graphs showed strong correlation between both codes in pressure drops, p

core temperatures, and coolant mass loss. Some delay differences were

observed due to variations in the internal solver algorithms.

Conclusion and discus

The simulation results confirm that the safety concept of VVER 440/V-213 reactors,
including both legacy and post-Fukushima upgrades, is capable of managing a large LOCA
event under realistic severe accident conditions.

Particularly effective are:

Passive safety systems: hydroaccumulators (HA), containment barbotage (HZ-XL).

Active systems: Tl system for severe accident water delivery.

External RPV cooling: proved essential for maintaining vessel integrity and avoiding ex-
vessel progression.

Even with delayed power restoration, fuel degradation was contained within the vessel.
The MELCOR and APROS tools proved consistent and complementary, making them
reliable instruments for severe accident analysis, emergency planning, and SAM validation.
This study supports continued reliance on VVER technology while stressing the importance
of robust simulation, operator training, and system redundancy in safety-critical
environments.

References

[1] SLUGEN, Vladimir. Safety of VVER-440 Reactors: Barriers Against

Fission Products Release. 1st ed. London: Springer, 2011. 178 p. ISBN Acknowledgment N U C LEAR
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OPTIMIZATION OF THE WORKPLACE
FOR NON-DESTRUCTIVE CHARACTERIZATION
OF CONTAINERS FOR RADIOACTIVE WASTES

Karolina NEJEDLA

Czech Technical University in Prague, Czech Republic

Non-destructive characterization is crucial for the future safe disposal of radioactive waste. To
analyze both quantitative and qualitative features of a waste drum, techniques such as gamma
spectrometry and radiographic imaging are used. For industrial applications, a graphical user
interface (GUI) was developed at the Nuclear Research Institute (UJV ReZ) to optimize the
characterization process, verify the homogeneity and structure of processed waste. The
application displays the distribution of intensities and detected gamma energies corresponding
to individual radionuclides, enabling a deeper understanding of the drum’s contents. The
outcome includes a graphical comparison of the spatial distribution of activity with the internal
structure of the drum.
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Introduction

Non-destructive characterization is crucial for the future safe disposal of radioactive waste. To analyze both quantitative and

qualitative features of a waste drum, techniques such as gamma spe:

For industrial applications, a graphical user interface (GUI) was developed at the Nuclear Research Institute (UJV ReZ) to
optimize the characterization process, verify the homogeneity and structure of processed waste. The application displays the
distribution of intensities and detected gamma energies corresponding to individual radionuclides, enabling a deeper
understanding of the drum’s contents. The outcome includes a graphical comparison of the spatial distribution of activity with

the internal structure of the drum.

Objectives

To propose a suitable measurement procedure that allows the integration of data from radiographic and

spectrometric analysis

e the results obtained from both techniques

This system combines gamma spectrometry and radiography to characterize radioactive waste drums non-destructively.

The system is configured to allow direct spatial comparison of radiographic and spectrometric data. The waste drum is divided
into a 6x6 measurement grid, with 60° rotational steps and six vertical levels. This configuration ensures full-volume coverage

and enables detailed 3D activity and density mapping.

ctrometry and radiographic imaging are used.

To develop a method for processing the measured data and create a software tool for the combined visualization of

Both measurements start from the same manually aligned reference position to ensure consistent data registration.

Gamma Spectrometry

The segmented gamma scanner
(SGS) is a complex measuring
system equipped with a high-
resolution HPGe detector. It
performs  vertical and angular
scanning, including rotational scans
at up to 12 angular positions,
allowing for spatially resolved
measurement of gamma radiation
emitted from the radioactive
contents of the waste drum.

Spectral data are using an 81 h 1
multichannel analyzer (MCA), enabling detailed gamma-
ray spectroscopy.

Genie 2000 software is used for peak analysis and
radionuclide identification based on the acquired spectra.

sualisation of spectrometric data

For processing the data from the Genie 2000 report, Counts Per
Second (CPS) must be calculated by dividing the measured pulse
count by the live measurement time. A correction for dead time is
also applied. The processed data are then imported into the Python
program, where they can be displayed either as a gamma intensity
heatmap (a 2D image with color-coded radiation intensity in a 6 x 6
grid) or as gamma intensity contours - with each contour line
representing a specific level of relative radiation intensity.

Additionally, using Nuclide Identification Analysis in Genie 2000,
certain radionuclides can be identified, and their activity and
associated uncertainty can be calculated

Visualisation of radiographic data

The acquired data are in txt format (originally mos.dat) and
structured as an n x n matrix. The values are grouped by measuring
angle (1-6) and normalized to a O-1 range.

Visualization is performed using the matplotlib library and various
colormaps (Jet, Flag, Viridis, Binary, Seismic, PuOr, Spectral, etc.).
Different colormaps help visually emphasize the density distribution
inside the drum, and selecting an appropriate scale is essential for
correct interpretation of results.

Additionally, post-processing filters (Histogram Equalization, Median
Filtering, Sharpening, Sobel Filter, Adapt, Super Resolution, etc.) are
applied to reduce noise, smooth contours, and enhance internal
structures within the drum.

Graphical compariso:

The integration of radiographic and gamma-spectrometric data
enables spatial ison between i and
areas of elevated gamma activity.

Transmission radiography

is performed using a Co-60 source
and the MOS-100 device, custom-
built by VF Cerna Hora. This setup
reveals the internal structure of the
radioactive waste drum.

Cobalt-60  emits  high-energy
photons (1173 and 1332 keV), making
it ideal for penetrating dense waste
materials. The system uses a CsI(TI)
scintillation detector, which is less
hygroscopic and more robust than
traditional Nal(Tl) detectors.

The MOS-100 enables scanning in vertical, horizontal, and

angular directions.

The system operates in both passive mode (detection only)

and active mode (with source irradiation).
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Python-based graphical user interface
(GUI) tool designed to efficiently analyse
the measurement results in accordance
with the proposed methodology.

It uses ttkbootstrap and Tkinter libraries,
making the interface intuitive and user-
friendly. The structure includes multiple
widgets for:

« data input,

image visualization and adjustment,
« output export,

« gamma energy and angle selection,
colormap and post-processing filter
selection,

help display and database viewing.

Waste Package

has to | meet.

Waste package integrity tests

has to pass
(&) Q]
Drop Leak tightness Thermal
test test test

Waste Acceptance Criteria (WAC)

« Physical & chemical properties
« Radiological properties
* Packaging & transport

© PVPBukov.
O Hridek
O Horka

Dukovany
Dukovany

Graphical User Interface

=

Drum 1001

Concrete

Concrete
class 28

Drum 2161
Packaging

{_ unit label )

gtk [ o [

Visualization of the spatial distribution of relative gamma intensity for selected energies in the waste drum

Heatmap for 661,7 keV energy (Cs-137)

Heatmap for 1332,5 keV energy (Co-60)

il

Contours for 6617 keV energy (Cs-137)

Contours for 1332,5 keV energy (Co-60)

Colormap: Jet, no processing

Colormap: Jet, max brightness,
no filtering

Radiographic imaging of the internal structure of the waste drum using various colormaps and post-process filters

Colormap: Jet, max brightness,

Median filtering

Colormap: Jet, Sobel filter

p

Combined visualization of the radiographic
image (viridis colormap, median filtering)
with gamma activity contours for 661,7 keV

Combined visualization of the radiographic
image (spectral colormap, median filtering)
with gamma activity contours for 1332,5 keV/

nclusion

ic analysis and

This work proposed and described a methodology for non-destructive characterization of waste drums using gamma

The outcome is a software application suitable for industrial use, enabling visualization of the internal structure of the drum as
well as the spatial distribution of activity. A key advantage of the developed tool is its intuitive control and broad range of
graphical adjustments - including brightness and contrast settings, colormap selection, and post-processing filters.

Moreover, relative gamma intensity can be overlaid on the radiographic image, making the application a powerful tool for
visualizing the drum’s interior, verifying its homogeneity, and identifying the presence of radioactive materials.
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ACCIDENT TOLERANT FUELS
Jifi PFEIFFER

University of West Bohemia in Pilsen, Czech Republic

The final project focuses on comparing available modifications in the form of cladding of fuel rods
and adding impurities to the uranium dioxide compound. Their influence on the value of the
multiplication factor at certain burnup values is investigated. The aim of the work is to compare
the modifications with the most used combination of cladding and fuel using the computational
code UwB;.
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Accident tolerant fuels

Introduction

The aim of this study is to build on the commonly used combination of
zirconium-clad fuel rods and uranium dioxide fuel by adding additional
components that enhance safety. However, it is important to consider
that introducing other materials may increase neutron absorption,
therefore, the study also focuses on modifications that improve overall
fuel burnup.

Fuel pellets

Fuel Cladding

Fig. 1: Fuel assembly [1] Fig. 2: Fuel rod

‘Additional cladding layer ‘

Calculations

A calculation was performed for the material using the UWB1
computational code to assess its impact on the neutron balance.

Two approaches were investigated:

Adding an additional layer (1) to the base layer of cladding to either
improve the overall multiplication factor or enhance the fuel rod’s
properties in case of a failure, and the incorporation of compounds (2)
into the original uranium dioxide composition to achieve similar
improvements.

(1) Cladding

The main goal of implementing various types of fuel rod cladding is to
protect the coolant from the release of radioactive products from the
fuel rods, which would result in contamination of the coolant. This
serves as one of the passive safety measures.

Each type of fuel rod cladding is characterized primarily by its overall
mechanical properties, which are continuously being improved to
enhance fuel performance (e.g., adding cladding layers), however, they
differ in their neutron absorption properties.

Sellected cladding layers:

Chrome (Cr)
Metal alloys (FeCrAl)
SiC - composite (SiC)
Diamond (C)

Fig. 3: Zircalloy-4 tubes [2]

Conclusion

Auth Jifi Pfeiffer
Supervisor: Ing. David Masata

(2) Improved fuel

Uranium dioxide is a solid black substance with very low thermal
conductivity and a high melting point. This material is compressed into
pellets, which are inserted into a cylindrical casing.

In terms of improvements, the designs are divided into two groups:
additives, and substitution of a specific element in the original uranium
dioxide compound.

Sellected fuel materials:

UO:2+ Cr30s + AlzO3
U0z + Beryllium
Silicide fuel (UOz -> UsSi2)

Fig. 4: Fuel pellets [3]

Results: Comparison of k; ¢ values for the fuel additives

1,33
= UO2 + 2 oxids
= UO02 +Be
= U3si2
—Zircaloy + UO2

1000 1500
burnup (MWd/MTU)

Results: Comparison of k;,; values for the fuel cladding
1,34
Chrome
- FeCrAl
- sic
— Diamond

1,33
1,32
1,31 —Zircaloy + UO2
13
1,29
1,28

1,27

1,26
1000 1500

burnup (MWd/MTU)

* From a safety perspective, zirconium with a diamond coating is the best cladding option, offering significant safety improvements and a positive impact on
overall fuel burnup. This fuel type is currently undergoing testing and further investigation, and it has the potential to replace the most used cladding

material (Zircaloy — 4).

Among fuel additives, uranium dioxide with beryllium shows the best burnup performance, mainly due to the favorable properties of beryllium itself.
However, despite these promising results, beryllium can introduce reactor instability. The other two cases are primarily designed to enhance fuel behavior

during accident conditions.

Improved technology may allow combining cladding and additives to achieve better overall reactor efficiency and safety.

[1] Energy Encyclopedia,
2] SuperiorTube, https://www.superiortube.com/products/materials/zirconium-alloys
[3] Deep isolation, https://www.deepisolation.com/about-nuclear-waste/what-is-nuclear-waste/

https://www.energyencyclopedia.com/en/nuclear-energy/nuclear-fuel/fuel-assembly
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BEHAVIOUR OF NUCLEAR FUEL
WITH 10% ENRICHMENT URANIUM-235
AND VARIOUS BURNABLE ABSORBERS

Milos ZACHAR

Brno University of Technology, Czech Republic
Bachelor's thesis deals with four types of burnup absorbers that reduce the reactivity of freshly
loaded fuel with the aim of using it at higher enrichment than is currently commercially available.

The burnable absorbers are simulated using fuels enriched to 7 and 10%, and the simulation
results are presented graphically. An enrichment of 10% was chosen for the page.
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BEHAVIOUR OF NUGLEAR FUEL WITH
0 % ENRIGHMENT URANIUM-235
AND VARIOUS BURNABLE ABSORBERS

Bez H3BO3, bez Gd203

10g(H3BO3)/kg(H20), bez Gd203
Bez H3BO3; 0,4 % Gd203
5g(H3B03)/kg(H20); 0,4 % Gd203

14

GADOLINIUM

10g(H3B03)/kg(H20); 0,4 % Gd203

Short-term subcriticality with gadolinium X:M
and subsequent massive increase in the s
multiplication factor. Depending on the
boric acid concentration, the fuel in the .
reactor is supercritical until burnup is 60 to
80 GWd/tU. 09
15
Bez H3BO3, bez ZrB2 0,8

0 10 20 30 40 50 60 70 80 90 100

Vyhorenie (GWd/tU)

10g(H3BO3)/kg(H20), bez ZrB2
Bez H3B03; 0,047 mm ZrB2

5g(H3803)/kg(H20); 0,047 mm ZrB2

10g(H3BO3)/kg(H20); 0,047 mm
ZrB2

B The fuel is initially subcritical, the subsequent
i increase in criticality is faster than with gadolinium.
Further burnup is gradual and the multiplication
! factor is almost stable.
09 15
Bez H3BO3, bez Er203
08 14 10g(H3B03)/kg(H20), bez Er203
0 10 20 30 40 50 60 70 80 90 100 ‘ Bez H3BO3; 2,8 % Er203
Vyhorenie (GWd/tU) 5g(H3B03)/kg(H20); 2,8 %Er203
13 10g(H3B03)/kg(H20); 2,8 % Er203
1,2
i
1,1
. 1
The increase and decrease of the
multiplication coefficient is gradual, the
effect of erbium is long-term and the course o
is favorable for regulation.
0,8
0 10 20 30 40 50 60 70 80 90 100
15 Vyhorenie (GWd/tU)
Bez H3BO3, bez DyO2
14 10g(H3B03)/kg(H20), bez Dy02
| Bez H3BO3; 0,4 % DyO2
R 5g(H3B0O3)/kg(H20); 0,4 % DyO2
13 10g(H3B03)/kg(H20); 0,4 % Dy02
1,2
i
1,1
. The effect of the dysprosium burnable
absorber is initially insufficient, but it is too
os long-term. This process is insufficient from a
regulatory point of view.
0,8

0 10 20 30 40 50 60 70 80 90 100
Vyhorenie (GWd/tU)

SIMULATIONS WERE EVALUATED FOR THREE-CAMPAIGN FUEL OPERATION WITH A TOTAL BURNUP OF 96 GWD/TU.
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EXCLUSION PROTECTION ZONE OF SMR'S
George Alexandru BOCA

University of Bucharest, Romania

This poster presents an analysis of the differences between the size of exclusion zones for SMRs,
the differences between SMR EPZs and classic ones, and how these can impact site selection.
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EPZ of SMR’s

Boca George Alexandru (+40 748 381 453, george.boca@ropower.com)
ROPOWER NUCLEAR SA

( Abstract ) ( Methotology )
@ is an EPZ? \ / \
The EPZ is an integral siting criterion, and we calculate it in the following ways.

