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Preface

This volume of Lecture Notes in Mechanical Engineering gathers selected papers pre-
sented at the 16th International Conference on Advanced Mechanical and Power Engi-
neering (CAMPE-2025), held online from Kharkiv, Ukraine, on October 20-21, 2025.
Between 1972 and 2025, XXIII CAMPE Editions were carried out. The first 7 con-
ferences did not include international authors (1972—-1993), and the other 16 con-
ferences held in 1994-2025 were international events. CAMPE-2025 was organized
by the National Academy of Sciences of Ukraine, the Anatolii Pidhornyi Institute of
Power Machines and Systems of the National Academy of Sciences of Ukraine, and the
Engineering Academy of Ukraine.

The aim of the conference was to present the latest achievements in mechanical and
power engineering and to provide an opportunity for discussion and exchange of views
and opinions. The conference covered the following topics:

Development and Improvement of Numerical Methods of Calculation of Fluid Flow
and/or Heat Transfer.

Numerical Analysis of Fluid Flow and/or Heat Transfer in Power Equipment.
Identification and Optimization of Fluid Flow and/or Heat Transfer in Power Equipment
Profiling of Flow Parts of Turbomachines.

Development of Thermal Circuits and Improvement of Thermodynamic Characteristics
of Power Equipment.

Efficient Fuel Combustion.

Renewable Energy Sources.

Resource-Saving and Energy Efficient Technologies.

Energy Storage.

Environmental Safety Issues of Power Engineering.

Hydrogen Technologies.

Theoretical and Applied Mechanics.

Mechanical Structures and Stress Analysis.

Engineering Design.

Materials Engineering.

Nanotechnology and Microengineering.

Methods and Technologies for Additive Manufacturing.

Engine Technology.

Aerospace Technology and Astronautics.

The book “Advances in Mechanical and Power Engineering” has been organized in
three parts, according to the main topic covered by the respective contributions:

1. Fluid Mechanics and Heat Transfer in Power Engineering.
2. Energy Saving Technologies and Environmental Safety.
3. Dynamics and Strength of Power Equipment.



vi Preface

The first part “Fluid Mechanics and Heat Transfer in Power Engineering” covers
recent developments of advanced computational and analytical methods for applications
in mechanical engineering, turbomachinery, heat and power engineering. It reports on
both theoretical and experimental research, and the use of modern computer technology
and effective mathematical methods for the analysis of fluid mechanics and heat transfer
problems, as well as for the identification and optimization of fluid flow. It highlights new
strategies for implementing intelligent solutions for the purpose of improving compressor
and turbine stages and effective methods for profiling flow parts of turbomachines.

The second part “Energy Saving Technologies and Environmental Safety” presents
some comparative analysis of computational methods adopted for renovation projects in
mechanical engineering, such as those relating to the development of thermal circuits,
and the improvement of thermodynamic characteristics of power equipment. The works
belonging to this part are also devoted to methods for ensuring ecological and human
safety and for reducing material costs and environmental pollution. New advancements
in energy saving technologies, renewable energy sources, topical issues in environmental
safety, resource-saving, and hydrogen technologies are presented.

The third part “Dynamics and Strength of Power Equipment” reports on recent
developments in mathematical models and methods to simulating the dynamics charac-
teristics and durability of machines, and engineering designs applications. It describes
advanced mathematical models for simulating the behavior of power equipment under
static and dynamic loads and for making qualitative predictions on reliability and dura-
bility. It also covers topics related to stress-strain state, stability, structure optimization,
and dynamic processes of mechanical systems and objects. It shows applications in
nanotechnology, microengineering, engine and aerospace technologies, astronautics,
materials engineering, and additive manufacturing.

CAMPE-2025 program comprises an impressive range of topics addressing impor-
tant issues relating to energy production and its effects on the environment. Solutions
that are proposed would enhance the performance of power engineering systems for
the benefit of society. There are high-quality and innovative contributions on modelling
and experimentation in material science, structural engineering as well as heat and mass
transfer.

The Program Committee and the Organizing Committee of the conference express
their sincere gratitude to all our international partners, friends and colleagues who
stand with Ukraine in these difficult times. Your support—humanitarian, institutional,
scientific—is invaluable.

This year we had a record number of participants. CAMPE-2025 received 44 con-
tributions. After a two-stage single-blind review, the Program Committee accepted 35
papers written by 114 authors from 16 countries around the world (Austria, Algeria,
Bulgaria, Brazil, Great Britain, India, China, Lithuania, Mexico, Moldova, Netherlands,
Germany, New Zealand, Poland, Ukraine, Sweden). Each paper was peer-reviewed by at
least three members of the Program Committee, along with invited external reviewers.

Each submission was evaluated for originality, scientific significance, research
methodology, accuracy of the research content, discussion of the obtained results, valid-
ity of the conclusions, completeness, clarity of presentation, and overall readability. The
originality of the submissions was checked by Ithenticate plagiarism software.



Preface vii

We appreciate the partnership with Springer Nature, Ithenticate, and Meteor Team
for their essential support during the preparation of CAMPE-2025. We would like to
thank the members of the International Program Committee for their hard work during
the review process. Their involvement and commitment were crucial for both the success
of CAMPE-2025 and for the realization of this book.

