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Abstract: Nuclear energy is a crucial component in decarbonizing the economy, serving as a
low carbon dioxide (CO,) emission energy source. In this context, nuclear safety remains a
critical issue, especially in relation to the operation of nuclear power plants. The article presents
a new fractal-cluster method for controlling the tightness of the fuel element shell, which is
important for nuclear safety. The method provides high-quality control of defects on the inner
and outer surfaces of the shell without removing elements from the fuel assembly and from the
nuclear reactor. This makes it possible to promptly detect damage that could threaten the
containment integrity and safety of nuclear power plants. Studies have shown that the fractal
dimension varies from 2.1 to 2.5, which indicates significant surface heterogeneity caused by
mechanical damage or corrosion processes. The proposed method allows not only to detect
defects but also to assess their impact on the integrity of the vessel. Real-time data integration
with leakage control systems ensures timely threat responses. This approach enhances fuel
shell leakage control, contributing to improved nuclear safety and reduced operational risks.
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1. Introduction

Nuclear energy plays a key role in the decarbonization of the economy, as it is a low-carbon
(COy) energy source. Its use can make a significant contribution to reducing greenhouse gas
emissions in the energy sector, which is essential to achieving global climate goals [1,2]. In this
context, nuclear safety remains a key concern, particularly with respect to the operation of
nuclear power plants. The tightness of the fuel element (FE) shell is a critical aspect, as any
defects can lead to the leakage of radioactive materials, which threatens the safety of both
personnel and the environment [3].

In scientific articles [4,8], it is proposed to obtain dimensionless estimates of the quality of
the fuel cladding tightness using nonlinear functions. This approach allows the use of multi-
criteria assessment methods, but the proposed functions are complex and have inflection points,
which limits their practical use. Studies [5-7,9] also consider the quality assessment of nuclear
systems using qualimetry methods, in particular function-dependent statistics, which help to
solve practical risk assessment problems. However, to effectively solve practical problems, it is
necessary to know the law of distribution of random variables of quality indicators, which
usually remains unknown there.

These challenges emphasize the importance of developing new methods that can provide a
more accurate and reliable assessment of fuel element shell tightness, which is critical for
improving nuclear safety.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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The quality of containment inspection is essential to ensure the reliability and safety of
nuclear facilities [10]. Traditional inspection methods, such as acoustic emission or ultrasonic
imaging, have their limitations, which can make it difficult to detect defects in a timely manner.
Therefore, there is a need to develop new approaches that would eliminate these shortcomings
and provide more accurate and efficient control [11].

The purpose of this paper is to present a fractal-cluster method for controlling the fuel shell
geometry, which allows automating the process of detecting defects in real time. This method
provides a high-quality analysis of the shell condition and can significantly increase the level of
nuclear safety by timely detection of threats to shell integrity. The results of the study show that
the implementation of this method can be an important step in improving the quality of the
system for monitoring the tightness of the fuel shell of a nuclear reactor at a nuclear power plant.

2. Materials and Methods

The WWER-1000 nuclear reactor contains 163 fuel assemblies. Each fuel assembly includes up
to 300 FEs. Each FE can be depressurized, which will lead to contact of nuclear fuel with the coolant,
which is an emergency situation [12,13].

General information about the WWER-1000 nuclear reactor
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Figure 1. WWER-1000 nuclear reactor, fuel assembly and FE. Source: developed by the authors.

Basic physical processes in the structure of the FE shell material that can lead to
depressurization: radiation hardening of the material; reduction of material plasticity; radiation
creep of the material; radiation growth; thermomechanical interaction between the shell and fuel
[14-17].

Mechanisms causing damage to the FE shell. Primary hydrogenation of the shell; fretting
- corrosion of the shells; debris - damage to the shell; interaction of nuclear fuel with the shell;
debris in the coolant; unknown causes (20%) [18-21].

To date, the following methods are used to control the tightness of the FE shell:

Acoustic emission. A method based on detecting and analyzing sound waves generated by
the formation of cracks or other defects in a material. It allows for continuous monitoring of the
FE during reactor operation.

The acoustic emission method, although it provides continuous monitoring, has its
drawbacks. First, it is sensitive to external noise, which can distort the results. Secondly, this
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method is not always able to accurately localize the source of defects, as sound waves can reflect
from other structures, complicating the analysis [22-26].

Ultrasonic tomography. The use of ultrasonic waves to obtain three-dimensional images of
the internal structure of a FE. It makes it possible to detect defects such as cracks, pores or
material inhomogeneities.

Ultrasonography is an effective method for detecting defects, but has limitations in the
depth of penetration of ultrasonic waves into the material. This can lead to the missed detection
of small cracks or inhomogeneities that are deeper in the structure. In addition, ultrasound
requires good surface contact, which can be problematic in the case of worn or contaminated
shells [26-30].