EPZ stands for Exclusion Protection Zone, which represents the final safety barrier for First, we need something called a source term — a realistic and conservative estimate of the
nuclear safety. It is essentially a radius around the reactor within which no humans can amount of radiation (radionuclides) that would be released in the event of an accident.

reside, with the purpose of containing and reducing radiation emissions in case of an Second, we use a software program (such as RODOS) to simulate the spread of radiation
accident. and determine where the radiation dose levels fall below the legal limit for the EPZ. This is

how we establish the radius.

3

/

( How does the EPZ for an SMR differ from that of a “classical” reactor? )

The main difference is the size, which is directly influenced by the source term. As expected, a smaller reactor has a smaller source term (because it contains less fuel), leading to a smaller
EPZ. However, there is no linear correlation between a reactor’s power and its EPZ, as we must also consider the capacity factor and the intrinsic neutronics of the reactor (for example,
SMRs generally have a lower burn-up rate due to the smaller neutron flux caused by their reduced core dimensions).

( What are the implications of this? )

-~

Nuclear safety

( The main implications of the EPZ are related to site selection and nuclear safety.

Site selection \

A smaller EPZ opens up a wider range of
possible sites, particularly the locations of old
thermal power plants (coal or gas). This is a
significant advantage because an SMR plant is
often designed to provide a similar power
output to the plant it replaces, meaning it can
take advantage of the existing power grid

Qrastructure. /

N

A smaller EPZ inherently improves safety expectations.
This is due to the smaller potential radiation release, as
well as the advanced safety features (both active and
passive) that are characteristic of next-generation SMRs.

\L /

Conclusion

The main difference is the size, which is directly influenced by the source term. As expected, a smaller reactor has a smaller source term (because it contains less fuel), leading to a smaller
EPZ. However, there is no linear correlation between a reactor’s power and its EPZ, as we must also consider the capacity factor and the intrinsic neutronics of the reactor (for example,
SMRs generally have a lower burn-up rate due to the smaller neutron flux caused by their reduced core dimensions).

= (T | ( Acknowledgement )

1. https://www.sci di i ticle/pii/S209044792200140X

v/ 2.https://nuclearforclimate.com.aw/site-selection/
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BENDING-INDUCED CHANGES IN CRITICAL
HEAT FLUX OF NUCLEAR FUEL ROD
IN LOW-PRESSURE SYSTEM

Tomas KADAVY
University of West Bohemia in Pilsen, Czech Republic
This poster studies the effect of fuel rod deflection on the critical heat flux (CHF) in a low-pressure

water loop. Experiments with various bend deflections and coolant flow rates showed uptoa 10%

increase in CHF compared to no deflection scenario. Results suggest that bending can delay
boiling crisis. Limitations are discussed.

22



Bending-Induced Changes in Critical Heat
Flux of Nuclear Fuel Rod in Low-Pressure > S eer
System BOHEMIA

Tomas Kadavy'

1 Department of Power System Engineering, Faculty of Mechanical Engineering, UWB in Pilsen

Introduction Experimental apparatus

Spent nuclear fuel is commonly stored in Spent Fuel Pools before final 1 Coolant tank

disposal. Ensuring sufficient heat removal from fuel assemblies is a key 2 Coolant pump

safety concern. One of the critical phenomena affecting heat transfer in 3 Inlet valve

such systems is the Critical Heat Flux (CHF) — the point at which boiling crisis 4 Test Channel with Heated Rod
occurs and heat transfer efficiency drops sharply. 5 Vapor outlet

This study focuses on how mechanical bending of a nuclear fuel rod affects GIReturniline

CHF behavior under low-pressure coolant conditions. 7 Water to Air Cooler

Geometrical deformations such as rod bowing may occur due to handling,
irradiation-induced creep, or mechanical stresses, and their influence on
boiling crisis has not been fully quantified, especially in simplified systems.

Custom-made steel fixture (Fig. 2)

Objectives allows rod deflection by 3 adjustment

. . . screws. Proper sealing is essential —
Modify the experimental apparatus to enable controlled bending of the fuel P g

_ two sets of O-rings are used.
rod imitator. &

Investigate and evaluate the effect of rod bending on critical heat flux.

Methology

The study was conducted using a low-pressure experimental rig equipped

with an electrically heated fuel rod imitator with an outer diameter of 9 mm Fig. 1 Experimental stand
and a heated length of 1476 mm, placed inside a glass tube with an inner

diameter of 14.5 mm. The test section was modified to allow rod bending

using a custom-machined steel fixture and a 3D-printed reinforcement part Fig. 2 Steel fixture FiENalBDIDrin e dlixere

to stabilize the glass flow channel. A 3D-printed fixture (Fig.3) made

Four different bending deflections were tested: 0 mm, 1 mm, 1.5 mm, and 2 from heat-resistant plastic material

mm. For each bending value, measurements were performed at four  oncures coaxial alignment of the

different coolant flow rates, and each measurement was repeated five  ciaql fixture and the glass tube, and

times to ensure reproducibility. reinforces the entire assembly.

During testing, the power supplied to the heating element was gradually i ! . P
increased until a critical heat flux (CHF) event occurred, indicated by a
sudden temperature spike on one of the thermocouples mounted on the ‘

inner surface of the rod imitator. This triggered an automatic shutoff of the -

power supply. The CHF was evaluated as the critical heat flux density (heat [ ‘

flux per unit heated surface area) normalized by the coolant mass flow rate Fig. 4 Bent fuel rod imitator inside the glass flow
through the given cross-section. channel

The influence of rod bending on critical heat flux (CHF) increases with both higher
coolant flow rates and greater deflection values. Compared to the unbent
condition, the CHF values increased by up to 10% during maximum deflection. In
the context of spent fuel pools, this effect could be considered positive, as boiling
crisis occurred at higher power levels when the rod was bent.

These findings contrast with expectations, which generally predict a decrease in
CHF with increased bending due to early dryout. However, the specific conditions
of this experiment such as a single-rod channel, unheated walls, and outter air- e

) L. Fig. 6 Comparison of 0 mm, 2 mm and MAX rod deflection
cooled contact surfaces may explain the deviation.

A rational second-order model with five parameters was fitted to the measured

CHF deflection influence for 100 kg/m2*s mass flow rate

data using a Python script, the results are available in the full text of the Thesis
(page 75) in the QR code at Fig. 8.

Q _ P1*GP4+p2*G+ps
krit G2+q1+G+qz

Qcrit — Critical heat flux [kW/mA2]; G — Mass flux [kg/m”2s] E :

Rod deflection [mm]

pl,p2,p3,q 1,q2 — Function parameters [—] Fig. 7 Percentual effect of rod deflection on CHF Fig. 8 Full text of the thesis with detailed results
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DEVELOPMENT OF FULL-CORE VVER-1000
MODEL IN DETERMINISTIC CODE PARCS:
VALIDATION OF DATA PREPARATION
PROCESS ON HZP CALCULATIONS

Ondrej LACHOUT

Czech Technical University in Prague, Czech Republic

The accurate prediction of reactor core behavior under various operating conditions is
fundamental for ensuring nuclear safety and effective reactor operation. Deterministic reactor
physics codes, such as PARCS (Purdue Advanced Reactor Core Simulator), offer efficient tools
for full-core simulations. However, their accuracy is strongly influenced by the quality of the
macroscopic nuclear data used as input. This study focuses on the development and validation
of a full-core VVER-1000 model in PARCS, with emphasis on verifying the macroscopic data
preparation process for Hot Zero Power (HZP) conditions. The macroscopic cross-section library
was generated using the Monte Carlo code Serpent2, based on infinite lattice models of individual
fuel assemblies. Data were parametrized with respect to key reactor state variables, including
moderator and fuel temperature, coolant density, and boron concentration. Special attention was
given to reflector modeling and the preparation of homogenized macroscopic data using a full-
core Serpent model at zero burnup. To evaluate model fidelity, the X2 Khmelnitsky benchmark—
containing experimental HZP data—was employed. PARCS calculations were compared with
both benchmark measurements and parallel full-core Serpent simulations. The results show
strong agreement in key parameters, including critical boron concentration, control rod worth,
power distribution, and moderator reactivity coefficient. Notable discrepancies were observed
only in the integral characteristics of one control rod bank, likely due to limitations in nodal
treatment of control rods in PARCS. The study demonstrates the reliability of the macroscopic
data preparation procedure and supports the validity of the deterministic PARCS model under
HZP conditions. Future work will extend this approach to Hot Full Power states and evaluate the
influence of various data preparation strategies on reactor simulation accuracy.
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Development of Full-Core VVER-1000 Model in Deterministic Code
PARCS: Validation of Data Preparation Process on HZP Calculations

Author: OndFej Lachout'
Co-author: Pavel Suk'

'Czech Technical University, Faculty of Nuclear Sciences and Physical Engineering,
Department of Nuclear Reactors, Czech republic

ABSTRACT

The accurate simulation of reactor core behavior is essential for safe and reliable nuclear power
plant operation. Deterministic macrocodes like PARCS are widely used for full-core analyses, but
their accuracy depends on the quality of macroscopic input data. This study developed a full-core
VVER-1000 model in PARCS, f ing on valid the macr pic data preparation process
using Hot Zero Power (HZP) conditions. Macroscopic cross-section data were generated using the
Monte Carlo code Serpent2, based on an infinite lattice model of fuel assemblies. To validate the
model, results were pared ag: the X2 Khmelnitsky benchmark and a separate full-core
Serpent model. This dual validati pp h all d a th gh of the data

preparation methodology and the reliability of the PARCS model.

MACROSCOPIC DATA PREPARATION

The entire process, from the preparation of lattice code input templates to the execution of the full-
core calculation in deterministic macrocode, is a very extensive task and requires interaction between
a group of computational programmes and scripts, allowing proper communication and data transfer
between them. [1]

Fuel Elements

Macroscopic nuclear data for fuel elements, i.e. fuel assemblies, are prepared on an infinite fuel
lattice model with periodic boundary conditions. At the lattice code level (in this case, the code
Serpent 2.2.1 [2] was used), the geometry of the fuel assembly (FA) and the composition of the
material is modelled in detail. For the purposes of macrocode, the data are spatially homogenised by
the lattice code over the whole assembly.

Figure 1: Homogenisation of the fuel assembly lattice model.
Reflectors

In this study, for the purposes of generating reflector data, a full-scale model of the VVER-1000
reactor core was created in Serpent, following the benchmark specifications. Radial reflectors were
homogenised as hexagonal elements in 1/6 core symmetry, and axial reflectors were constructed
from axial regions excluding the active fuel length. The visualisation of the radial and axial reflectors
is presented in Figure 2.

-

o

o Table 1: Conditions for the preparation of

,9 macroscopic data. [4]

T (K) T (K) pe(gem®) Gy (ppm)
HZP 554 554 0.76309 1207

i

w

o

=

o

1]

Figure 2: Radial and axial reflectors visualisation. [3] (modified)

FULL-CORE CALCULATIONS

A full-core model of VVER-1000/320 was created following the X2 Khmelnitsky benchmark in the
PARCS deterministic macrocode, in version 3.3.6 [5]. Specifications of model geometry, materials,
and other operational parameters are presented in [3].

Critical Boron Concentration

All calculations were performed with ENDF/B-VII.1, however uniquely for this section, multiple nuclear
data libraries were analysed to highlight the strong dependence of results on the choice of nuclear
data library (calculations with ENDF/B-VII.0 and ENDF/B-VIIL.O are also provided). The results of
critical boron concentration (C,) calculations are presented in Table 2

Table 2: Comparison of critical boron calculations.

Model Cy, (ppm)  AC, (ppm)

Benchmark 1207 £24

Serpent - E70 1204 +1 -3

Serpent —~ E71 1206 + 1 -1 ACL = Cyp — CIBE\] (1)
Serpent — E80 1222+ 1 +15 g

PARCS - E70 1212 +5

PARCS - ET1 1214 +7

PARCS - E80 1229 +22

Control Rod Banks Worth

Two measurements are provided within the benchmark; the first assumes full reactor SCRAM with
the insertion of all control rod banks, and for the second case the control rod bank at position #17
(see Figure 3) is stuck at the top position. The results are presented in Figure 4.

8000

T T
= 7663 Benchmark ]
[ L Serpent |
g 7 7270 PARCS
< 7000 - Py B
S
g
£ 6500 | 4
g
S 6000 | 5924 4
H 5450
g 5500 [~ 520l *

5000

Full SCRAM #17 stuck

Figure 4: Results of the SCRAM calculations.

Figure 3: Positions of CR banks in the core. [5] (modified)

Power Distribution

The benchmark does not provide data for power distribution at HZP, however PARCS and Serpent
results were compared both for radial assembly-wise normalized power distribution (Figure 5) and
normalised axial power distribution (Figure 6).

13
Legend _or
12 L
10 F
09 r

0.7 B 1
06 T 1

0002 0406081012 1416 6 5 4 3 2 4 0 1 2

Normalize axial power (-

Figure 6: Normalised axial power distribution.

Relative discrepancy (%)

Figure 5: Normalised radial power distribution.

Integral Characteristic of CR Bank #10

The integral curve calculated by PARCS is compared to Benchmark’s and Serpent's results, which are
15 % lower on average. This could be, among other things, caused by a 1.9 % lower normalised radial
power for the FA position with the CR bank #10.

Moderator Reactivity Coefficient

The moderator reactivity feedback was measured in two reactor states with different concentration
of boron in the coolant, see the paper [3]. The results of the calculation are shown in Table 3.

450

T T T T T T T
_ Benchmark —s— 3
€ 400 = Serpent 7 1
S350 PARCS —— 1 Table 3: Calculation of the moderator reactivity
iiﬂo r 1 coefficient.
£aso - 1 Tin (°C) Ap/AT (pem/°C)
R p E Benchmark Serpent  PARCS
’g 150 1 B J L 280.7-276.0 4884050 5414107  -4.98
g 100 - g e d 2. 28032757 —13.58+0.14 —1513+1.23 -13.96
S 2 ~——
S s0r s BF ]

0 L L sl

o 10 20 3 4 50 6 70 8

Hio position (%)

Figure 7: Integral characteristics of the control rod bank #10.