Our special thanks to Prof. Svitlana Alyokhina (Fachhochschule Technikum Wien
Vienna, Austria), Prof. Alexander Steinwolf, (AST Consulting Ltd., Auckland, New
Zealand), Prof. Carlos Gustavo Martinez Gomez (Faculty of Mechanical and Electrical
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Abstract. In modern aviation, gas turbine engines are the main energy source,
and their gas-dynamic stability is one of the prerequisites for the robustness, oper-
ational lifetime and safety of the aircraft as a whole. Gas turbine engine fans, due
to the absence of a bandage, long blades, and wide chord width, are most sus-
ceptible to vibrations caused by interaction with the air flow. This paper presents
the results of numerical simulation of blade aeroelasticity of aircraft engine fan in
off-design mode. The equations of motion of unsteady fluid flow were integrated
using the ANSYS Fluent software package, simulation of motion of the blades, as
well as two-way coupling between the equations, was implemented in additional
software to speed up the simulation process. The blade motion was simulated
using the natural mode decomposition method for the first five natural modes of
vibration. The aerodynamic damping values were obtained for five modes and four
interblade angles, as well as the distribution of damping along the blade length.
As a result, negative damping of vibrations was revealed in the first natural mode
and synchronous vibrations of the blades. Subsequent modeling of coupled blade
vibrations revealed self-excitation of blade vibrations in zero phase shift mode
and damping for other vibration modes.

Keywords: Aeroelasticity - Flutter - Fan - Aircraft Engine - Blade Vibrations

1 Introduction

In modern aviation, gas turbine engines are the most common, and their gas-dynamic
stability is one of the essential conditions for the robustness, safety, and operational
lifetime of the aircraft as a whole. The technical characteristics of aircraft, maximum
altitude and flight speed, and maneuverability of aircraft largely depend on the perfection
of aviation gas turbine engines (GTE) [1]. Therefore, finding ways to increase the stability
reserves of GTE and eliminating modes of instability, as in the case of self-excited
vibrations associated with energy exchange between the vibrating structure and the
main flow (flutter), is an important and relevant task [2].
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The instability mode of blade vibrations, known as flutter, causes an intense increase
in the amplitude of vibrations of the rotor blades and can lead to blade failure and even an
accident in a very short time [3]. Therefore, the study of flutter, the causes of aeroelastic
instability of vibrating blades in a gas flow, is of considerable theoretical and practical
interest. GTE fan, subjected to blade flutter, is one of the most serious difficulties in
gas turbine engine design, as it limits the range of safe operating modes and engine
performance [4].

Blade flutter also occurs in steam turbines and can occur during transient and off-
design operating modes [5], with the aeroelastic characteristics being influenced by the
structural design of the blade attachment [6], friction damping and mistuning of the
blades is also important [7]. It has also been found strong dependency of turbine stage
Mach number and the vibration amplitude of blades [8]. Predicting flutter is also a key
task for industrial gas turbines with multistage compressors [9].

The reflection of acoustic waves in the air intake plays a significant role in the
excitation of fan blade vibrations, which can either increase or decrease the stability of
blade vibrations [10]. This factor is considered key in the analysis of a physical event
known as flutter-bite [11].

Currently, there are many methods for assessing the probability of flutter, including
a combination of machine learning methods with reduced-order models [12]. In gen-
eral, classical modeling methods require significant time and computational resources
[13]. The search continues for more efficient methods, such as methods based on graph
convolutional neural networks [14], using simplified numerical models [16], as well as
using the Fourier decomposition to solve the problem in terms of frequency [15].

Correctly capturing the energy transfer between flow and structure demands a cou-
pled solution of fluid dynamics and structural dynamics [16]. The results of such methods
show good agreement with experimental data [17, 18]. At the same time, it is necessary
to verify the methods using new experimental data [19, 20].

In this study, based on the aerodynamic model described in the article [21] and the
modal approach to solving the blade dynamics problem, a numerical analysis of the
blade aeroelasticity of an aircraft engine fan is presented.

2 Object and Methodology of Research

Under investigation is a 24-blade wide-chord fan, which is the first rotor of an aircraft
engine compressor. The visual appearance of the fan is shown in Fig. 1. The fan operates
at medium speed under the following boundary conditions:

— inlet total pressure: 100240 +— 101230 Pa;

— inlet total temperature: 282 K;

— axial flow direction at the inlet;

— static pressure at the outlet in range 99200 = 112600 Pa;
— rotational speed of the fan: 4123 rpm.

To obtain the aeroelastic characteristics of the fan blade cascade, the problem of
coupled fluid flow and elastic blade vibration simulation was solved. The fluid flow is
simulated by RANS pressure-based solver, with SST Menter turbulence model [22]. The
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Fig. 1. Appearance of the fan.

elastic vibrations of the blades are assumed to be small, so the natural form decomposition
method is used, with the first five forms being used in this case [21]. The flow equations
are solved using the ANSYS Fluent software package [23]. The vibrations of the blades
are simulated with second-order scheme and implemented in additional software, where
two-way coupling is also performed. The state of the air is modeled by the equations
of state of an ideal gas [24]. This approach to obtaining aeroelastic characteristics has
been verified and used in different cases [25], as well as in problems of fluid-structure
interaction [26].