Fiber-optic sensors. The use of fiber optic technology to measure temperature, deflections,
and vibrations of the FE. Fiber optic sensors are resistant to radiation and allow for real-time
monitoring.

Fiber-optic sensors are highly resistant to radiation and can be monitored in real time, but
their installation can be complex and costly. In addition, they can be sensitive to mechanical
tension, which can lead to false readings [31-33].

X-ray computed tomography. A method based on the use of X-rays to obtain three-
dimensional images of the internal structure of a FE. It allows detecting defects and assessing
changes in the shell geometry.

X-ray computed tomography provides detailed images of the internal structure, but has
safety limitations due to the use of ionizing radiation. This can be dangerous to personnel and
the environment if used frequently. In addition, the high cost of equipment and operation can
be an obstacle to the implementation of this method [34-36].

Magnetic tomography. The use of a magnetic field to obtain images of the internal structure
of a shell. It allows detecting defects and assessing changes in the magnetic properties of the
material, which may indicate mechanical damage.

Magnetic tomography is a powerful tool for detecting defects, but its use is limited in
conditions of high background radiation levels, as magnetic fields can be distorted. The method
also requires significant time for image acquisition and data analysis [37-39].

Hydrostatic method. It involves immersing the fuel assembly in water, where a certain
pressure is created. If the shell has defects, air or gases inside the FE escape, forming bubbles on
the water surface. This indicates the presence of damage and allows you to assess the integrity
of the shell.

The hydrostatic method is simple and effective for detecting fuel shell leaks, but it has its
drawbacks: it does not allow determining the exact nature of the defect and is not suitable for
assessing internal damage. In addition, this method may not be suitable for shell with large
dimensions or complex shapes [40—42].

Eddy current detection. It involves detecting changes in electric currents that pass through
a material under the influence of an alternating magnetic field. When an alternating current
passes through the FE shell, it generates eddy currents that can be distorted by defects such as
cracks or pores. Special sensors measure these changes, allowing defects to be detected and their
characteristics to be evaluated without destroying the material.

Eddy current flaw detection is an effective method for monitoring the tightness of the FE
shell, as it provides high accuracy and real-time monitoring. However, the method has its
drawbacks: its effectiveness is reduced in the presence of contamination or corrosion on the
surface, which can interfere with accurate measurement. In addition, eddy current flaw
detection is not always able to detect defects located deep in the material, as the signal can be
attenuated or distorted [43-45]. The principle of eddy current flaw detection is shown in Figure
2.
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Detecting defects in materials using eddy current diagnostics
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Figure 2. Detecting defects in materials using eddy current diagnostics. Source: developed by the
authors.

But all these methods have common disadvantages:

Many inspection methods, such as acoustic emission and eddy current diffraction, are
sensitive to external noise and contamination, which can distort the measurement results.
Ultrasonic imaging also has limitations in depth penetration, which can lead to the missed
defects located deep in the material. Many of these methods are unable to accurately determine
the nature of the defects or their impact on the integrity of the shell, which complicates
subsequent repair decisions. Some of them require considerable time for analysis, which slows
down the monitoring of the FE condition.

The detection of depressurized FEs occurs only after their depressurization, and fission
products are detected in the gas collector or coolant, which indicates that fission products have
already leaked. At the same time, no clear criteria for the tightness of the shell are established,
and control is limited to the outer surface. Most methods require removal of the fuel assembly
to inspect each element. All of these methods do not work in an automated mode and do not
transmit information to an automated operator’s workstation about the state of the shell’s
tightness.

These shortcomings emphasize the need to develop a new method for monitoring the
tightness of the FE shell, which will eliminate existing problems and provide more effective
control.

3. Experiment

The fractal dimension is an important parameter for assessing the complexity and
heterogeneity of the fuel shell surface. In this study, we use fractal analysis to determine the
condition of the inner and outer surfaces of the shell, which allows us to detect damage that may
affect the safety of nuclear power plants.

The fractal dimension D can be calculated using the box-counting method. According to this
method, the fractal dimension is determined by the formula:

. log(N(e)
b= lim ufg(g) ! M
where D — fractal dimension; N(e) — the number of boxes (or clusters) with the size that
cover the surface; e — box size.

This formula allows you to estimate the number of clusters on the inner and outer surfaces

of the FE shell.
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3.1. Research Conducted

The following stages were used to conduct the research:

1. Sample preparation: Several metal hollow tubes of cylindrical shape were selected and subjected
to preliminary analysis for the presence of mechanical damage. The samples were cleaned from
contaminants to ensure the accuracy of the measurements.

2. Data collection: The box counting method was used to measure the fractal dimension. For this
purpose, the surfaces of the samples were photographed using a high-quality camera with
different scales (with different values e).