CONCLUSION

The macroscopic cross-section library, generated using the Serpent code, was validated against
both experii | and a parallel high-fidelity Serpent full-core simulation, following
the X2 Khmelnitsky benct k specificati The parison of critical boron concentration
presents discrepancies in the PARCS model reaching up to 22 ppm of boron, depending on the
dataset used. The control rod banks worth calculations demonstrated particularly good agreement.
Power distribution comparisons showed satisfactory agreement between PARCS and Serpent, with
average relative differences within acceptable margins. The only significant deviations were
observed in the calculation of the integral characteristics of control rod bank #10, likely due to
limitations in the treatment of control rod modeling in PARCS.
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DEBRIS BLOCKAGE OF FLOW
THROUGH ROD BUNDLE

Florin MISTRE

IMT Atlantique, France

Nuclear fuel is organized in nuclear reactor in a form of fuel rods, there is a coolant flowing in the
space between rods. These rods are kept in their position by spacer grids. Blockage of a spacer
grid by some piece of debris (metal fragment, corrosion product or other foreign material) can
significantly alter the flow, decrease heat transfer and increase risk of local overheating.
Isothermal flow through a model nuclear fuel assembly is studied by Particle Image Velocimetry
(PIV). Blockage is introduced artificially by using circular plug placed at the "star" or "circle" node
of the spacer grid. Results reveal that the blockage location leads to different behavior inin terms
of wake strength, wake width, fluctuation amplitudes or length-scales.
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P> Stereo Particle Image Velocimetry

rmal flow through nuclear fuel assembly model
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P> Blockage of a spacer grid by some piece of debris (metal
fragment, corrosion product or other foreign material)
can significantly alter the flow, decrease heat transfer
and increase risk of local overheating.

P> Isothermal flow through a model nuclear fuel assembly
is studied by Particle Image Velocimetry (PIV)

P> Blockage is introduced artificially by using circular plug
placed at the "star" or "circle" node of the spacer grid:

P> Results reveal that the blockage location leads to diffe-
rent behaviour in terms of wake strength, wake width,
fluctuation amplitudes or length-scales.
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NEUTRONIC ANALYSIS OF A WESTINGHOUSE
SMALL MODULAR REACTOR USING
OPENMC MONTE CARLO CODE

Sarra MOUMMI

Faculty of Sciences of Tunis, Tunisia

This study investigates pyrex insertion effects on reactor physics parameters in Westinghouse
SMR configurations using OpenMC Monte Carlo simulations. Three core configurations were
analyzed: reference core, partial pyrex insertion, and full pyrex insertion. Results demonstrate
significant reactivity reduction with progressive pyrex implementation. Flux distributions show
enhanced flattening and improved power homogenization with pyrex presence. Temperature
coefficients became increasingly negative, strengthening inherent safety margins, while control
rod effectiveness increased substantially. Spatial neutron flux and fission rate distributions reveal
localized absorption effects in pyrex regions with corresponding redistribution of neutron
population. OpenMC simulations accurately captured complex neutron-absorber interactions in
heterogeneous SMR core geometries. The findings validate pyrex effectiveness as a viable
solution for reactivity control and flux optimization in small modular reactor applications requiring
precise neutron management and enhanced safety characteristics.
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Neutronic Analysis of a Westinghouse Small Modular Reactor

using OpenMC Monte Carlo Code

S.Moumni, W. Dridi

National Center for Nuclear Sciences and Technologies (CNSTN), Tunisia

BACKGROUND

+ Clean and reliable energy is a major global

challenge.

o Traditional nuclear reactors are powerful but
expensive and complex.

¢ Small Modular Reactors (SMRs) offer a safer,
more flexible, and cost-effective solution.

* Neutronic modeling is essential to design
efficient and safe reactor cores.

Objective

e Model the core of a Small Modular Reactor

(SMR).

« Analyze neutronic parameters (keff, flux,

reaction rates).

o Study the effect of PYREX absorbers on
performance and safety.

Methodology

SOFTWARE

9)OpenMC

OpenMC is an open source Monte Carlo
particle transport code.
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Pyrex rod configurations for UOX fuel

M ZRLO
M zRrRLO
W Helium

Air
uo2 L]

Water

Instrumentation

M 82035i02

water Water
W ss-304 W ZIrLO
W A
M zRrO

Guide tube

I Instrumentation

B PyrexRod

Guide Tube

[l FuelRod

Results
Reactor physics parameters
Details Coeur Réf. Pyrex partiel Pyrex total
Multiplication Factor 125388 117365 104729
Max/Average Flux Ratio 3.448 3.349 2776
Control Rod Worth — 0.08023 0.20659
Fuel Co-efficient of -3.57e-5 -4.58e-5 -6.22e-5
Reactivity (5k/°C)
Moderator Co-efficient -417e5 -6.30e-5 -8.57e-5

of Reactivity (5k/°C)

50 00 150 200
Xem]

100 150 200
cm!

Normalized flux distribution comparison: reference core, partial Pyrex
insertion, and full Pyrex insertion.

DISCUSSION

conclusion

Absorption/Fission - Ref. vs Pyrex

PYREX insertion reduces core reactivity by up to 15,734 pcm
and improves flux uniformity. Negative temperature
coefficients are enhanced, reinforcing inherent safety.

OpenMC results show that absorber insertion flattens the
neutron flux and reduces peak reaction rates, particularly in
the fission distribution.

OpenMC proved to be a reliable and efficient tool for
accurately modeling the SMR core and analyzing the impact of
absorber materials on neutronic behavior.
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THE EFFECT OF CLOGGING
OF THE SPACER GRID ON THE CRITICAL HEAT
FLUX OF A PRESSURELESS FUEL ROD SIMULATOR

Anna MRAZOVA

University of West Bohemia in Pilsen, Czech Republic

This poster investigates the influence of partial and complete blockage of the spacer grid on the
power required to reach the critical coolant temperature in a vertical unpressurized experimental
loop containing a single heated rod simulating a nuclear fuel element. Flow restrictors were
designed to obstruct approximately one-third and three-quarters of the flow cross-section,
respectively. The experimental setup included a glass channel, a directly heated stainless-steel
rod, and advanced data acquisition via thermocouples and ultrasonic flow sensors. Experiments
were carried out under various coolant flow rates, and critical heat flux conditions were evaluated.
Results show that at higher flow rates, increased power was required to reach the set critical
temperature of 180 °C, even in the presence of flow obstruction. Contrary to expectations, the
introduced foreign objects (flow restrictors) enhanced local coolant mixing, delaying the onset of
critical heat flux compared to the unobstructed case. The presence of the foreign element did not
cause local overheating but showed a beneficial thermohydraulic effect under tested conditions.
These findings are particularly relevant for understanding post-operational behaviour of
impurities in spent fuel pools where flow rates and thermal conditions differ significantly from
reactor cores.
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ACULTY OF MECHANICAL The effect of clogging of the spacer grid on NUCLEAR
P> ENGINEERING the critical heat flux of a pressureless fuel DAYS

UNIVERSITY OF WEST BOHEMIA
rod simulator

Anna Mréazovd, Department of Power System
Engineering

« Introduction
Foreign object intrusion is a much talked about
topic in industrial practice recently. Foreign
objects can cause problems ranging from
economic loss to loss of safety in the workplace.
Indeed, there is a wealth of experience with
such foreign object intrusion problems from
nuclear power plant operations. For example,
the first Czechoslovak nuclear power plant,
Jaslovské Bohunice, was shut down after the
most recent accident, which was caused by the
presence of silica gel in the fuel assembly,
where it impeded the cooling of the assembly
and caused the fuel rods to melt.
In both plant facilites and manufacturing
technologies, this negative factor has been the
focus of attention, but is its impact really only
negative? It is this consideration that gave rise
to this topic.
The research focuses on the thermohydraulics
in an experimental pressureless loop containing
a single heated rod simulating a fuel rod and
the spacers that the rod is fitted with.

» Experimental setup
Measurements take place on a closed loop where distilled
water flows through a glass channel with a heated stainless
steel fuel rod simulator powered by a SELCO ETG 206 DC
source. Flow is limited to 0.2m3/h, velocity to 0.6 m/s, and
inlet temperature to 40 °C. Flow is measured by a KOBOLD
DUK meter, cooling is via a water-air exchanger, and control is
through NI LabVIEW. Temperature is logged every 0.5 seconds
: using K-type thermocouples. To simulate channel blockage, a
it ' ‘ ; 3D printed metal element was designed. It narrows the flow
- area by %, %, or %. The element was produced using DMLS
from 316L steel for strength and corrosion resistance.
 Results and Conslusion

Measurements were taken for 3 levels of flow blockage
(unclogged, %, %) and four pump speeds (30-75 rpm). The
figures above show the condition of the fuel rod and the
element before and after the measurements. The results
showed that higher flow rates required higher power to reach
critical temperature, and at lower flow rates, power was slightly
higher for the unclogged variant. Surprisingly, the blockage
improved heat dissipation instead of causing overheating. It is
this effect that should be the next subject of investigation.

Trnsition from Annular flow
to DRYOUT

Churn flow
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CHARACTERIZATION OF THE PERFORMANCE
OF AHYBRID SMALL MODULAR REACTOR
AND ITS INTERACTION WITH THE POWER GRID

Silvia PICCHI

University of Pisa, Italy

Hybrid energy systems incorporating Small Modular Reactors (SMRs) represent a promising
nuclear technology which allows the combined production of heat and power. This increases the
flexibility of nuclear plants and opens new possibilities for the decarbonization of energy
production. This thesis explores this concept from both a technical and an economic perspective,
proposing and evaluating a conceptual design of the balance of plant for a hybrid light-water SMR.
The technical analysis focuses on the design and modeling of the plantinteraction with power grid
disturbances, particularly for primary frequency regulation. The economic assessment proposes
a methodology to estimate the overnight capital cost of LW-SMRs at the preliminary design stage
and evaluates the economic competitiveness of hybrid designs compared to full-electrical and
full-thermal configurations. The results of the simulations demonstrate the potential of
cogeneration plants to mitigate the impact of such transients on the primary loop. Using the heat
outputto bypass the turbines and modulate electrical power, itis possible to reduce disturbances
to the steam generator, the interface between the primary and secondary loops. For the economic
assessment, the proposed methodology is applied to open-literature data to estimate the
overnight capital costs of electrical, thermal and hybrid SMRs. The reactors are then compared
using the Levelized Cost of Electricity (LCOE) and Heat (LCOH), which suggest the potential
economic advantages of hybrid SMRs, as LCOE and LCOH calculated are in most cases lower for
the hybrid reactors.
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Characterization of the performance of a hybrid Small
Modular Reactor and its interaction with the power grid
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Introduction

Hybrid energy systems incorporating Small Modular Reactors (SMRs) represent a promising nuclear technology which allows the combined pro-
duction of heat and power. This increases the flexibility of nuclear plants and opens new possibilities for the decarbonization of energy production.
This MSc thesis work proposes to assess the benefits of the hybridization of a Light-Water SMR during a frequency regulation transient and to evalu-
ate its economic feasibility. The division between the electrical and thermal outputs of the power plant is expressed by the Degree of Hybridization
(DOH) defined as the ratio between the thermal power output and the thermal power exchanged at the steam generator: DOH = O / Qsc-

Simulations Setup Results of the Technical Analysis

The hybrid secondary loop of the SMR has Comparison of the impact of the primary frequency regulation transient for the non-hybrid plant
been designed based on E-SMR dataset (ther- (DOH = 0%) and hybrid plant (DOH = 50%) on the boundary conditions of the steam generator.
mal/electrical outputs: 270 MWth/115 MWe,
DOH = 50%) and modeled using Dymola 24x
and libraries TANDEM and ThermoPower.
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Results of the Economic Analysis Conclusions and Future Work

The economic study proposes a methodology to estimate the Overnight Capital Cost (OCC) of
LW-SMRs at preliminary design stage and evaluates the economic competitiveness of cogenerative
designs compared to single-output (full-electrical and full-thermal) configurations.

The proposed approach for OCC estimation is based on equipment and labor costs available in
the EEDB, open literature and textbooks. To compare whether it is more convenient to invest in
a cogenerative or in a single-output reactor, the Levelized Cost of Electricity (LCOE) and Heat
(LCOH) are compared, using the cost allocation method with three different approaches.

Levelized Cost of Electricity Levelized Cost of Heat
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\standard datasets and approaches.
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LIQUID METAL FLOW IN A MAGNETIC
FIELD ENVIRONMENT

Ale$s PROCHAZKA

Czech Technical University in Prague, Czech Republic

This poster is based on a thesis that investigates the design, construction and experimental
validation of a DC magnetohydrodynamic (MHD) pump for liquid metal applications. The work
includes: (1) a comprehensive review of liquid metal uses in nuclear energy systems, particularly
in fast reactors and fusion devices; (2) theoretical analysis of fundamental MHD phenomena and
pumping principles; (3) experimental testing with galinstan (GalnSn alloy) as the working fluid; (4)
analytical computation and numerical modeling using ANSYS software suite. The study compares
three methodological approaches analytical calculations, numerical simulations, and physical
experiments all of which confirm the linear relationship between applied current and generated
pressure head. The results demonstrate strong correlation between theoretical predictions and
experimental data, with deviations attributable to model simplifications and measurement
constraints. The research provides insights into MHD pumping technology and its potential
applications in advanced nuclear systems.
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@ Introduction

Magnetohydrodynamics (MHD) deals with the behavior of conductive fluid flow in the
presence of an electromagnetic field. The conductive medium can typically be plasma,
molten salts, or liquid metals. In proposed thermonuclear power plants with tokamaks,
a very strong magnetic field will be maintained. Some concepts of fusion energy reactors
include the presence of a PbLi liquid alloy blanket, which ensures the production of tritium,
an essential component of the fuel for the fusion reaction. The liquid metal, being
conductive, interacts with the magnetic field, which can lead to various
magnetohydrodynamic (MHD) effects. Therefore, the study of liquid metal flow behavior in
a magnetic field environment is part of fusion technology research and development.

Furthermore, MHD effects have also been utilized in operated fast breeder reactors cooled
by liquid metals, such as sodium and its alloys, for pumping the coolant. With ongoing
research into 4th-generation reactors and the advent of new SMR concepts, MHD pumping
continues to be explored and considered as an alternative to traditional mechanical pumps.

® Main Objectives

The main objectives of the work are:

1. design, construction, and measurements on an experimental device using the liquid
metal galinstan and leveraging MHD effects;

2. numerical simulation of the performed experimental measurements;

3. validation and comparison of the numerical solution with experimental data and
a simplified analytical solution.

The experimental setup was realized as a U-tube with an MHD pump, where the pump's
head was measured as the difference in liquid levels in the individual branches of the U-
tube. The numerical simulation was performed using computational software from the
ANSYS suite.

® Experimental Setup and Methodology

The body of the MHD pump consists of a 3D-printed plastic glued assembly. The side walls
of the pump's flow channel are formed by copper electrodes, to which an electric current in
the range of 10 — 40 A is supplied in 5 A increments. Permanent magnets are placed above
and below the channel, providing a magnetic field with an average magnetic induction of
0.6 T. The pump is then connected to the branches of the U-tube via feedthroughs. The
U-tube is composed of silicone hoses and glass tubes The principle of MHD pumping lies in
the generation of the Lorentz force (see Figs. 1 and 2). The working fluid is the alloy
galinstan.