The primary aeroelastic characteristics are determined using the energy method,
with blade vibrations set according to a harmonic law, initial amplitude of vibrations
was 0.5 mm. Initial inter-blade phase angles (IBPA) has four values differing by 90
degrees. Table 1 shows the values of blade natural frequencies for the corresponding
natural forms in the modeling of vibrations.

Table 1. Natural frequencies of blade vibrations.

Natural form 1 |2 3 4 5
Natural frequency, Hz |98 | 217 | 410 478 |632

3 Results and Discussion

The fan’s operating mode is characterized by transonic flow, with a shock wave on the
suction side and a small separation zone on the suction side, most developed in the middle
section. The isolines of the relative Mach number in the middle section are shown in
Fig. 2.
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Relative Mach Number
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Fig. 2. Relative Mach number isolines in the middle section.

The resistance of blades to self-excited vibrations is determined by the aerodamping
coefficient, which is the opposite to the dimensionless aerodynamic work on excitation
of vibrations. The sign of the aerodamping coefficient determines the possibility of
self-excited vibrations.

For the five natural forms in Fig. 3, the aerodamping coefficient D is shown as a
function of IBPA.

60 | D ——form 1
50 —e—form 2
i —o—form 3

0 9 form 4
30 1 —e—form 5
20 A

10 - IBPA, degree
0 4 7 T T T T T et

-10 45 90 135 180 225 270 315’\60

20

-30

Fig. 3. Dependency of aerodamping coefficient on IBPA for five natural forms of blade vibration.

In Fig. 3, almost all modes have positive damping, except for the first and fourth
modes for IBPA close to 0°, with the value for the first mode being significantly lower
than zero compared to the values for other modes.

Figure 4 shows the change along the blade of the aerodamping coefficient D for same
natural forms and IBPA.
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Fig. 4. Change by blade length of aerodamping coefficient for five natural forms and four IBPA.

According to Fig. 4, for the third and fifth natural forms, damping is positive, so
there is no danger of self-excitation for these forms. For the second form and an angle
of 90° in the middle section, there is energy feed, but it is compensated by the work
in the peripheral part of the blade. As for the first and fourth modes, for IBPA = 0°,
energy feed is present for whole blade, thereby indicating the possibility of uncontrolled
self-excitation of vibrations.

The results of coupled simulation of blade vibrations and flow, with mutual energy
exchange, are closest to reality. The initial conditions for coupled vibrations were set
as harmonic blade vibrations with the same amplitude for all natural modes and four
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values of IBPA. The simulation was performed over a period of 10 rotor revolutions.

Figure 5 shows the simulation result for IBPA = 0° in the form of circumferential force
and displacement for the blade tip region, as well as their spectrum.

5800 g, N 160

1Fy, N
5700 140 -
5600 120 -
. 005
5300 80 1
5200 ol
5100 40
5000 20
4900 : ‘ t’f 0 - i
0,11 0,16 0,21 0,26 0 200 400 600 800 1000
circumferential force
0,0013 - 0,0004 -,
hy, m 0,00035 4
0,0008 - 0,0003 |
0,0003 - 0,00025 -
0,0002 -
-0,0002 A 0,00015 -
S - 0,0001 -
t s 000005 - \ £ Hz
-0,0012 . . ‘ 0 A
0,11 0,16 0,21 0,26 0 200 400 600 800 1000

circumferential displacement

Fig. 5. Force and displacement of the blade tip region for IBPA = 0°, and their spectrum.

Figure 5 clearly shows that from chaotic vibrations, which are the sum of five natural
forms, only vibrations with the frequency of the first natural form remain, while the
amplitude of the vibrations increases. The force and displacement spectra show the
dominance of the first natural frequency with a negligible amplitude of the exciting
forces of other frequencies.

The situation for IBPA =90°, 180°, and 270° is approximately the same and develops
according to the following scenario: attenuation of vibrations in all modes except the
first, for which an initial decrease in amplitude is observed, followed by an increase. For
example, Fig. 6 shows the result of modeling coupled vibrations for IBPA = 180°.
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Fig. 6. Force and displacement of the blade tip region for IBPA = 180°, and their spectrum.

Here, despite the presence of exciting forces with the fourth and fifth natural fre-
quencies, the first natural frequency also dominates. The graph from the displacement
spectrum shows that vibrations in forms other than the first quickly decay, while those
in the first form begin to increase. In this process, there is an effect of changing the
phase of vibrations — from values different from 0° to IBPA = (0°, at which the minimum
damping is revealed for the first form. This is clearly visible in Fig. 7, which shows the
displacement of the peripheral section of two adjacent blades.

0.001

—blade 1 —blade 2

hy, m
0.0005
0
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Fig. 7. Displacement of adjacent blades for initial IBPA = 180°.
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Figure 7 shows that the initial phase shift of 180 degrees changes to 0 over four
vibrations, while the decrease in vibration amplitude changes to a noticeable increase.
This shows how quickly the conditions for damping vibrations can change to favorable
conditions for self-excitation of vibrations.