3. Image analysis: The images were processed using image analysis software that automatically
determined the number of boxes N(e) for each scale.

4. Calculating the fractal dimension: Based on the obtained data on N(e), we calculated the fractal
dimension using the above formulation.

5.  Statistical analysis: To ensure the reliability of the results, we performed a statistical analysis of
the obtained values of the fractal dimension, including the calculation of the mean and standard
deviation.

3.2. Measurement Results

The studies have shown that the fractal dimension for both the inner and outer surfaces of
the FE shell varies from 2.1 to 2.5. This indicates the presence of significant heterogeneity on the
surface, which may be the result of mechanical damage or corrosion processes.

Table 1. Detection of fractal dimensionality on shell surfaces:.

Surface Fractal dimensionality D
Internal 2.5
External 2.1

Source: developed by the authors.

The obtained values of the fractal dimension indicate that mechanical damage can have a
serious impact on the integrity of the fuel shell. An increase in fractal dimensionality indicates
an increase in the number of clusters and their complexity, which can lead to a decrease in heat
transfer efficiency and an increased risk of radioactive material leakage.

Cluster density is a critical indicator for assessing the condition of the fuel shell. It reflects
the amount of mechanical damage per unit surface area, which can significantly affect the safety
and efficiency of nuclear power plants.

3.3. Determining the Density of Clusters

The cluster density can be calculated by the formula:

7 )

where: p — cluster density (number of clusters per unit area); N — total number of detected

p:

clusters; A — surface area (internal or external).
This formula allows you to assess the extent to which the surface of the shell is exposed to
damage and is an important indicator for further analysis.

3.4. Research Conducted

To determine the density of clusters in the studied FEs, the following steps were performed:

6. Data collection: After preliminary analysis of the FE samples, measurements were made
using imaging techniques such as X-ray computed tomography and ultrasonic scanning.
These methods allowed to detect cracks, pores and other clusters on the surface.
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7. Image processing: The acquired images were processed using image analysis software that
automatically determined the number of clusters N in a given area A.

8. Density calculation: Based on the obtained data on the number of clusters N and the area A,
the cluster density was calculated using the above formula.

3.5. Measurement Results

The measurement results showed that the density of clusters on the inner and outer surfaces
of the fuel shell varies depending on the operating conditions and operating time. For example:

Table 2. Density of clusters in the shell:.

Surface Number of | Area A (cm?) Clusters density p (clusters/cm?)
clusters N

Internal 150 50 30

External 80 50 1.6

Source: Developed by the authors.

The data obtained indicate that the inner surface of the shell has a higher density of defects
compared to the outer surface. This may be due to the influence of high temperatures and
pressures that occur during the operation of the FE. An increase in the density of defects on the
inner surface may indicate an increased risk of radioactive material leakage and requires special
attention when monitoring the condition of the fuel shell.

Thus, fractal analysis is a powerful tool for monitoring the state of the fuel shell and can be
used to timely identify potential threats to the safety of nuclear power plants.

4. Results

A mathematical model was developed to demonstrate the principle of the fractal-cluster method.

The fractal-cluster method can be used to assess the state of the inner and outer surfaces of the
FE shell, as well as to analyze their cross-section.

Formulas for calculating the fractal dimension and density of clusters on the surface of the fuel
shell were given in the previous section.

For a qualitative calculation of the quality of the shell state, it is necessary to estimate the change
in the cross-sectional geometry, which is calculated by the formula:

A= T[(Rguter - Riznner ’ 3)

where: Rouer — radius of the outer shell; Rimer — radius of the inner shell.

This formula allows you to estimate how mechanical damage can affect the cross-sectional area,
which in turn will affect heat dissipation and shell integrity.

To estimate the mechanical tensions on the cross-section of the shell, we use the equation for the
radial tension or

P-Rinner
=" 4)

O-T tz 7

where: P — internal pressure; Rimer — radius of the inner shell;  — shell thickness.

This formula allows us to estimate how the internal pressure affects the mechanical tensions in
the shell.

To analyze corrosion damage on the surface of the shell, we use the corrosion rate equation:

v=k-C", )

where: v — corrosion rate; k — corrosion rate constant; C — concentration of corrosion agent; n
— reaction order.
This formula allows us to assess how corrosion processes affect the integrity of the shell.
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The use of these mathematical formulas in the fractal-cluster method allows for a detailed
assessment of the condition of the inner and outer surfaces of the fuel shell, as well as their cross-
section.

The general formula for the fractal-cluster method of FE shell leakage integrates various aspects,
such as fractal dimension, defect density, changes in cross-sectional geometry, mechanical tensions,
and corrosion processes:

F=k1D+k2p+k3A+k4G+k5v, (6)

where: F — general indicator of the state of the FE shell; D — fractal dimension of the surface
(determines complexity and heterogeneity); p — defect density (number of defects per unit area); A
— cross-sectional area (affects heat dissipation and integrity); 0 — mechanical tensions (assessing the
impact of internal pressure); v — corrosion rate (affects the integrity of the shell); k1, k2, k3, ks, ks —
weighting factors that reflect the importance of each parameter in the overall shell condition
indicator.