The magnetic field was simulated after the experiment using ANSYS Electronics Desktop
(Maxwell module), and the problem of liquid level motion was defined in ANSYS Fluent. The
calculation was run using the ANSYS System Coupling utility, which allows linking separate
parts of the computation.

The analytical calculation was performed using the equivalent electrical circuit method, and
the difference in liquid levels was obtained from the equality of the pressure generated by
the pump and the hydrostatic pressure. Results are summarized in Tab. 1 and Fig 4.

Lorentz
force 2
current F=JxB
density
J
Y

magnetic
field
B

Fluid Flow

Figure 1: Lorentz force principle. Figure 2: MHD pump working principle [2].

The experimental setup is shown in Fig. 3. While galinstan remains liquid at ambient
conditions, its strong tendency to oxidize and adhere to surfaces made measurements
particularly challenging. The oxide layer formation and wall wetting effects introduced
significant uncertainties in liquid level determination..
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Experiment Components:

1. MHD pump with copper
electrodes and permanent
magnets,

2. silicone tube,

3. silicone-glass transition,
piece

4. glass tube.

Galinstan Properties:

T

mi

T.ap > 1300 °C,

vap

o =-19°C,

p = 6440 kg/m?*
0=3.46*10°S/m,
u=2.4*%103 Pas,
A =16.5 W/(m-K).

The experimental measurements, analytical and numerical calculations all demonstrate a
consistent increasing trend in level difference with higher electric currents. The
experimental values were consistently lower than calculated values.

Electric current [A] 10 15 20 25 30 35 40

Level difference [mm]

Experiment 22 42 50 60 72 86 108
Analytical calculation 28.78 43.17 5756 7195 86.34 100.73 115.12
Numerical calculation 26.62 43.02 53.87 67.55 80.68 93.99 109.07

Table 1: Comparison of resulting level differences for various electric current values.
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Figure 4: Graph of dependence of experimental and calculated values on electric curre

@ Conclusio

The discrepancies between experimental, analytical, and numerical results may arise from:

1. geometric simplifications and field inhomogeneity (non-uniform B and | distributions);

2. unaccounted losses (oxidation, contact resistance, micro-scale imperfections) and
material property variations (galinstan conductivity, magnet deviations);

3. numerical limitations (mesh discretization, solver approximations) that underestimate
real-world complexities.

While trends align, quantitative differences highlight the need for refined models that
better capture geometric, material, and loss effects in MHD systems. Nevertheless, this
study successfully demonstrated magnetohydrodynamic pumping using galinstan in a U-
tube configuration, validating the fundamental principles of MHD flow.

[1] XIANG, Liujin; YANG, Shuo; WANG, Qi; WU, Jian. Design and testing of a direct-current electromagnetic pump for liquid metal. Thermal Science and Engineering Progress. 2024, vol. 50, p.
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[2] POLZIN, Kurt A. Liquid-Metal Pump Technologies for Nuclear Surface Power. 2007. Technical report. Also available at: https://ntrs.nasa.gov/citations/20070022272.
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EXPERIMENTAL AND COMPUTATIONAL
MODELING OF FUEL CLADDING UNDER LOSS
OF COOLANT ACCIDENT CONDITIONS

Michaela SVATOSOVA

Czech Technical University in Prague, Czech Republic

In this work, high-temperature creep experiments were conducted on fuel cladding samples with
a chromium protective coating and reference uncoated samples. Based on the experimental
data, constitutive equations were developed for describing the cladding deformation behavior,
including the primary, secondary, and ballooning stage, which is associated with significant
dimensional changes. These equations were subsequently implemented into the TRANSURANUS
fuel performance code. Simulations reproducing the conducted high-temperature creep
experiments were carried out using the modified code. The results indicate that the new model
provides a reasonably accurate prediction of time to burst; however, it tends to underestimate the
maximum deformation observed in the experiments.
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1. Introduction

Loss-of-coolant accident poses a significant risk for nuclear fuel cladding in
pressurized water reactors. Due to high temperatures, caused by the loss of heat
removal, and high fuel rod pressure, not compensated by the coolant pressure, the
fuel claddings experiences thermal creep. Creep, i.e. plastic deformation
dependent on time, then causes ballooning and may lead to a burst (failure) of the
cladding. Nowadays a lot of research is being done on Accident Tolerant Fuels (ATF),
such as chromium coated fuel cladding. [1-3]

This work focused on modelling the three distinct stages of creep (primary,
secondary and tertiary, shown in Fig. 1 [4]). Fuel performance codes usually
calculate deformation only for the secondary stage and have limited options for
calculating ballooning (large deformation around the center of the cladding).
Therefore, a new methodology for high temperature creep experiments has been
implemented for studying creep in nuclear fuel cladding samples. The data acquired
from those experiments then served as the basis for new correlations, which were
then implemented into the TRANSURANUS code. A series of calculations with this
modified code was run and the results were compared with experimental data.

Rupture
x

Creep strain, ¢

Primary

Secondary

Instantaneous
deformation

Time, t

Fig. 1: The three stages of creep [4]

2. Experimental

2.1 Materials
0O Reference uncoated Zr alloy samples
Q Cr coated samples (17 pm coating layer)

2.2 Methods - internal pressure high temperature creep tests

Q Isothermal tests at temperatures ranging from 600 °C to 1050 °C

Q The samples were heated and then pressurized with argon

O Immediately after pressurization a valve in the proximity of the sample was closed
(shown in Fig. 2)

O The amount of gas in the system was then limited and as the sample expanded
(deformed), the pressure inside decreased (as in Fig. 3)

0 Each test lasted until the failure of the sample

Q After the tests, the samples were measured in diameter in different places to
evaluate their deformation

3. Results and discussion

3.1 Results of burst tests

The pressure drop during the experiment (which can be seen in Fig. 3b) allowed for
the calculation of the sample volume, its deformation, creep rate and in the tertiary
stage the balloon size and shape (where it was assumed that the sample has the axial
profile similar to a Gaussian bell function). The curve of deformation was divided into
the three creep stages. The values for deformation at the end of primary stage (g, in
Fig. 3b), creep rate, deformation at the beginning of the tertiary stage and the shape
of the balloon were processed and a linear regression was made for determining the
dependency of these quantities on hoop stress in the cladding (for the creep rate the
values were in logarithmic form, as in Fig. 4) and temperature. This way, a set of
correlations was made both for Cr coated samples and for bare Zr alloy samples for
the a and B phases of zirconium (the transition a—@ occurs at around 860 °C [1]).

Creep rate in relation to stress
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Fig. 4: Creep rate in relation to hoop stress in the sample for different temperatures
(bare Zr alloy samples)

3.2 Results of calculations

The correlations were inserted into the TRANSURANUS fuel performance code and a
series of calculations was done, each simulating one of the conducted experiments.
The time to burst (for failure criterion no. 1 in the code — overstress) is shown in Fig. 5.
For lower temperatures there is a good match between the experiments and
calculations. However, for 850 and 900 °C the simulations lead to a much lower time
to burst than experiments. This is because zirconium in the mixed a+8 phase has a
different creep behavior, is very plastic and tends to have larger deformations. For
Cr coated samples, the results of calculations were most accurate in lower stresses.
When comparing the maximal deformation in the balloon, the calculations are most
accurate for high temperatures. For lower temperatures, the calculations lead to
smaller deformations. This means that the ballooning deformation model needs to be
improved, especially for the a and mixed a+f3 phase regions.

Comparison of time to burst, crit. 1

S Temperature

Simulation

103 4

102 4

600 °C
650 °C
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Fig. 2: Sample (left) before burst test (a valve can be seen at the top right)
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Fig. 3: a) Cr coated sample after burst test, b) data acquired from the experiment
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4. Conclusions

Experiments to study the creep behavior of zirconium alloys were conducted. The
deformation of the samples was determined, and the three stages of creep were
identified. Based on those results a series of correlations were derived and inserted
into fuel performance code. Then the code was used for simulating the experiments.
Time to burst was predicted very well for lower temperatures, maximal deformation
was best for high temperatures. However, the a+p phase needs further attention.
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Today‘s nuclear renaissance relies on modern Generation llI+ and SMR reactors, which place high
demands on safety. As a result, there is increasing pressure to upgrade older reactors, such as
the VVER-1000 at the Temelin Nuclear Power Plant. One of the planned safety improvements is a
new rapid depressurization system for the primary circuit in the event of a severe core meltdown
accident. This system directs steam through piping into the containment. The system is shown in
Figure 1. The condensed water that fills the system is slowly cooled because of heat loss to the
surroundings through the outer walls. The temperature of the water is crucial for ensuring the
operability of the valves that open the system immediately at the start of a core meltdown
accident. The main task is to find out the temperature in these valves and determine the
thermodynamics of the designed system for four different conditions, representing four different
regimes in the primary circuit (Figure 2). This study is focused on obtaining values of temperatures
from thermodynamics simulations from the CFD software Ansys Fluent.
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INTRODUCTION

Today‘s nuclear renaissance relies on modern Generation III+ and SMR reactors, which place high
demands on safety. As a result, there is increasing pressure to upgrade older reactors, such as the VVER-
1000 at the Temelin Nuclear Power Plant. One of the planned safety improvements is a new rapid
depressurization system for the primary circuit in the event of a severe core meltdown accident. This
system directs steam through piping into the containment.

The system is shown in Figure 1. The condensed water that fills the system is slowly cooled because of
heat loss to the surroundings through the outer walls. The temperature of the water is crucial for ensuring
the operability of the valves that open the system immediately at the start of a core meltdown accident.
The main task is to find out the temperature in these valves and determine the thermodynamics of the
designed system for four different conditions, representing four different regimes in the primary circuit
(Figure 2).

This study is focused on obtaining values of temperatures from thermodynamics simulations from the
CFD software Ansys Fluent.

Operating Operating The water level in the
pressure (MPa) | temperature (°C) [ pressurizer (mm)
NPP1 (normal regime) 15.7 345.8 8170
NPP2 (normal regime) 15.7 345.8 9042
HP1 .(lmme(lmtely before the valve's 17 3523 11555
opening)

NNPP (opening of the second relief

5 57.
valve on the top of pressurizer) 181 38574 10780

Figure 2 — Table of considered operating regimes
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Figure 3 — Film condensation on the inner surfaces of vertical pipes 3

SIMULATIONS

Cooling has a significant effect on water properties as density (Figure 4), thermal conductivity, viscosity, and heat
capacity. Simulations include the effect of gravity and these changes in the properties of water, too. Simulations run

stationary.

The CFD results show slow flow and relatively significant cooling of filled water. The largest cooling occurs for the
regime NPP2, which is shown in Figure 5. The valves remove a lot of heat from filled water, causing acceleration of the
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Figure 1 — Scheme of the new rapid

Steam
condensation

Bubbler
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15,7 MPa, Pressurizer
346°C
(Normal conditions)
Filled
water
(coolant)
7 ization system ing the pressurizer

The amount of condensed steam on the inner surface of the depressurization piping has an impact on the difference between water (coolant) levels in the
piping and in the pressurizer. The level difference ensures a slow flow of filled coolant in the depressurization piping, causing the mixing of hotter
condensed steam, and it leads to a slight heating of the filled water. The coolant slowly flows through the drain piping back to the pressurizer. The
temperature in the valves cannot be lower than 100 °C during normal operating regimes and lower than 120 °C before the core meltdown accident. If the
temperature falls below 120°C, then the valves could fail during opening because of the thermal shock of the steam that hits the valves.

The condensation is calculated from Nusselt‘s theory of film condensation (Figure 3). Condensation is strongly dependent on the type of regime and on the
lg(gavnymm, vapor humidity conditions in the pressurizer. Based on that, it was decided to calculate more condensation conditions. The results are input conditions for
the CFD simulations as a flow mass through the depressurization piping.

1100

70

Density (kgm3)

0

flow (Figures 6 and 7). Warmer water flows along the inner upper part of the pipe and, after cooling, turns and flows into 0

the drain pipe.
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Figure 4 — The density change depending on temperatu

for conditions in pressurize
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[ms)
304.00 Figure 6 — The flow velocity in front of the valves and at the entry in the drain piping
281,00 Figure 7 — The flow velocity in front of the valves
258.00 RESULTS AND CONCLUSION ‘ o
235.00 The temperature of each scenario for each regime is shown in Figure 8. The results of NPP1 and NPP2 regimes under normal conditions meet
212.00 the temperature limit of over 120 °C that is set by rules for the primary circuit. The density difference between the coolant level and the drain

piping is about 180 kg/m? for the lowest mass flows during NPP1 and NPP2. Unfortunately, the results for the regimes NNPP, HP1 and the

189.00 lowest mass flows are hard to determine. The CFD programme Ansys Fluent works with gradients of units (speed, density, ...), and for these
166.00 mass flows, the gradients are probably so small that the simulations run for a very long time (weeks), and it is complicated to stabilize them.
143.00 Calculations would be better to run in some different software, probably.
120.00 NPP1 NPP2 NNPP HP1
Temperature Temperature Temperature Temperature
topeia Masston | inmerrst | | MESSTON | e | | MESSION | Ty || SO |
valve (°C) valve (°C) valve (°C) valve (°C)
. 0.0009 170 0.0007 132 0.0004 0.0003
' 0.005 3115 0.005 301 0.005 305 0.005 290
- 0.01 326 0.01 321 0.01 330 0.01 319
0.1 339 01 339 01 350 01 344

Figure 5 — The temperature distribution by height of the
depressurization pipe for the regime NPP2

Figure 8 — The temperature in the valves for the considered operating scenarios

3- KIM, Dong Eok et al. Pure steam condensation model with laminar film in a vertical tube. International Journal of Multiphase Flow. 2011, o, 37, & 8. DOI: https:/doi.org/10.1016/j.ijmultiphaseflow.2011.04.006
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The reactor start-up process includes process tests performed as part of the power start-up,

which verify the correct functioning of all key equipment and systems. The tests include checking

the stability of parameters, the correctness of control functions and verifying that the equipment
is ready for real operation.
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Introduction

The reactor star-up process includes process tests performed as part of the power start-up, which verify the correct funcitoning of all key equipment
and systems. The tests include checking the stablity of parameters, the correctness of control funcitons and verifying that the equipment is ready for
real operation.

Main goals of study

At the Dukovany Nuclear Power Plant, the RCS RST

EDUS program has been developed for M ¢
simulations of this kind. This study verified the LS RS_PSK ofi:iurr:gzzn
correct functionality of EDUS and highlighted

its shortcomings. Once these are corrected, peytron flux Pressure Power
EDUS could be actively used as a support ,...c.rement HRK measurement measurement

program in the testing of individual devices. in HPK

Tested systems JR PG TG 7

Reactor control system (RCS) RV

)
2) Transfer station to the at h PSA

) Transfer sta !on o the atmosphere ( ) The figure shows a schematic diagram of the automatic power control system of the power unit
3) Transfer station to the condenser (PSK) and the links between the individual control modules.
4) Turbine control system (RST)

Example test of PSA regulation
50 100
From all ten tests, that were studied and conducted, only this one is
presented here as an example.