Previously, using another method of flow modeling with a simpler turbulence model
by Baldwin and Lomax, a numerical investigation of the aeroelasticity of the blades
of the same aircraft engine fan in close mode was conducted [27]. The aerodynamic
damping coefficient dependence on interblade phase angle was also calculated using
the energy method. Subsequent analysis of coupled vibrations showed the presence of
self-oscillations with a small amplitude. A comparison of the research results showed
a similarity in the dependence of the aerodynamic damping coefficient on interblade
phase angle, but the absence of negative values for IBPA = 0°. Thus, the application of a
more advanced turbulence model and modern methodology can produce quantitatively
different outcomes, yet retain strong qualitative consistency with results from other
approach.

4 Conclusion

The blade aeroelasticity of an aircraft engine fan for an off-design operating mode was
numerically analyzed, including the energy method analysis for the five natural forms
and four values of the interblade phase angle, and solutions to the coupled problem of
fluid flow and blade dynamics for the same modes and angles. Fluid motion simulation
was performed in the ANSYS Fluent software package, with solution of the differential
equations of blade dynamics and two-way fluid-structure coupling supplied by custom
software developed for this purpose.

At the first step, the aerodynamic damping coefficient dependency on the interblade
phase angles were obtained for the five natural vibration modes of the blades. At the
second step of the study, the coupled vibrations were simulated for the same five natural
modes and four values of angles.

It was found that for the first and fourth modes and interblade phase angles close to
zero, the aerodynamic damping becomes negative, and this is a factor determining the
possibility of flutter.

Subsequent modeling of coupled vibrations showed that for IBPA = 0°, self-excited
vibrations are observed, which have the frequency of the first blade vibration natu-
ral mode. At other values of IBPA, damping of vibrations is observed for all natural
modes, which at some point in time change the inter-blade phase angle to 0°, leading to
subsequent self-excited blade vibrations of the first natural mode. Such aeroelastic per-
formance of the fan blade cascade is caused by the compressor operating in off-design
mode.
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Abstract. The numerical and experimental investigation of impact of stay vane
number on the flow patterns and efficiency of a pump-turbine model at heads up
to 200 m in turbine and pump modes are presented. The study was conducted
for two variants of flow parts, which consisted of spiral casing with stay vanes,
guide vanes, runner, and draft tube, and differed in the number of stay vanes:
20 in the original variant and two times less in the modernized one. Numerical
studies of incompressible viscous flow were carried out using the Ansys CFX
software. The flow structure was presented and analyzed, the distribution of radial
and circumferential velocity components was compared, as well as the flow angle
in the gap between the stay vanes and the guide vanes blades. Experimental tests
were performed on the hydrodynamic test stand of the IEMS hydraulic machinery
laboratory. The blades and rim of the runner were manufactured using 3D printing
technology. The efficiency hill chart in turbine mode at the given speeds, which
correspond to the best efficiency mode and the minimum, nominal, and maximum
heads at the Dniester PSP are shown. In pumping mode, a comparison of efficiency
and head at the optimal opening of the guide vanes is given. It is concluded that the
double reduction of the stay vanes worsens the energy characteristics in turbine
mode, but improves them in pump mode.

Keywords: Pump-Turbine - Flow Part - Spiral Casing - Stay Vanes - Guide
Vanes - Numerical Studies - Experimental Studies - Hydrodynamic Test Stand

1 Introduction

Reaching the target of the Paris Climate Agreement by 2050 will require more than
doubling hydropower capacity, including the capacity of pumped storage plants. This
requires investing approximately $85 billion in conventional hydropower and $8.8 billion
in plants with pumped storage (PSP) every year. With the rapid development of solar
and wind power generation, the role of hydroelectric units, which flexibly balance the
peak part of the overall load schedule and serve as an emergency and frequency reserve
for power systems, is growing significantly [1].

The hydroelectric power market has been growing steadily over the past few years
and, according to experts, reached $246.51 billion in 2024. The hydroelectric power
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market is expected to continue growing in the near future. According to experts, by 2028,
it will amount to $286.40 billion with an average annual growth rate of 3.8%. Among the
prerequisites for growth are increased demand for renewable energy sources, increased
government support for hydropower projects, rapid urbanization, and industrialization.

Hydropower not only generates electricity but also plays a key role in energy storage.
Modern pumped storage power plants act as natural “batteries,” storing excess electricity
during periods of low demand and releasing it during peak loads. This ensures the stability
of the power system, reduces the load on the grid, and promotes the effective integration
of solar and wind energy by balancing their variable generation [2]. In 2025, hydropower
will strengthen its position as one of the main tools of the global energy transition,
contributing to the reduction of carbon emissions and ensuring a stable, reliable energy
supply for future generations [3]. Improving the energy performance of turbines is a
priority for researchers.

One of the main trends is to establish dependencies between efficiency and the
geometric parameters of flow parts, based on which their characteristics can be improved
[4]. When operating as part of a PSP, pump-turbines are subject to special requirements,
including stable operation in partial and transient modes. To this purpose, the entire flow
section, in particular the blades of the runner, is optimized [5].