These formulas allow integrating various aspects of the fractal cluster method to assess the
condition of the fuel shell. They can be used to monitor and assess risks associated with mechanical
damage, corrosion, and other factors that affect the tightness of the fuel shell and the safety of nuclear
power plants.

Figure 3 shows a block diagram of the computational module of the fractal cluster method. The
FE shell is divided into 8 axial segments; Scanning for defects on the inner and outer surfaces of the
shell is performed; Then the coordinates of the defect are stored; The type and size of the defect are
detected; It is determined whether the shell is currently leaking; Information is transmitted to the
operator’s automated workstation for making an operational decision. All this happens in real time
without removing the fuel assembly from the nuclear reactor.

Formation of intervals and subintervals in a given axial
segment

| AsNe12 )
ASN21-4
ASN23-4 7 Memorizing the

coordinates of the defect
(location of the defect)

ASN25-6 —1 ‘
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defect contour
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defect dimension
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Displaying information on the multi-module display of k Workstation of the NPP power

the operator's automated workstation unit operator

Figure 3. Block diagram of the computational module of the fractal cluster method operation
principle. Source: based on [47].

The fractal-cluster method of controlling the tightness of the fuel shell allows performing the
analysis without removing the shell from the fuel assembly.
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In contrast to the known methods, the fractal cluster method allows to determine whether the
shell is tight, whether it is damaged and tight, or whether it is depressurized according to the
developed criterion of the FE shell tightness. This, in turn, will reduce the downtime of the nuclear
reactor and accelerate the process of scheduled inspection [46].

The developed method detects defects on the outer and inner surfaces, determines their location
on the axial segments, as well as the type and size of defects. The obtained data are compared with
the codes of the nuclear reactor pressure vessel leakage system database and transferred to the
automated operator workstation in real time [47].

The method involves measuring several key parameters: fractal dimensionality (D), reflecting
the complexity of the surface; density of defects (0), which assesses the degree of damage; cluster
density (C), measuring the density of defects; and cluster size (Rc), which determines the average size
of defects. All of these parameters are measured using specialized imaging equipment that allows
detecting defects and evaluating their characteristics without destroying the shell. Thus, the method
provides comprehensive monitoring of the fuel shell condition and timely detection of threats to the
safety of nuclear power plants.

5. Discussion

The proposed fractal-cluster method for monitoring the tightness of the FE shell
demonstrates significant advantages over traditional control methods. One of the main
advantages is the ability to continuously analyze the state of the shell without removing it from
the fuel assembly. This significantly improves the quality of control and reduces the risks
associated with reactor operation.

However, despite its effectiveness, the method has its limitations. For example, the
measurement accuracy can be reduced due to contamination or corrosion of the shell surface. It
is also important to note that the fractal dimension, which varies from 2.1 to 2.5, indicates surface
heterogeneity, which may be the result of mechanical damage or corrosion processes. The high
density of clusters on the inner surface of the shell indicates an increased risk of radioactive
material leakage.

The conducted studies confirm that the fractal cluster method is a powerful tool for
controlling the tightness of the fuel shell. However, to achieve maximum efficiency, it is
necessary to take into account external factors that may affect the results of the analysis. Further
research should be aimed at improving data processing algorithms and integrating the new
method into existing control systems.

Thus, the fractal cluster method can be an important step in ensuring nuclear safety and
improving the quality of leakage control of FE shell.

6. Conclusions

The developed fractal-cluster method for controlling the tightness of the FE shell has
demonstrated its effectiveness in ensuring high quality control of the shell tightness. The method
makes it possible to detect defects on the inner and outer surfaces of the shell without removing
it from the fuel assembly directly in the nuclear reactor, which significantly increases the
efficiency of response to nuclear safety threats.

The method allows to fully analyze the structure of the shell, to establish a clear criterion
for the tightness of the FE shell. The necessary information is transmitted to the automated
workstation of the operator in real time to make prompt decisions on the tightness of the fuel
shell.

Studies have shown that the fractal dimension varies from 2.1 to 2.5, which indicates a
significant surface heterogeneity caused by mechanical damage or other processes. These factors
can adversely affect the containment integrity and operational safety of nuclear power plants.

It is recommended to provide regular training for personnel on the use of the new method,
as this will increase its effectiveness.
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Thus, the fractal cluster method has the potential to become an important tool for improving
the quality of control of fuel shell leakage, which will help to strengthen nuclear safety and
reduce risks associated with the operation of nuclear facilities.
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