40
The graphs compare the results of the real and simulated PSA
regulation test. In the results of this test, we can see two shortcomings
of the EDUS simulator. In the bottom graph, it can be observed that

30
20
.‘zﬂnuq__“n .
%0 the measured and simulated HPK pressure values do not match even

0 0 with the same PSK opening in the top figure. The mismatch is most

80

60

B | R S

Opening of the PSK (%)

Opening of the PSA (%)

R | S

0 200 400 600 800 1000 1200 pronounced from about 1025 s, when the simulated values start to
te) rise for no reason. As a result of the earlier increase in HPK pressure
UPSKLL ----ZU_PSKLL U_PSKL_P to 5..2 MPa, the PSA opens co.rrectlyl in automatlc mode about 100 s
earlier. However, the second inconsistency is the lack of automatic
-===ZU_PSKL_P U_PSAL ====Z7ZU_PSAl1

opening of the PSA in manual mode, which can be seen in the top
figure when the HPK pressure rises above 5.4 MPa, at a time of
approximately 1075 s.

= U_PSK1_L (_P)— Opening of PSK1, left (or right) side HPK
= U_PSK2_L (_P) - Opening of PSK2, left (or right) side HPK
= U_PSA1 — Opening of PSA1
0 200 400 600 800 1000 1200 = P_HPH_L (_P)— Pressure in the cooling steam collector
t(s) = P_IO - Pressure in the primary circuit
= The index ,Z_" before the shortcut means the measured values

(MPa)

P_IO

P_HPK_L ====Z_P_HPKL

P_HPK_P == == Z_P_HPKP

P_I0 ====2_P_lO

Study results
The individual monitored parameters were described and compared in detail and the following deficiencies were found.
= The simulator automatically miscalculates the reactor power when the turbine-generator is selected to enter the initial state.
= The simulator does not take into account the input of the initial state of the controller in the initial conditions.
= |n the simulator, in contrast to reality, there is no automatic 5,4 MPa (PSA opening in manual mode).
= There is no interlock in the simulator when the HPK pressure drops below 4,15 MPa (automatic PSK closure).
= Some constants in the simulator are fixed at 100 % power level and have to be adjusted at lower power level.
= The flow characteristics of some valves are not precisely tuned (set to the average between blocks).
= Ap1 and Ap2 cannot be adjusted during the simulation, they can only be adjusted for the whole simulation.
= When the controller switched from one mode to another, the previous mode had to be switched off and only then the new mode switched on.

Conclusion

This study verified the correct functionality of EDUS and highlighted its shortcomings that could be corrected. After correction, the EDUS could verify
the operating assumptions without testing in real operation and thus increase the efficiency of the tests performed during start-up and operation of the
reactor. The study could serve as supporting educational material for training reactor physicists, providing an initial introduction to tests on selected
equipment. This introduction would provide basic knowledge for tests that are then actually performed at EDU.

[11 BOHUN, Pavel. Vstupni $koleni do Jaderné elektrérny Dukovany. 2016. Dukovany: CEZ, a. s., Periodicka pfiprava a ptiprava dodavatelt JE. Dostupné z:
https://www.cez.cz/edee/content/file/vzdelavani/skoleni/skripta-2016.pdf. [cit. 2024-10-31].
[2] Kolektiv autorti. (2022), uéebni texty pro pFipravu personalu JE. PROVOZNI PREDPIS, Technologické testy vybranych zafizeni bloku. JE Dukovany.
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INDUCED BY ELECTRIC ARC HEATING

Petr VNENK

Brno University of Technology, Czech Republic

This part of the study presents a method for simulating departure from nucleate boiling (DNB)
using an electric arc heating device, with temperature measured by thermocouple sensors. The
system enables fast and repeatable local heating, reaching temperatures of up to 400 °C. Both AC
and DC arc modes were tested, with AC showing better stability. Temperature data were collected
and processed using the MeThOp software. The method proved suitable for evaluating thermal
sensor response, and comparison with reference data confirmed that the arc-based approach is
effective for simplified DNB simulation.
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Introduction

The simulation of Departure from Nucleate
Boiling (DNB) using electric arc heating offers
the advantage of high repeatability. It enables
reliable testing of various types of sensors
potentially used for DNB detection.

Measurement setup

For experiments, an electric arc heating
device is used which is shown in Fig. 1. It can
reach temperatures of up to 400 °C within 10
seconds and is compatible with any sensor
that fits into a tube with 8.5 mm inner diameter.

Fuel cladding holders Fuel cladding

Fig. 1: Electric arc heating device

The arc device is connected to a transformer,
which is linked directly to a power source,
as shown in Fig. 2. The measurement is
carried out using sensors inserted into the fuel
cladding tube (stainless steel tube is used
as a surrogate of zirconium tube to reduce
the costs - of experiments). The  data
from sensor is transferred via a measurement
card to the measuring unit: All data are
subsequently sent to a computer, where they
are collected and processed.

Transformer Arc
Device
Computer Measuring Measuring
unit card

Fig. 2: Block diagram of the measurement setup

Power
Source

Sensor ‘

Method assessment

The device used for arc generation is capable
of operating with both altering current (AC)
and direct current (DC) to ignite the electric
arc. As shown in Fig. 3 and 4, DC arcs have
the potential to reach higher temperatures in
a shorter time. However, their ignition is less
reliable compared to AC arcs.

The temperature evolution induced by the DC
arc is shown in Fig. 3. The data clearly
demonstrate the inconsistency of the cladding
temperature induced by DC arc. Fig. 4
illustrates  then the temperature evolution

induced by AC arc heating, which shows
significantly better stability compared to DC
arc heating. Although the AC arc does not
induce the same peak temperatures as DC
arc, its consistency makes it more suitable for
application in temperature sensor testing.

Run2
350 Run3 ——Run4
Run6

Run8
= Run 10

Temperature [°C]

Time [s]

Fig. 3: Cladding temperature induced by DC arc

Temperature [°C]

Time (s]

Fig. 4: Cladding temperature induced by AC arc

Measurement program

For visualization and measurement purposes,
the  METHOS  program (MEasurement
with THermocouples and Other Sensors) is
used.

The interface of the program, developed
in LabVIEW, is shown in Fig. 5. It enables

starting and stopping data  recording
asneeded and selecting the number
of sensors  to record  simultaneously.
The program’s - structure  enables  easy

modification and further enhancements.

Fig. 5: Interface of METHOS program
for temperature data acquisition

The measurement frequency depends on both
the number and type of sensors used
and a sampling time as low as 10 milliseconds
can be then achieved.

Comparison with experiments

The cladding tube temperature is compared to
those presented in other studies [1, 2]
as shown in Fig. 6. The temperature increase
(AT=T-Tinta) achieved by the arc device
and stainless-steel thermocouple
(ID=0.25 mm) is comparable. For reference,
the blue lines represent measurements

carried out in [1], where the DNB experiments
were performed at electrically heated tube
with internal water flow. The different positions
correspond to the hottest point (position 1) and
positions  further from DNB occurence
(positions 2 and 3). The red line represents
data from [2], where a DNB experiment was
performed at single pin in high-pressure loop.

Arc heating device

atea)
g

— -~ Tube position3
- -~ Tubeposition2 ——

Tubeposition1 " -

_nPLoop// e

as)

Fig. 6: Wall temperatures during DNB
experiments and testing of arc device

Both = reference profiles were obtained
at higher initial temperatures and pressures
than in the current experiment.
The temperatures achieved in - experiments
with  Arc device could potentially be
even higher if a higher-voltage power source
were used.

Conclusion

Electric arc-based = simulation of DNB
experiments is relatively fast and allows
for repeatable measurements  with - various
sensors. After evaluating the influence of arc
types, the AD arc was selected for further
experiments as it is more stable and provides
better repeatability. The wall temperature
increase induced by arc device is comparable

with - that one achieved in real DNB
experiments.
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During the operation of nuclear power plants and other nuclear facilities, significant quantities of
radionuclides are generated through various nuclear processes. To safeguard public health and
ensure environmental protection, it is crucial to identify and quantify these radionuclides.
Besides the commonly measured radionuclides like '*’Cs, there exists a group known as difficult-
to-measure (DTM) radionuclides, which cannot be detected effectively using standard
radiometric and mass spectrometric methods alone. Determining these requires either complex
chemical separation methods or advanced analytical techniques. One of them could be
accelerator mass spectrometry (AMS). As well as in other mass spectrometric methods, crucial
part of sample preparation and following AMS measurement is to suppress interfering isobaric
nuclides. In some cases, it could be done by proper target matrix and cathode selection for
caesium sputtering ion source, it is even more important for AMS with low terminal voltages. This
study aims to prepare model compounds of selected elements of DTM radionuclides (*'Ca, *Ni,
5Ni, "°Se, and '%’Pd) in fluoride or oxide matrices. By mass analysis of these matrices with
Tandetron 4130 MC together with background measurements on the respective cathodes, the
resulting mass spectra provided insights into the possible suppression of isobaric interferences,
and available chemical and ion forms.
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What is this about? _

We prepared model compounds of Ni, Co, Ca, K, Se, Br,
Pd, and Ag in fluoride or oxide forms. Our goal was to find
a suitable chemical matrix that would provide sufficiently

Accurate material characterization for radionuclide inventory
is essential in nuclear power plant decommissioning to
ensure safe waste management, environmental protection,

and public safety. high negative ion yields when sputtered by caesium ion
. . : . source, while simultaneously suppressing production of the

/_-\ ke"y1 challfgng.;e 6|3nv_olwi(3_ls dlfﬁcult-t%measure_ radionuclides corresponding isobaric ions.

like *'Ca, *Ni, *Ni, Pd, and “*Pu, which cannot be

effectively analyzed with conventional radiometric methods. The types of ions produced for each matrix type (fluoride,

Advanced radioanalytical techniques, especially mass \ oxide) were identified and the yields were subsequently

spectrometry, are required for their detection. Effective use estimated based on the measured ion currents.

of these methods necessitates suppressing isobaric L . L
interferences through strategies such as matrix selection In parallel, an initial setting was found for the determination
and prior chemical separation. of 4!Ca by means of accelerator mass spectrometer MILEA

\ with a maximum terminal voltage of 300 kV.

-l'_ i )t

MILEA AMS

4130 MC Tandetron

What did we find out?

Based on mass spectra measurements of calcium
and potassium with PbF,, calcium forms relatively
intense [CaF;] and [CaF,] ions as opposed to
potassium. This was further utilized for finding initial
beamline settings for utilizing these ions for AMS
from the caesium ion source. The 'K / *°Ca ratio
varies with the initial purity of reagents (ultrapure
water, distiled water, tap water). For nickel and
cobalt with PbF,, cobalt forms similar ions to nickel
but with higher intensity. Depending on the
experimental conditions, it is not possible to
distinguish the ionic forms of nickel from cobalt.

For selenium and bromine with PbF./Eu,03,
selenium peaks were less intense than bromine. In
the case of measurements of palladium and its
isobaric interferent silver, no significant peaks were
detected as the current yields of palladium are very
low. Unlike palladium, silver forms a series of intense
peaks.

New possible analytical procedures

Mass spectra (current on ion mass dependence) measured via Faraday cup in low energy part of 4130 MC Tandetron.
Important ionic forms are shown in green.
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OF NICKEL FROM LOW-CONCENTRATION
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Important representatives of difficult-to-measure radionuclides include RN (half-life: 7.6 % 10*
years, electron capture) and ®Ni (half-life: 100.2 years, B~ decay), which are primarily produced
in nuclear power plants through the (n, y) neutron activation of stable isotopes *Ni and ®*Ni.
Although the total activity of these isotopes can be high, their concentrations remain low due to
their long half-lives. The aim of this work is to develop nickel separation methods from dilute
aqueous solutions by means of electrodeposition combined with autocatalytic reduction using
sodium phosphonate.
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What is this about?

Important representatives of the difficult-to-measure radionuclides are isotopes
%Ni (76 ky, EC) and ®Ni (100.2 y, -B) which are formed in nuclear power plants
mainly through the neutron activation reaction (n, g) of the stable isotopes 5Ni
and 2Ni. Although the total activity of these isotopes could be very high, their
concentration is low due to their long half-lives. This work is therefore aimed on
the development of separation procedures of nickel from low concentrated
aqueous solutions by its electrodeposition together with autocatalytic reduction

by sodium hypophosphite.
What did we do?

We conducted experiments to determine how various initial parameters, such as
the amount of nickel, sodium hypophosphite, applied voltage, and pH, affect the
deposition yield of nickel. The electrolyte composition included boric acid (0.47
mmol-dm™), nickel chloride (0 to 1.03 mmol-dm™), and sodium hypophosphite
(0.095 to 0.49 mmol-dm?). We optimized these parameters based on the
process speed and the quality of the deposit (30 V, 0.02 to 0.06 A-cm?). To
Electrodeposition cell measure nickel concentration at different time points, we first used
spectrophotometric determination with dimethylglyoxime and then confirmed our
P ,. findings through an active experiment with

- 83N by liquid scintillation spectrometry.
Planchette What did we find?
Fig. 1: Dependence of deposition yield on
Depending on the data different initial concentrations of added
received, it was found that the ?gg'”m hypophosphite.
deposition yield increases
with increasing concentration
4 of nickel cations and
simultaneously with
increasing concentration of
sodium hypophosphite.
' (see Figure 1. and 2.)

+ 10 ml organic
scintillator

95

~.

90

85
86.5

Deposition yield [%]

80
0.49 243 4.79
Concentration of added NaH,PO, [mmol-dm~]

Fig. 2: Dependence of self-absorption and deposition yield on concentration
of added nickel carrier after 75 minutes.