Optimizing the runner of a pump-turbine is the most demanding process, but it
often gets the objective achieved [6]. To this aim, comprehensive methods are being
developed that utilize the greatest number of parameters [7]. The flow part can also be
optimized by installing new elements in the runner, in particular, splitter blades [8]. The
number of parameters used to describe the geometric characteristics of the flow -part is
of great importance for the convenience of design and speed of optimization [9], and a
successful description method can also be applied to other types of hydraulic [10] and
steam [11] turbines. Improvements can also be made to other components of the turbine
unit, including the draft tube [12]. When optimizing the flow part, it is also necessary to
take into account the parameters of erosion wear [13].

Special attention is now being paid to the guide vanes and stay vanes, as these ele-
ments ensure optimal flow characteristics at the runner inlet in turbine mode and reduce
losses in pump mode. This area also experiences significant unsteady loads associated
with the interaction between the runner and the stationary blades [14]. The number of
stay vanes, their characteristics, and their interaction with the flow from the spiral case
and the guide vanes blades also influence unsteady phenomena, both during the start-up
process [15] and under constant load [16].

An important and necessary part of the method of developing and improving the
flow parts of hydraulic turbines is conducting experimental research to confirm the-
oretical developments or numerical studies [17]. Some cavitation characteristics of
pump-turbines can only be reliably obtained experimentally [18].

The proposed article considers comprehensive studies — numerical and experimen-
tal — of the impact of the number of stay vanes on the flow patterns and efficiency of a
pump-turbine at heads up to 200 m in turbine and pump modes.
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2 Object and Method of Study

The ORO170/5252M7 pump-turbine model, developed at IEMS and transferred to JSC
“Ukrainian Energy Machines” for implementation in the project of 5-7 hydroelectric
units of the Dniester pumped storage power plant, was selected as the study object. The
main features of the object are as follows:

— spiral casing with a coverage angle of ¢ = 360°, having round cross-sections designed
according to the assumption of constant circular velocity V,, = const;

— a stator with flat rings, having 20 (in the original version) or 10 (in the modernized
version) profiled stay vanes, including a spiral case tongue. It is possible to install a
ring valve;

— the guide vanes of 20 blades, height by = 0.14D1, rotation axis at diameter of Doy =
1.2Dy;

— runner with 7 blades and diameter of D; = 350 mm.

— draft tube with vertical 5° taper diffuser, an elbow of KU-3RO type, discharge pipe of
constant diameter. The overall height of the draft tube is # = 3.19D1, and the length
isL=4.5D;.

To reduce the production cost of the model unit and shorten the testing time, the
runner blades and shroud were printed on a PLA plastic printer (Fig. 1).

Fig. 1. Model of the R5252M7 runner (after testing on a hydrodynamic test stand).

The hub is made of stainless steel. Calculations of the strength of the blades and the
structure as a whole have shown that such a model can be tested on a hydrodynamic test
stand in turbine mode at heads up to 15 m, which allows reliable results to be obtained.

3 Results of Numerical Study

Using the ANSYS software, for which IEMS has an academic license, a numerical
study of the flow of viscous incompressible fluid was conducted in models containing
all elements of the flow section, in turbine and pump modes. A tetrahedral mesh with
wall refinement was selected [19]. The total number of cells was approximately 7.1
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million. The parameter y + was controlled and did not exceed 10 [20]. Water motion
was simulated using the ANSYS CFX RANS solver, supplemented by the k-¢ turbulence
model [19]. For the turbine mode, the mass flow at the inlet of the spiral case and the
static pressure at the outlet of the draft tube were set. For the pumping mode, the mass
flow at the inlet of the draft tube and the static pressure at the outlet of the spiral case
were set.

Numerical studies have shown that the flow structure in the turbine mode is practically
independent of the flow rate; only the values of the absolute velocity components change,
proportionally to the flow rate.

Figure 2 shows the distribution of streamlines for two variants of spiral casings
(the original one with 20 stay vanes and the modernized one with 10) in turbine mode,
close to best efficiency when the opening of the guide vanes is ag = 20 mm, the unit
rotation frequency is 91 min~!, and the unit flow rate is 0.303 m>/s. The results show that
the distribution of streamlines in the stator column area is quite smooth in both model
variants.
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Fig. 2. Distribution of streamlines in spiral casings of pump-turbine models with different
numbers of stay vanes in turbine mode: a — 20 stay vanes; b — 10 stay vanes.

Figure 3 shows the distribution by the angle of coverage from 0 to 360° in the middle
horizontal cross-section of the spiral of the radial V, and circumferential V,, components
of the velocity and flow angle a, which forms the inflow, behind the stay vanes for two
model variants at the above-mentioned turbine mode. It can be seen that the distribution
of the flow velocity in both variants of the flow parts up to the angle of coverage ¢ <
270° is uniform, while at @ > 270° the unevenness of the distribution increases in the
variant with 10 stay vanes. The same pattern is observed in the distribution of the circular
velocity. Accordingly, in the model with 10 stay vanes, a greater difference in the values
of the angle a over the spiral wrap ¢ is obtained. Thus, at spiral coverage angles from
15 to 345°, the flow angle behind the stator in the R5252M7 model varies in the range of
25.6-28.5°, and in the R5252M7-10 model from 23.1 to 30°. This leads to an increase
in the circumferential uniformity of the flow onto the guide vane blades and may lead
to an increase in hydraulic losses.
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Fig. 3. Distribution by angle of coverage in the middle horizontal section of the spiral case of
kinematic characteristics in turbine mode: a — radial velocity Vy; b — circumferential velocity
component Vy, ¢ — flow angle a.

In pump mode, numerous studies were conducted with the opening of the guide
vanes at 26 mm, close to the best efficiency at a rotor speed of 700 rpm, at different
flow rates. Figure 4 shows the distribution of streamlines at flow rates corresponding to
the maximum efficiency. Both models have a fairly uniform distribution of streamlines.
At the same time, the variant with 10 stay vanes demonstrates better flow around the
tongue. This, taking into account the decrease in profile losses due to the reduction in
the number of stay vanes, should lead to an increase in the efficiency of the flow part of
the model in pump mode.

Figure 5 shows the distribution by angle of coverage from 0 to 360° in the middle
horizontal section of the spiral case of the radial V; and circumferential V,, components
of velocity and flow angle o behind the guide vanes in front of the stay vanes for two
model variants at the best efficiency pumping mode when the opening of the guide vanes
is ag = 26 mm.

As can be seen from the Fig. 5, the impact of the number of stay vanes on the
kinematic characteristics of the flow between the guide vanes and the stay vanes is less
than in the turbine. This is explained by the fact that the flow structure in the pump
mode in front of the stator is mainly determined by the guide vanes and, to some extent,
by the runner, which is identical in the two models under consideration. The reverse
effect of the stay vanes also occurs, which is especially evident in the cross-sections
corresponding to the spiral case coverage angles from 270 to 360°. At coverage angles
from O to 270°, the distribution of both the flow rate and the flow angle is more uniform
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Fig. 4. Distribution of streamlines in spiral casing of pump-turbine models with different numbers
of stay vanes in pump mode: a — R5252M7, 20 stay vanes; b — R5252M7-10, 10 stay vanes.
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Fig. 5. Distribution by angle of coverage in the middle horizontal section of the spiral case of
kinematic characteristics in pump mode: a — radial velocity V; b — circumferential velocity
component Vy, ¢ — flow angle a.

in the R5252M7-10 model with 10 stay vanes. This should lead to an improvement in
the energy characteristics of this flow part.
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4 Results of Experimental Study

The pump-turbine models were studies on the hydrodynamic test stand of the IEMS
hydromachinery laboratory. The test stand is equipped with set of modern measuring
instruments and has undergone metrological certification. All technical indicators of the
test stand correspond to the IEC 60193 standard for model testing, primarily in terms
of efficiency measurement error = 0.25%. The main parameters of the equipment are:
diameter of runner models up to 500 mm; flow rate up to 0.500 m>/s; test heads up
to 30 m; motor-generator power 200 kW. The Reynolds number in the studies were in
the range Re = 2.5-10°...3.0-10° and were recorded in the protocols for each operating
point. For a more detailed description of the stand, please refer to [21, 22].
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Fig. 6. Dependency of n* on unit flow rate for models R5252M7 (with 20 stay vanes) and
R5252M7-10 (10 stay vanes): a — n;’ = 80 min~!; b — ny” = 85 min~!; ¢ — n;” = 91 min—!;
d-ny’ =95 min~!.

Experimental studies of models were conducted at a head of 6 m in turbine mode,
and rotor speed was set to 700 min~! in pump mode. The opening of guide vanes varied
from 12 to 34 mm in the range of unit flow rate Q;” from 0.100 to 0.600 m3/s. Operating
characteristics were obtained and used to construct efficiency hill chart.

In turbine mode, the use of a stator with 10 stay vanes led to a decrease in the
maximum efficiency relative to the initial variant by 0.72% with a decrease in the optimal
unit flow rate by 0.008 m?3/s, while the best efficiency unit rotation speed remained
unchanged.

Figure 6 shows a comparison of the distribution of the relative efficiency (n*) of two
variants of pump-turbine models in the form of sections of hill chart at unit rotation speeds
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ny of 80, 85, 91, and 95 min~! (ny/ = nD1/«/ﬁ, here 7 is rotation speed, Dj — runner
diameter, H — head). The values of 85, 91, and 95 correspond to the highest, nominal,
and lowest heads at the Dniester PSP, respectively. Hereinafter, relative efficiency n* is
defined as the ratio to the maximum efficiency of the model with 20 stay vanes.

As can be seen from the data presented, at almost all heads at the station and across
the entire range of flow rate, the efficiency of the initial version is higher than that of
the model with a reduced number of stay vanes. The exception is flow rates greater than
0.500 m?/s, but these values are beyond the power limitation lines, and hydraulic units
are not operated at such modes.