@ Self-absorption

@ Deposition yield

& + X ul of sample
+ 4 ml organic
scintillator

 /

60

B
o

Percentage [%]

N
o

1.03 0.77 0.261 0.0263
Concentration of added nickel carrier [mmol-dm]

Scintillation

Spectrometer The activity of the ®Ni solution was measured by ligiud scintillation
spectrometer (programme *H, 300 seconds, channel 38-400) and in

. ’ the used geometry the nickel detection efficiency was determined to
However, in the case of sodium Fig. 3: Dependence of relative amount of nickel on time for be 38.2 o/:‘? o thenp;lanchette and 55.8 % in solut}ilon

hypophosphite a concentration of different initial concentrations of nickel carrier. (see Figure 4.)
243 mmol-dm® was chosen for 100

further experiments as it resulted in

o ) @® 1.03mM Fig. 4: Bar chart of measured ®Ni activity in the cocktail (orange)
@ BIEiiEr Ceesilen e (i3 eifmlEEs = 9 and on the planchette (blue) and their ratio (black curve).
steel cathode surface. = 8 ® 0.77 mM P :
For dependence of relative nickel E @ 0.261 mM 4000, @ %Ni (planchette) @ %N (cocktail) 1.00
fx.)r]oentratlon or_1 time for dlffen.ent g 70 @ 0.0263 mM 3500| @ ®Ni (cocktail)
initial concentration of nickel carrier, s 60 0.80
a threshold can be seen at = @ 0mM 3000 ’
concentrations in the order of 10° 3 50 2500
mol-dm® (see Figure 3.), at which |3 © 0.60
saturation of the deposition yield : — 2000
occurs and the nickel concentration 2 30 1
. " = 500
is probably no longer the controlling & 2
step. x 1000
The next task will therefore be to 10

500

vary other parameters (temperature,
pH, etc.) that may affect this process 45 B0 75 90 105 120 135 160 165 180 0 3 5 7
and increase the deposition yield. Time [min] Cocktail volume [ml]
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BALANCE OF PLANT DESIGN
AND OPTIMIZATION FOR TOKAMAK FUSION
POWER PLANTS: APPLICATIONS TO ARC-LIKE
AND EU-DEMO REACTORS

Francesco COLLIVA

Sapienza University of Rome, Italy

This doctoral research at Sapienza University of Rome, in collaboration with ENEA and ENI
MAgnetic Fusion Energy (MAFE), examines the design and performance of Balance of Plant (BoP)
systems for advanced fusion reactors, particularly the ARC and EU-DEMO designs. The study
supports global efforts to achieve commercially viable fusion energy. For the ARC reactor, a
compact tokamak developed by MIT and Commonwealth Fusion Systems (CFS) with ENI, the
research evaluates three different energy conversion cycles, supercritical Rankine, CO, Brayton,
and He Brayton, using the software GateCycle and identifying the Rankine cycle as most efficient
and technologically mature. It also explores a preliminary design of a Double-Wall Heat
eXchanger (DWHX), analysing transient performance trade-offs between temperature stability
and turbine power output by using RELAP5-3D software. In the case of the EU-DEMO reactor
promoted by EUROfusion, the research focuses on the Water-Cooled Lead-Lithium (WCLL)
Breeding Blanket, developing a Helical Coil Steam Generator (HCSG) and proposing strategies to
manage operational fluctuations. Thermal-hydraulic modeling under steady-state, operational,
and accidental scenarios confirms overall system reliability, though some localized hot-spots are
noted. Ultimately, the thesis contributes significant insights into the efficiency, safety, and
integration of fusion reactor BoP systems.
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This work has been carried out within the framework of the
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Balance of Plant Design and Optimization for Tokamak Fusion Power Plants:
applications to ARC-like and EU-DEMO Reactors

ABSTRACT

This doctoral research at Sapienza University of Rome, in collaboration with ENEA and ENI MAgnetic Fusion Energy (MAFE), examines the design and performance of Balance of Plant (BoP) systems
for advanced fusion reactors, particularly the ARC and EU-DEMO designs. The study supports global efforts to achieve commercially viable fusion energy. For the ARC reactor, a compact tokamak
developed by MIT and Commonwealth Fusion Systems (CFS) with ENI, the research evaluates three different energy conversion cycles, supercritical Rankine, CO: Brayton, and He Brayton, using the
software GateCycle and identifying the Rankine cycle as most efficient and technologically mature. It also explores a preliminary design of a Double-Wall Heat eXchanger (DWHX), analysing transient
performance trade-offs between temperature stability and turbine power output by using RELAP5-3D software. In the case of the EU-DEMO reactor promoted by EUROfusion, the research focuses on
the Water-Cooled Lead-Lithium (WCLL) Breeding Blanket, developing a Helical Coil Steam Generator (HCSG) and proposing strategies to manage operational fluctuations. Thermal-hydraulic modeling
under steady-state, operational, and accidental scenarios confirms overall system reliability, though some localized hot-spots are noted. Ultimately, the thesis contributes significant insights into the
efficiency, safety, and integration of fusion reactor BoP systems.

The WCLL BB is divided into 16 sectors, made of an Inboard (left/right
segments: LIB, RIB) and an Outboard (left/central/right segments: LOB,
COB, ROB). Each segment is characterized by Breeding Elementary Cells
(BRCs) organized into 7 poloidal zones.

Conducted with the
GateCycle software

Proposed Configurations:

o=
1d
)
=
]
=
<«
E = Supercritical Rankine cycle Fluid 1[’;;15]- Inlet ITl)é]Temp-
= = Supercritical CO: Brayton FW/BZ
= eycle A 155 568.15
= = Supercritical He Brayton cycle % PbLi 60 601.15
2 GateCycle scheme Boundary Conditions
w
E Cycle Value [%] Pulse-Dwell Transient Analysis
= Supercritical Rankine 46 * Rankine Cycle achieved the :
6 . al best efficiency among the
T Supercritical CO2 Brayton three configurations.
g Supercritical He Brayton 32
g Efficiency Comparison . i
EEEEET
. Power profile during the transient
= Conducted to observe temperature

variations during the transition
between operational phases.

= The coupling between the three hydraulic models
is modeled through thermal structures.

ARC-like Reactor T

Proposed by Massachussetts Institute of
Technology (MIT) and developed by its P~

spin-off Commonwealth Fusion System J IE— Accidental Transient Analysis

Breeding Blanket Analysis

(CFS), in collaboration with ENI S.p.A. Case ID# | Transient Type | System Involved : : i
If-FW Complete LOFA FW PHTS 1 !
N ® I£BZ | Complete LOFA BZ PHTS ! :
Conducted with the RELAP5© ) Inadv. Op. of Loo| !
Primary Secondary iv-FW I:olati(l))n Valve P FW PHTS !
Fluid Fluid software N >d Op.of L [
= _— . nadv. Op. of Loop fl
o Yz %3 @2 | solaionvatve | PAPHTS “
oo =* ss-FW Shaft Seizure FW PHTS \
E ® ss-BZ Shaft Seizure BZ PHTS / o "
| ‘ i Press. Inlet HX Temp. = Analyses reveal an initial temperature increase and brief vapor formation due to rapid
o o s | | = [bar] K] coolant flow reduction, with no impact on overall system safety.
, FLiBe 10 908.15
‘ ; Water 250 593.15
= EU-DEMO Reactor
l i Boundary Conditions

Developed by EUROfusion consortium
aiming at demonstrating fusion electricity
generation by integrating key technologies
into a functional power plant.

> L= — =

= Preliminary analysis results in an 18.3 m
height DWHX and 4000 straight tubes.

Steady-state analysis

He H0

Definition of pipe layout,
component selection, flow
control  strategy, and
integration with Helical
Coil Steam Generators
(HCSG).

Fluid temperature profiles along the DWXH normalized length

Operational Transient analysis
1%t — constant FliBe, He and water flows during transient.
27 — variable water flow to accommodate power variation.

IHTS Section | Unit | Pulse Dwell
Cold to Hot Tank | kg/s | 30577.0 | 305.8
Hot to Cold Tank | kg/s | 30349.5 | 3035.0

Mass Flow Rate in transient phases

1
1
I
I
I
I
I
1
1
1
1
1
:
1
Preliminary HCSG design :
I
I
I
I
1
1
1
1
1
1
1
1
1
I

Two adopted strategies

Double Wall Heat eXchanger Proposal

13.8m height HX, 5217 helical tubes (79.5m length, 10°
inclination).

- Press Inlet HX | Outlet HX
— Fluid Ibar]. Temp. Temp.
— IK] K]
HITEC | ~1 589.15 549.15

Water 58 511.15 566.15

A variable plasma
power is considered due .|
to the reactor pulsed -

operation. === e
15t smooths power fluctuations but increases thermal stress,

24 limits thermal stress, with higher power variation.

" Fluids temperature
profiles along the HCSG
normalized length

CONCLUSIONS
= Parallel design studies on ARC and EU-DEMO focus on developing consistent and integrated BoP architectures, to support the transition from conceptual studies to feasible fusion power plant solutions.
= For ARC, two key components have been analysed: an indirect Power Conversion System and a direct DWHX, representing alternative starting points for future plant layouts.
= For EU-DEMO, the work focused on two components, the BB and the HCSG, now being integrated into full-system extended models of primary and intermediate cooling loops.
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BROOMSTICK EXPERIMENT FOR NUCLEAR
DATA VALIDATION AT THE VR-1 REACTOR

Tomas CZAKOJ

Czech Technical University in Prague, Czech Republic

Chromium plays a vital role in nuclear reactor systems as an additive to stainless steel improving
its corrosion resistance and high-temperature strength, thus necessitating accurate knowledge
of its neutron cross-section. This study presents a neutron transmission experiment—referred to
as the "broomstick experiment"—conducted at the VR-1 reactor using cylindrical chromium
samples and a collimated neutron beam. The experimental setup employed a pencil beam
geometry designed to minimize scattered neutron contributions and increase sensitivity to total
cross-section minima. Measurements of the neutron spectrum behind different layers of the
chromium samples were performed with stilbene scintillation spectrometry in the 1-10 MeV
energy range. The experimental spectra behind chromium cylinders of varying lengths (5, 10, and
20 cm) were compared to Monte Carlo simulations using ENDF/B-VIII.O, JEFF-3.3, JENDL-5, and
INDEN evaluations. The results reveal discrepancies between simulations and measurements,
particularly at low and intermediate energies, indicating the need for continued refinement of
chromium nuclear data. The study highlights the importance of integral experiments for validating
nuclear data and demonstrates the effectiveness of the broomstick experiment in providing
valuable data for chromium cross-section validation, revealing specific areas where existing
nuclear data libraries can be improved.
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Introduction

Chromium is vital in the nuclear industry due to its
exceptional properties that enhance the performance
and safety of nuclear reactors; therefore; it is
necessary to know chromium cross-sections
properly. The best way to validate chromium cross-
sections is an integral experiment in a thick slab or
block neutron transport. Unfortunately, the price of
chromium block is extremely high. One way to
validate the cross-section of chromium cheaply is to
measure the penetration of the neutron beam through
the chromium cylinder.

The poster focuses on a pencil beam transmission
experiment, referred to as a broomstick experiment,
conducted through chromium cylinders. The
broomstick-type experiment is designed to minimize
the fraction of collided neutrons, making it particularly
sensitive to minima in the total neutron cross-section.

Methods

The experiment was inspired by ORNL's experiment at
the Tower Shielded Reactor Il in the 1960s [1]. In our
case, a collimated beam from the radial channel of
the VR-1 reactor was used. The spectrum of the radial
channel was well-described previously [2]. It was
demonstrated that the actual spectrum in the higher
energy region (above = 5 MeV) is nearly identical to
the 2U(ny,f) prompt fission neutron spectrum.
Neutron flux from the radial channel was collimated
by a special collimator optimized for the pencil beam
formation. The beam was previously used for an
initial broomstick experiment with a copper [3].

V-1 reactor

The VR-1 reactor is a pool-type light-water reactor
operated by the Czech Technical University in Prague.
It uses IRT-4M low-enriched uranium fuel with
thermal power of up to 5 kW. The reactor is equipped
with various experimental instruments, such as
horizontal, radial, and tangential channels.

Concrete

Lead Iron Stainless steel
Stilbene

Chromium

Fig. 1: Geometry of collimator.

Collimator

The collimator consists of two main parts. The first
one, next to the core, is designed for strong
collimation of the reactor leakage beam. It ensures
acceptable radiation in positions close to the beam
and suppresses the room effect. The second part
assures precise collimation to the diameter of 3 cm.
The scheme is depicted in Fig. 1.

~

Fig. 2: Photo with 5 cm of chromium. Beam shutter is closed.

Measurement

The primary radial channel beam was collimated into
a narrow pencil beam of a diameter of 3 cm and
attenuated by chromium cylinders inserted into the
leakage neutron beam. Photo from measurements is
in Fig. 2. Their diameter was 6 cm and lengths were
5,10. and 20 cm. Photo of the chromium cylinders is
in Fig. 3. The neutron flux (neutron spectrum) in 1.0—
10.0 MeV energy interval was measured using
stilbene scintillator. Measurement position was 1 m
from the shutter.

Fig. 3: Chromium cylinders used in the experiment.

Beam characterization

Detailed characterization was performed chromium
measurement. It included beam divergence, beam
sharpness, and neutron spectrum. It was shown that
the spectrum in the beam is stable, beam is well
sharp, and beam divergence is acceptable.

Calculations

Simulations were done using MCNP6.2 code using
various neutron transport libraries as ENDF/B-VIILO,
JEFF-3.3, JENDL-5), and INDEN  chromium
evaluations, which will be adopted by ENDF/B-VIII.1.

Results

The evaluated spectra behind different lengths of
chromium are depicted in Fig. 4. The neutron spectra
were normalized to the nominal reactor power
corresponding to 130 W. The increase in the share of
lower-energy neutrons (1-3 MeV) with increasing
thickness of chromium is apparent. The increase is
higher than in a similar experiment with copper [3].

1E+3

‘ —5cmCr —10cmCr  —20cm Cr ‘

m
T
N}

1E41

Flux density [cm?-s7]
m
&

m

1E-2

0 1 2 3 4 6 7 8 9 10

5
E [MeV]
Fig. 4: Neutron spectra with inserted chromium cylinders

Comparisons of calculated and measured spectra are
presented in the form of Calculation/Experiment-1
(C/E-1) in Fig. 5 and Fig. 6. Differences are mostly
within uncertainties. A significantly different shape of
the JEFF-3.3 disagreement can be seen in the 2.5 —
5.0 MeV energy range.

WWW.Ccvrez.cz

for nuclear data validation
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Fig. 5: C/E-1 comparison for 10 cm of chromium.
Discrepancies are more apparent in the case of 20 cm
chromium. Calculations overpredict the measured
spectrum at the lowest energies, 1.0-1.5 MeV. JEFF-3.3
evaluation is at energies 2.5-5.5 MeV out of the
uncertainty. INDEN evaluation overpredicts the experiment
at energies 6.0-8.0 MeV. Overall, no library is within
uncertainty for the whole energy range.
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INDEN
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Fig. 6: C/E-1 comparison for 20 cm of chromium.

Conclusions
A novel broomstick-type transmission experiment
was successfully conducted at the VR-1 reactor using
collimated neutron beams and chromium cylinders.
The comparison of measured neutron spectra with
MCNP6.2 simulations using different nuclear data
libraries revealed discrepancies. The JEFF-3.3
evaluation showed a different shape in the 2.5-5.5
MeV range, and the INDEN evaluation overpredicted
the experiment at 6.0-8.0 MeV. Overall, none of the
evaluated libraries consistently agreed with the
experimental results across the entire energy range.
The study has shown the effectiveness of broomstick
experiments as a cost-efficient and accurate method
for integral data testing in modern nuclear
applications, especially for very expensive materials.
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Tommaso DEL MORO
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Nuclear energy plays a key role in reducing carbon emissions and enabling a sustainable energy
transition. Among advanced reactor designs, Lead-cooled Fast Reactors (LFRs) stand out as a
promising Generation IV technology due to their improved safety, fuel efficiency, and waste
reduction capabilities. By using Heavy Liquid Metals (HLMs) as coolants and MOX fuel from
reprocessed spent fuel, LFRs help close the fuel cycle and minimize long-lived radioactive waste.
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Multiscale Thermal-Hydraulic Analysis of Experimental Facilities in Support of the Lead-
Cooled Fast Reactors Development

Tommaso Del Moro, Sapienza University of Rome, tommaso.delmoro@uniromal.it

Background Methodology
Gen-IV nuclear reactors pose new challenges from the simulation A coupling tool between the STH code RELAP5/Mod3.3 and the

and modeling perspectives CFD code Ansys CFX has been developed

System scale analysis | Component scale analysis | | Spatial domain

Tim ncin hem - . ..
¢ advancing scheme discretization
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Compu(at‘ional Fluid The figures refer to the semi-implicit time advancing scheme and the separate domain discretization approach, but in the thesis
= Dynamics codes work, also the explicit scheme and the domain overlapping approaches have been developed
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Correlated objective
Design a facility capable of reproducing
the main thermal-hydraulic phenomena of

Main objective
Perform multiscale thermal-hydraulic analyses in support to the Lead-cooled Fast Reactors ‘

(LFRs)

LFRs

é |
Emrason

0O Component testing.

Q Transition from forced to natural
circulation experiments in Heavy Liquid
Metal (HLM) systems.

Q Codes validation.

Q Transition from forced to natural

i
i
i
i
'
i
O Testing of a prototype of an innovative !
! circulation experiments in HLM systems.
i
i
i
i
i
i
i

DHR for LFRs/ADSs and LWRs.
O System codes validation.

Q Large scale facility (3.2 diameter and 10 m height, 800 tons of lead)
representative of a LFR layout, and capable to test full scale components
Definition and pre-test analysis of Loss of Heat Sink (LOHS) and Loss of
Flow Accident (LOFA) through the coupled tool preliminary validated
through the comparison between numerical results with experimental data
The data and information presented in the paper are part of | from LFR-relevant experimental facilities

an_ongoing IAEA  coordinated research  project on | After the ATHENA experimental campaign and a further validation of the

“Transition from Forced to Natural Circulation Experiment | coupled tool, it can be used to support the design and safety anaylsis on a
with Heavy Liguid Metal Loop — CRP- 131038, reactor scale

O Experimental and numerical investigation
of pool behavior.
Q Codes validation.
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v Loop pressure well predicted with the new version v Temperatures in the Fuel Pin Simulator well ¥ Tnlet and outlet temperatures peaks are better Power transferred to the bypass region shows a higher and faster peak in the
of the code because of the higher condensation heat predicted by the coupled code. These temperatures i predicted by the coupled code than the coupled simulation due to the 3D heat transfer (neglected by RELAPS).

transfer coefficient calculated by the code cannot be calculated through RELAPS stand-alone ' RELAPS stand-alone The proper evaluation of this quantity is relevant for a LFR core since the

as they are local temperatures ' bypass allows to reduce the coolant (and the cladding) temperature
i
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UNDERGROUND STORAGE OF SPENT NUCLEAR
FUEL: TECHNOLOGIES AND PROSPECTS

Yuliia HADAIEVA

National Technical University Kharkiv Polytechnic Institute, Ukraine
This article examines modern approaches to the long-term storage of spent nuclear fuel (SNF)
using deep geological disposal technologies. Key international projects, technological solutions,

and the main challenges associated with implementing such repositories are analyzed. Special
attention is given to the prospects for the development of this technology in the next decade.
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Underground Storage of Spent Nuclear Fuel:

Technologies and Prospects
Abstract

This article examines modern approaches to the long-term storage of spent nuclear fuel
(SNF) using deep geological disposal technologies. Key international projects, technological
solutions, and the main challenges associated with implementing such repositories are
analyzed. Special attention is given to the prospects for the development of this technology in
the next decade.

Introduction At e )
Modern deep geological disposal (DGD)  Pesive efis on eurway oflie
systems are complex engineering and geological
structures based on the principle of multi-barrier
protection. The design of such repositories
includes: metallic containers (copper, special
alloys), buffer materials (bentonite clay), and .
natural geological barriers (granite, clay, or salt o%
formations).
International experience in implementing DGD
projects  demonstrates various technological
approaches. Finland (Onkalo project) and Sweden

80%
65%
50%

35%

The main technological challenges

: : . include:
have chosen granite massifs as the primary natural E : . :
: 4~ , , ) — Ensuring long-term corrosion resistance
barrier. France (Cigéo project) is developing a .
of containers

repository in clay formations, emphasizing the
advantages of their low permeability. The United
States employs a combined approach, integrating

— Developing reliable monitoring systems
— Predicting geological stability over

i ; millennia
temporary storage at'nuclear power plant sites with Reducing construction and operation
permanent solutions in salt formations. costs

Conclusion

The analysis of modern DGD projects shows that this technology is becoming the standard
solution for the long-term storage of SNF. The successful implementation of Finland’s Onkalo
project confirms the technical feasibility of the concept. The prospects for industry
development are linked to the improvement of container materials, the creation of intelligent
monitoring systems, and cost optimization. International cooperation and experience sharing
will play a key role in the further advancement of technologies for the safe storage of nuclear
waste. Yuliia.Hadaieva@mit.khpi.edu.ua
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ISOTHERMAL FLOW PAST MIXING GRID
WITH PARABOLIC VANES

Vojtéch JANSKY

University of West Bohemia in Pilsen, Czech Republic

Heat is produced by nuclear fission of Uranium fuel in the form of pellets organized in "fuel rods".
The produced heatin the nuclearreactor's fuel has to be transported to the turbine. This is realized
by using water (or other coolant) flowing between the fuel rods. Nuclear fuel grids are designed to
keep the fuel rod in position and to enhance the heat transfer by mixing of the coolant flow. The
mixing grid can aim to mix the hot boundary layer with the faster but cooler fluid at the centers of
the inter-rod channels and to mix the fluid between neighboring channels to achieve the heat
transfer enhancement. The present experiment maps the flow past such a grid in the wind tunnel
under isothermal flow conditions and visualise the turbulences using the Particle Image
Velocimetry.
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ISOTHERMAL FLOW PAST MIXING
GRID WITH PARABOLIC VANES

Vojtéch Jansky, Daniel Duda, Vaclav Marek, Matéj DolejS, Anna Mrazova, VitaliiYanovych & Vaclav Uruba

cg NUCLEAR

P> Test section 0.3 x 0.2 x 0.7 m, mixing grid 2x

P> Rod diameter D =5 cm, Mesh M=6.7 cm P> Two mixing grids in distance 30 cm

f isothermal flow through a short nuclear fuel assembly model

P> Stereo Particle Image Velocimetry (SPIV) at the outlet

P> Nuclear energy is stable and ecologic energy source

) Heat s produced by nuclear fision of Uranium fuel in the
form of pellets organized in "fuel rods"

P> The produced heat has to be transported into turbine.
This is realized by using water (or other coolant) flowing
between the fuel rods

P> Therefore, the grid has two main functions:

1. it keeps the fuel rods in positions
2.it enhances the mixing and thus the heat transfer

P> The mixing grid can aim to achieve two goals:

1. to mix the hot boundary layer with the faster but cooler
fluid at the centers of the inter-rod channels
2. to mix the fluid between neighboring channels

P> The present experiment maps the flow past such a grid

P> Wind tunnel velocity 24 m/s (Re = 3.3-10%)

P> Isothermal flow conditions

D> "Half-cut' geometry, only in short test section

Abstract & introduction Mixing grid with parabolic vanes Mean streamwise velocity

'V Single cell

'V Vane

T Vm g

'V Fixation to thread rod

hy

[V =5 mm
hy =10 mm
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MEASUREMENT OF SPECTRUM AVERAGED
CROSS SECTIONS IN THE BENCHMARK
LR-0 REFERENCE FIELD

Alena KRECHLEROVA

Czech Technical University in Prague, Czech Republic

A reactor pressure vessel (RPV) is a critical component that determines the lifetime of a power
plant and plays a key role in nuclear safety. Consequently, both the inner and outer surfaces of
the RPV are monitored by a set of activation detectors to ensure the nuclear power plant’s safe
operation. Data from these activation detectors is used to determine the neutron fluence and
neutron spectrum. Achieving high precision in these measurements requires input parameters to
be as accurate as possible. One of the essential input parameters is the microscopic cross-
section, specifically the spectrum averaged cross section (SACS). Furthermore, the SACS is a
preferred tool for validating cross section, especially in a standard or reference neutron field. A
large set of measurements was performed at Research Centre Re? using the LR-0 reactor, which
provides a benchmarked reference neutron field. The SACS of threshold reactions such as
5Fe(n,p) *°*Mn(n,2n), and "°As(n,2n) were investigated. All experimentally derived SACS were
compared with calculated SACS obtained via MCNP6.2 code employing cross sections from
IRDFF-1l nuclear data library.
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Introduction

The safe and reliable operation of nuclear power
plants is critical, as accidents can have severe
consequences for both the environment and human
health. One key parameter in ensuring nuclear safety
is neutron fluence, which is essential for evaluating
the structural integrity of the reactor pressure vessel.
Over time, exposure to fast neutrons can degrade the
vessel material, potentially leading to brittle fracture if
not properly monitored. Therefore, accurate and
regular measurement of neutron fluence is crucial for
maintaining reactor safety and estimating the plant’s
operational lifespan.

An essential aspect of accurately determining
neutron fluence is the precise knowledge of neutron
reaction cross sections. Any uncertainty in cross
section values directly affects the reliability of fluence
rate estimations. As a result, continuous efforts in
cross section evaluation, experimental validation, and
nuclear data refinement are vital for reactor
dosimetry, spectrum unfolding, and ensuring the
overall accuracy of safety assessments in nuclear
power plants.

Research Reactor LVR-0

The LR-0 research reactor is light-water, zero-power,
pool-type reactor. It serves as an experimental reactor
for measuring neutron physics characteristics of
VVER type power reactors.

It provides a scientific and technological facility for
experiments in the area of validations and biological
shielding of VVER reactors (Temelin, Dukovany, etc.),
related to the storage of spent fuel from nuclear
power plants and providing advice for the nuclear
power industry.

LR-0 benchmark core

LR-0 reactor benchmark core

Reference neutron benchmark field is permanent and
reproducible neutron field with well-defined spatial
distribution of the neutron field, well-defined energy
spectrum and characterized gamma spectrum. It was
established to perform high quality reactor physics
experiments, benchmarking and dosimetry studies,
with a focus on Spectrum averaged cross section
(SACS) measurements. The benchmark configuration
contains 6 fuel shortened VVER-1000 assemblies with
dry central irradiation cavity (cylinder D=20 cm, H=20
cm). For the neutron energies above 1 MeV, the flux is
approximately 3x107 cm2s™.

8 mm
9 mm
8 mm
19 mm
25 mm
9 mm
8 mm
14 mm
9 mm
6 mm
11 mm
11 mm

—x— —5S@"omanoco

1 Fuel
2 Dry
instrumentation
channel
‘ 3 Spacing grid
4 Moderator level
3 ‘ 5 Fuel nest
|

6 supporting plate

7 Dry experimental
channel

8 Graphite insertion

LR-0 benchmark core

HPGe detector

The HPGe detector located at CVR is well
characterized due to development of Monte Carlo
calculational model. Dimensions of the detector
were established from the radiography. Insensitive
layer was determined using 24Am soure. The
developed model was validated using various point
and volume etalon sources.

7 Radiogram of HPGe detector used for gamma

spectroscopy

Methods of evaluation

Activation detectors of different materials were
prepared and attached to the aluminium holder.
Together with the investigated detectors, monitors
with well-known cross sections were also attached to
the aluminium holder. Furthermore, the aluminium
holder with the activation foils was irradiated in the
LR-0 reference benchmark field. After irradiation, the
foils were subsequently measured on the HPGe
detector, and the experimental reaction rate is then
inferred.

To compare the experimental SACS from LR-0 with
SACS in 235U(ny,f) prompt fission neutron spectrum
(PFNS), the SACS from LR-0 need to be corrected to
the SACS values in 235U(ny,f) PFNS. The MCNP6
calculated SACS are using 25U(ngf) PFNS from
ENDF/B-VIIL.O library and IRDFF-Il cross sections.
Correction factor was determined using calculations
in MCNP®6, accounting for self-shielding and flux loss.
The table lists SACS in 235U(ny,f) PFNS of various
reactions measured over the years during various
experiments, their relative uncertainty, then the SACS
and their relative uncertainties obtained from IRDFF-II
nuclear data library and the difference between the
experimental and IRDFF-Il SACS (Eval/E-1).

Normalization
interval
between LR-0
land 255U PFNS,

Flux in lethargy units (a.u]

1]

169 168 167 166 165 164 163 162 161 1640 1641 1642
E[MeV]

Comparison of measured and calculated neutron
spectrum in the dry experimental channel

Results
| LR-Omeasurement |RDFF-lldata |
Mean [mb] Rel.unc. Mean[mb] Rel.unc. Eval/E-1

&Cu(na)  0.5050  3.7% 05146  2.2% 1.9%
SFe(na) 07963  6.3% 08156  4.0% 2.4%
SsFe(np)  1.069 3.4% 1.058 3.6% 1.0%
48Ti(n,p) 0.2901 3.4% 0.2935 2.8% 1.2%
27Al(n,a) 0.6730 3.8% 0.6872 3.2% 2.1%
51v(n,a) 0.0228 3.5% 0.0239 5.5% 4.9%
197Au(n,2n)  3.372 4.2% 3.297 6.1% -2.2%
%Nb(n,2n)  0.4307 3.5% 0.4519 6.7% 4.9%
2|(n2n)  1.192 4.8% 1.186 6.6% -0.5%
$5Mn(n2n) 0.2324  3.8% 02485  6.8% 6.9%
75As(n,2n) 0.3205 3.1% 0.3256 6.1% 1.6%
8Y(n,2n) 0.1708 3.2% 0.1727 7.9% 1.1%
19F(n,2n) 0.0079 4.1% 0.0081 7.9% 2.7%
20Zr(n,2n) 0.1071 4.0% 0.1061 0.9% -1.0%
2Na(n,2n)  0.00384  4.9% 0.00396 11.7% 3.1%

Conclusions

A large set of experiments at the LR-O reactor were
performed. Various SACS in 23%U(ny,f) PFNS of
reactions were investigated and were published in
[1,2]. The striking agreement with MCNP calculations
was achieved with experiment using ENDF/B-VIII.0
235J(ny,f) PFNS and IRDFF-Il dosimetric cross
sections for all reactions under study.
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CHARACTERIZATION AND DEVELOPMENT
OF CEMENTITIOUS MATERIALS USED
IN STORAGE FACILITIES FOR IMMOBILIZATION
OF ILW RADIOACTIVE WASTE

Francesco RIZZO

Sapienza University of Rome, Italy

The research activity focused on the design and experimental validation of cement-based
matrices for the immobilization of intermediate level radioactive waste, with particular attention
to mechanical performance, durability, and radionuclide retention, also through accelerated
aging and leaching tests. All the results are according the Technical Guide N°33, that is the Italian
Law for the acceptance criteria for matrices and waste (from LLW to HLW).
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PHYSICS-INFORMED NUCLEAR
IMAGING FOR GLIOMA LOCALIZATION
AND RECURRENCE PREDICTION

Carlos Andres SEPULVEDA LEON

Heidelberg University

Tumor recurrence in high-grade gliomas remains one of the major challenges in neuro-oncology.
This work presents a hybrid model combining multimodal MRI and physics-informed equations
based on nuclear energy transport, implemented using PINNs (Physics-Informed Neural
Networks). Using the BralS 2021 dataset, the model learns tumor morphology and infers
recurrence-prone regions based on the assumption of non-uniform energy deposition similar to
that of radionuclide-based therapies in nuclear medicine. This approach aims to bridge medical

imaging, nuclear transport modeling, and deep learning to move toward personalized dosimetry
and recurrence prediction.
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Physics-Informed Nuclear Imaging for Glioma Localization and

Recurrence Prediction
Carlos A. Sepulveda Leon

Problem

Inference Beyond Visible Imaging

Conventional medical imaging fails to capture the full extent of tumor cell distribution,
as low-density regions remain undetected. This limitation, compounded by scarce clini-
cal data, hinders personalized radiotherapy planning and necessitates models that integrate
physical knowledge with observed imaging information.