Figure 7 shows a comparison of the relative efficiency and heads in pump mode when
the guide vanes opening is ag = 26 mm, which is practically optimal for both models.
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Fig. 7. Dependency of n* and head on unit flow rate for models R5252M7 (with 20 stay vanes)
and RK5252M7-10 (10 stay vanes) when the opening of the guide vanes is ag = 26 mm.

The figure shows that in the flow rate range from 0.300 m?3/s to 0.500 m?/s, i.e. almost
throughout the entire operating range, the R5252M7-10 model with a reduced number
of stay vanes has better characteristics of efficiency and head (to an even greater extent).
A similar picture can be observed at other values of openings of the guide vanes. The
maximum efficiency of this model exceeds that of the original version by almost 0.60%
with a 3% increase in head.

5 Conclusion

The results obtained allow us to draw the following conclusions:

1. As a result of experimental and numerical investigations, the impact of the number
of stay vanes on the flow patterns in the pump-turbine inlet on the parameters of the
Dniester PSP and on the energy characteristics of the flow part model was determined.

2. Theuse of 10 stay vanes instead of 20 in the turbine mode increases the circumferential
irregularity of the distribution of the flow and circumferential velocity components,
as well as the flow angle in front of the guide vanes. This resulted in a 0.72% decrease
in maximum efficiency and worsened its level over almost the entire operating range.
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In the pump mode, a double reduction in the number of stay vanes led to better flow
pattern in the stay vane-guide vane region, but the effect is less than in the turbine
mode. Experimental studies have confirmed the improvement of energy and pressure
characteristics. The maximum efficiency in this model increased by 0.60% with a
simultaneous increase in head by 3%.
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Abstract. This study proposes an integrated methodology for evaluating the
boundary layer thickness on building fagades under airflow impingement. The
objective is to find spatial characteristics of boundary layer formation on build-
ing surfaces for different types of urban development, considering microclimatic
parameters. The scientific novelty lies in the development methodology, which
combines theoretical analysis, experimental measurements, and CFD simulations,
ensuring higher accuracy in predicting building thermal performance and improv-
ing energy-efficient heating strategies. For the first time, it is shown that the coor-
dinate, where the transition from gradient to non-gradient flow regimes happened,
depends on both airflow velocity and temperature, allowing precise prediction
of this critical phenomenon. Furthermore, unlike existing models, the proposed
approach considers wind flow angle and velocity, which significantly impact local
boundary layer characteristics and heat loss distribution. The practical significance
of the study is the ability to accurately forecast facade heat losses, assess wind
loads, and optimize energy efficiency. The obtained analytical dependencies and
approximation functions for boundary layer thickness distribution can be applied
in urban planning and architectural design to ensure microclimatic comfort and
durability of building envelopes.
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1 Introduction

Increasing demands for building energy efficiency and urban microclimate optimiza-
tion require a detailed analysis of heat transfer through building envelopes. Heat losses
depend strongly on boundary layer structure, shaped by airflow, solar radiation, thermal
gradients, and facade geometry. The spatiotemporal variability of flow around build-
ings limits the accuracy of standard stationary models, highlighting the need to consider
boundary layer thickness. Combining experimental measurements with CFD simula-
tions is therefore essential for predicting heat losses, optimizing heating systems, and
maintaining comfortable indoor microclimates across diverse urban environments.
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2 Literature Review

The study of airflow impingement on building envelopes combines experiments and
numerical simulations to clarify boundary layer formation, separation, and vortex
dynamics. Prior works [1-3] showed that corners, projections, and balconies create
accelerated flows and low-pressure zones, strongly affecting boundary layer thickness
and structure. These localized effects alter near-wall velocity distributions and generate
secondary vortices.

Comparisons of simulations and field data [4-6] reveal that classical laminar and
turbulent flat-plate models fail near complex fagades, especially in corner regions with
recirculation. Even high-resolution CFD requires experimental validation, particularly
for facades with pronounced projections [5, 6]. Studies on transition location x, [7—
9] demonstrated dependence on free-stream velocity and temperature, governed by
flow acceleration and stabilization of velocity profiles. Atmospheric parameters, includ-
ing temperature and pressure, also critically influence separation zones and velocity
evolution [10-12].

Urban microclimatic effects on buildings of different heights [ 13—15] show that inter-
actions between high- and low-rise structures create complex circulation patterns, but
dynamic variations (wind, temperature gradients, humidity) remain insufficiently stud-
ied. Experiments in upper fagade regions [16, 17] confirmed increased local velocities,
while numerical models often mispredict due to geometric simplifications and inade-
quate vortex representation. Minor architectural elements (balconies, cornices, canopies)
also lack systematic analysis.

Correlation-based flat-surface models [18-20] lose accuracy for facades with dis-
continuities. Study [20] highlights the need to combine CFD with detailed experiments,
particularly in heterogeneous urban environments.

In summary, current research outlines boundary layer behavior over fagades, but a
generalized model accounting for geometry, architectural details, urban microclimates,
and unsteady atmospheric effects is lacking. Future work should refine transition criteria,
separation and vortex modeling, include dynamic meteorological effects, and validate
CFD models with comprehensive experiments.