Solution

Physics Regularization Framework: Soft constraints are applied to guide learning toward
spatiotemporal consistency with known physical models, such as tissue elasticity and tumor
progression, enabling smooth integration of diverse imaging modalities.

Physics-Constrained Modeling of
Tumor and Tissue Dynamics

Advection-reaction of tumor cell field c:
oc
—= D, +
cell migration through diffusion

CS c -
—_——
cell proliferation

V- (vo)
—_—
tissue displacements through advection

1

Tumor induced tissue stress. o: stress tensor, F: deformation tensor

V.o (u)+yVc=0 a:%(FFT—l)mn(J)l )

Continuity equation for brain tissue vector m:

om+divimev) =0

©)
Loss terms for deformable mesh cells:
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Initial condition assumptions: The healthy brain appears symmetrical when projected onto a regular grid,
while tumor cells are represented as Gaussian-shaped blobs (F¢ grid projection).

Ny

2\
- (f%c)?—olexp(—%))

=0 2

(6)

LTumor starts from a Gaussian

Spatiotemporal Tumor Evolution
Estimation

Physics Assumptions
L Tissue Elasticity PDE

Initial A Visible Data

Lissues

Lyealthy Anatomy

learned
learned

tissues

L Tumor Starts from a Gaussian

anatomy

Lcore;s LEdema;s LMetabolic Map

learned initial
tumor
distribution

learned tumor|

|and metabolic|
map

L Tumor Growth PDE

2a
Patient's MRI and PET 3D scans N\
1 o 1
Iu e & % s i
o o
\ T1Gd T FLAIR FET-PET /

Physics—Constrained Loss Function

Physics-constrained learning of dynamic tumor and tissue distributions.

‘(‘Iotal =ai LTumnr Growth PDE + @2 LTissue Elasticity PDE +

Physical Assumptions

@3 LTumor Starts From a Gaussian T @4 LHealthy Anatomy +

Initial Assumptions

@6 LCore + a7LEdema +ag LMembo]ic Map + HQLTissues

Visible Data

Forecasting Tumor Recurrence

Pre-operative MRI Distance from tumor core
3a 3b

Loarned tumor e
segmentation 3d

3¢ col distribution

Necrotic core
Enhancing core
Edema

Recurrence Coverage 62.33% Recurrence Coverage 77.00%
. Radiotherapy Contour BN Tumor Recurrence —_

Results
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Tissues Constrained
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NN (Unconstrained) 59043  668%49 = =
NN (Physics-Constrained) 70437 846433 = = v Hard
Numerical Physics Simulations  67.1+3.8  86.4 33 g = Hard
Standard Plan 70.0+3.8 87.3%3.6 v -
Static Grid Discretization 729%35 895+3.4 - v v Soft
Ours (w/o inferable anatomy) 73432 89.3%3.9 = v v Soft
Ours 74731 89.9%27 v v v Soft

Delivers higher recurrence coverage than either data-only or physics-only
strategies.
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Decarbonizing energy production and industrial processes is a major global challenge in the effort
to mitigate climate change. Nuclear energy, especially in the form of Small Modular Reactors
(SMRs), is increasingly considered as a flexible and low-carbon source of both electricity and
process heat. Modern power grids with high shares of renewable energy require energy producers
to provide not only stable output but also operational flexibility and ancillary services such as
frequency regulation. The operation of SMRs in hybrid systems supplying both electricity and heat
presents a complex control problem, as the thermal output must be dynamically split to satisfy
variable electricity grid demands and industrial heat requirements. Accurate forecasting and
adaptive control strategies are needed to optimize this multi-objective operation while
maintaining safety and efficiency. In our work we show a neural-network-based predictive control
framework for SMRs that integrates real grid and weather data to optimize the joint production of
electricity and heat. Our tools and results demonstrate that advanced neural network models
(LSTM, GRU, Transformer), optimized via multi-objective hyperparameter tuning and supported
by attention mechanisms for interpretability, significantly improve forecast accuracy and
operational flexibility compared to traditional control methods. This work expands previous
knowledge by enabling anticipatory control of SMRs based on real-time system dynamics, thus
facilitating their participation in electricity markets and grid ancillary services without
compromising thermal supply reliability. The developed software tools and methodology provide
aflexible foundation for adapting SMR control to various industrial and grid environments. Overall,
this approach supports the integration of nuclear energy into decarbonized, hybrid energy
systems and highlights the potential for Al-driven control to enhance the role of SMRs in future
sustainable energy infrastructures.
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Introduction & Motivation

Forecasting and optimizing SMR operation for heat and electricity

The decarbonization of energy-intensive industrial processes is one of the most urgent priorities in
the global effort to mitigate climate change. In this context, small modular reactors (SMRs) are gaining
increasing attention as promising sources of both electricity and process heat. Industrial deployment
of SMRs, however, introduces a new operational challenge: the need to dynamically balance the pro-
duction of electricity and heat, while simultaneously responding to the demands of modern power
grids. These grids—characterized by high shares of intermittent renewables—require nuclear units to
not only act as stable producers but also provide flexibility and even ancillary services, such as fre-
quency regulation or load-following.

SMALL MODULAR REACTOR
Up to 300 MW(e)

[sesssnsnannnn;

Figure 1. IAEA illustration: The use of nuclear power beyond generating electricity [1]

Objectives and Goals

Goal of this work: To present a neural-network-based predictive control framework for optimizing
SMR operation in hybrid electricity and heat supply systems.

To achieve this, we focused on:

= Developing a flexible methodology for neural network (NN) prediction and control,
= Creating tools for forecasting and optimizing SMR operation for heat and electricity,
= Integrating predictive control with real data and NNs.

Flexible methodology for NN prediction and control

The deployment of NNs in energy systems requires more than just choosing the right architecture—it
begins with building high-quality, validated datasets. In our work, we focused intensively on the
methodology of dataset construction, ensuring that inputs to the models are accurate, reliable, and
generalizable.

NEURAL
NETWORK

VALIDATION OF
RESULTS

DATASET

Figure 2. Methodology of the developed tools for the use of NNs

We have developed a comprehensive software framework for:

1. Data ingestion anq preprocessing, integrating historical grid data (e.g., from Czech Transmission
System Operator CEPS), weather forecasts, and operational data,

. Validation and verification tools, allowing automated quality control of time series inputs,

. Modular implementation, enabling use across various sectors (nuclear, district heating, renewables
integration).
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Figure 3. Developed tools for dataset preparation, validation, and visualization

Once the data foundation is established, we employ advanced optimization techniques to fine-tune
model performance. Specifically, we utilize the Optuna optimization framework to perform:

= Hyperparameter tuning of Recurrent Neural Networks (RNN) such as LSTM and GRU, as well as
Transformer models,
= Multi-objective search to maximize forecasting accuracy and model generalizability,

= Efficient evaluation of large neural network configuration spaces using cross-validation and parallel
computing.

= Feature Attention Mechanisms - highlight the contribution of each input variable, improving model
transparency and supporting safe deployment in nuclear applications.

illmann.zcu.cz

Nuclear Days 2025 (Pilsen,

ch Republic)

SMRs offer a unique capability to serve both the electricity grid and industrial thermal loads. However,
operating a nuclear system in such a dual-role introduces significant complexity. At any given moment,
operators must decide how to split the reactor’s thermal output between:

= Electricity production, which can be sold to the grid or used locally,
= Heat delivery, required by industrial processes, district heating, or cooling systems.

This dual-role operation creates a multi-objective optimization problem:

= Ensure reliable heat supply for industrial consumers,
= Maximize economic return via electricity sales or ancillary services,
= Respond to real-time grid signals and forecasts.

Achieving such coordination requires advanced control strategies that go far beyond traditional set-

point. It demands forecasting capability, fast adaptation, and the ability to learn complex dependencies
between external variables (e.g., weather, market prices, industrial schedules).

Predictive Control with Real Data and NNs

We present a neural-network-based control framework for SMRs in hybrid electricity-heat systems.
The toolset enables:

= Forecasting key variables (e.g., grid imbalance, weather effects, generation of NPPs - see Figure 4),
= Optimizing SMR dispatch for electricity and heat,
= Supporting ancillary services (@aFRR, mFRR) and thermal storage management.

By anticipating system dynamics, the controller adjusts SMR output in advance—improving flexibility,
reducing unit stress, and enhancing market participation.
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Figure 4. 15-minute ahead predictions of NPP generation in the Czech Republic [2].

Conclusion & Future Work

This work presents a novel methodology for integrating SMRs into hybrid energy systems by lever-
aging neural network-based predictive control. We developed a robust data infrastructure, including
custom software tools for dataset validation, transformation, and neural network optimization using
Optuna. These tools are designed to be flexible across multiple industrial sectors [3].

Our results demonstrate that accurate forecasting of electricity grid dynamics and thermal demand
can significantly enhance the operational flexibility of SMRs.

Future work will focus on expanding predictive capabilities toward industrial heat demand model-
ing and techno-economic optimization under market scenarios, further increasing the applicability
of intelligent SMR operation in real-world conditions. In collaboration with industry partners, we
will continue efforts to implement our tools in real applications—both for TSOs and for operating
nuclear/thermal power plants. Particular emphasis will be placed on deployment and testing of our
predictive control framework in the state of Texas (USA), where diverse market conditions and in-
dustrial clusters provide a valuable testbed for SMR integration.
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This PhD research supports the development of the EU-DEMO fusion power plant by addressing
the thermal-hydraulic challenges related to pulsed operation, especially for the Water-Cooled
Lithium-Lead (WCLL) breeding blanket system. A dedicated experimental platform, W-HYDRA,
was developed, integrating two complementary facilities: STEAM, for the investigation of a mock-
up steam generator under pulsed conditions, and the Water Loop, designed to test components
under a wide range of thermal-hydraulic conditions. The main objective was the conceptual
design and assessment of the steam generator test section based on the Once-Through Steam
Generator (OTSG) configuration, chosen for its low thermal inertia and proven reliability in fission
applications. Thermal-hydraulic analyses using the RELAP5 code supported the experimental
campaign definition and control strategy development. The design of the STEAM facility ensured
adequate power dynamics and included safety-oriented evaluations of key components such as
air coolers and low-pressure heat exchangers. The Water Loop was designed to test multiple
component configurations, including plasma-facing units, by enabling precise control of
operating conditions. Sensitivity analyses helped optimize the integration between STEAM and
Water Loop, minimizing component redundancy and facility costs. While STEAM focuses on
component-level performance validation under pulsed conditions, the Water Loop allows
system-level assessments, including transient and safety analyses. The project culminated in the
definition of experimental activities and the preparation of technical specifications for
component procurement. This work significantly contributes to the qualification of fusion reactor
components, providing a unique infrastructure to validate technologies for ITER and DEMO.
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Open Issue: unconventional operation of magnetic confinement fusion reactors
- Pulsed operation Normalized power[-]  Puscpiue - Dwelipse  -Plasma irradiation

. . Ramp down Ramp up
Magnetic confinement fusion 1.2 Plasma-facing components

reactors operate in pulsed mode | l/— are directly exposed to
due to the intrinsic limitation in energy deposition in vacuum
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Main Objective: study the T/H behaviour of proven nuclear equipment in fusion-like environment

. . Primary Heat Transfer System (PHTS) Conventional Power
DEMO reactor adopts components commonly used in fission power plants, A~ Conversion System (PCS)
1

leveraging their proven technological maturity. However, these systems were
not designed for fusion-specific conditions. Since fission reactors cannot
reproduce such environments, dedicated design and validation under
representative fusion conditions are essential to assess their functional
feasibility and ensure reliable operation in DEMO.

Central Solenoid

Plasma Chamber

Fig. 2 — Tokamak main components

Fig 3 — DEMO Balance of Plant

g

Methodology: design experimental facilities for investigating systems and components in fusion-
like environment supported by analyses with SYST-T/H code RELAP5/Mod3.3

‘ »STEAM facility: Characterize the DEMO Steam Generator (SG) scaled down mock-up in pulsed operation ‘
- SG design (scaling from DEMO SG and analysis of distortions) - Pre-test analysis in pulsed mode testing proportional(P)-integral(I) controllers

o HTC [kW/m2K] — STEAM 3.1 MW Tem o
cam DC = — perature [°C] Level [m
]J\ Sl s e €N L 206 ¢ DEMO 477 MW VA v [m]

N D 294 ¢ V SoT HotLeg |
s e 292 ¢ 1.18
Norsa snan I 29 320
288 F r 1.16
& Recirculation Zone 286 310 ;
< 284 F : 114
Feedwater DC I 282 F 300 =
= 2 b n ColdLeg 112
Th. Height [m] L Time [s Time [s]
| e s T Bgbel N TT e B | Timel
8 | Feedwater DC G 012345678910111213 3000 4000 5000 6000 3000 4000 5000 6000
Fig. 43D CAD of the STEAM SG Fig. 5 — HTC along the thermal length Fig. 6 — Temperature evolution in pulsed mode Fig. 7 — Pressurizer level in pulsed mode

‘ ®»Water Loop facility: Testing components inside a Vacuum Chamber irradiated by an 800kW-Electron Beam Gun

- Design: ensure versatility to investigate many Test Sections (different p, T, power) - Sensitivity analyses to optimize the design for pulsed mode
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Fig. 8 — Water Loop conceptual design Fig. 9 — WL regulation at different powers Fig. 10 — Pressurizer pressure in pulsed mode

|

Conclusions |/ Facility conceptual design, v/ Design of the experimental campaign, v Pre-test analyses, v Feedback on regulation strategies
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