The aim of this study is to develop a comprehensive methodology for determining
the spatial characteristics of boundary layer thickness under airflow impingement on
facades of different urban building types, taking into account microclimatic parameters.
The methodology integrates theoretical calculations, experimental measurements, and
numerical modeling to enhance the accuracy of predicting building thermal performance
and optimizing energy-efficient heating strategies.

3 Research Methodology

The determination of boundary layer thickness under airflow impingement on building
facades is based on a multi-stage approach. At the first stage, theoretical calculations of
boundary layer thickness and the transition coordinate from gradient to non-gradient flow
regimes are carried out. The theoretical study is refined by experimental velocity field
measurements, which allow localization of the boundary layer edge and confirmation of
the transition point.
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At the third stage, numerical modeling is conducted using CFD, incorporating theo-
retical and experimental results. Appropriate turbulence models are selected to account
for the specifics of urban development, fagcade geometry, and meteorological variabil-
ity. The numerical model is calibrated using experimental data to improve predictive
accuracy.

This stepwise approach ensures a comprehensive analysis of boundary layer struc-
ture, which serves as a foundation for developing effective measures to enhance building
energy efficiency and optimize thermal regimes in residential areas.

3.1 Theoretical Background

The formation of the boundary layer during airflow over solid surfaces is described by
the Reynolds-averaged Navier—Stokes equations, consisting of continuity, momentum,
energy, and state equations. For building-scale flow, a turbulent boundary layer is formed
with Reynolds numbers Re > > 1~106; thus, the flow can be considered self-similar. The
laminar and transitional sublayers are neglected due to the high roughness of external
walls, which promotes turbulence.

Here is considered the boundary layer developing in a region of increased pressure,
where the airflow originates from the stagnation. The characteristic parameter of interest
is the momentum thickness of the boundary layer, which represents the integral measure
of momentum loss relative to the inviscid flow.
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The displacement thickness 97 is defined as:
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where Uy is the free-stream velocity at the boundary layer edge in the region of non-
gradient flow, and 6 is the boundary layer thickness.

To characterize the velocity profile under conditions influenced by the pressure
gradient, a shape factor is introduced [21]:

Hpp = — 3)

Experimental studies of turbulent boundary layers demonstrate that velocity profiles
can be approximated by a one-parameter family of curves, described by a power-law
distribution of the form.

The velocity of the approaching air flow under potential flow conditions can be
represented as

Xx
/ USdx = A - U3® )
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The variation of the shape factor Hy, over the entire range of the flow % < 0 doesnot
exceed + 2.3%, i.e., for determining 6,(X,) the mean value A = 0.489 can be adopted.
In this case, at an air temperature of t = 0 °C, P = 0.098 MPa, wind speed Uy = 5 m/s,
and v = 13.75-10~° m?/s takes the form

v 0.143
55(x.) = 0.08276 - <_> 5)
Uo

From relation (6), for n = 6, the boundary layer thickness &

(1 +n)-2+n)
n

5 =28 =933.%, (6)

or, for the considered example, 6 = 12.4 mm.

Having determined the momentum thickness &7, it is possible to calculate the
coordinate x, of the transition point from pressure-gradient flow along the surface to
zero-pressure-gradient flow.

3.2 Experimental Study

The experimentally determined values of wall shear stress under pressure-gradient flow,
taking into account Hj; = 1.3, are well approximated by the formula

Up - 8, 0268
v
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The exact solution of the momentum equation for a plate over the length from 0 to
X is given by [21]

Sz(x)zz.r_o,x (8)
pU}
By substituting (8) into (9), we obtain
0.268
x =36.153 - <70> . 82(x)1'268 ©)

Using the value of 3, (x,) with account of (9) for the section x = x,, and performing
the transformations, we obtain (taking into account that at x = x+ U = Uy)

()
X =179 — (10)

v

Formula (4) shows that the position of the section at which the transition from pressure-
gradient to zero-pressure-gradient flow occurs is influenced only by the velocity of the
approaching airflow and the air temperature. At a velocity of Uy =5m/s,t=0°C, and a
barometric pressure of P = 0.0981 MPa, x,, = 7.6. The values of 8,(x), 61 (X), and X, are
determined under a number of assumptions, including the use of a model for evaluating
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10 during pressure-gradient flow as in zero-pressure-gradient flow along a flat plate with
a constant potential flow velocity Uoo along the boundary layer edge.

As aresult of measuring pressure variations along the boundary layer height, velocity
profiles were obtained in different flow sections. The analysis of boundary layer forma-
tion conditions on the flat surfaces of building elements requires experimental investi-
gation and generalization in the form of correlation relationships. For this purpose, the
test stand shown in Fig. 1 was used.

During the experiment, the main characteristic for comparison was the position of
the section x * corresponding to the transition of the flow from pressure-gradient to
zero-pressure-gradient conditions.
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Fig. 1. Schematic diagram of the test rig (a) and working channel (b); 1 — centrifugal blower;
2 — receiver; 3 — flow straightening grids; 4 — nozzle; 5 — experimental setup; 6 — flat channel;
7 — shutters; 8 — flat slit; 9 — side wall; 10 — lateral inserts; 11 — measuring plate.

The measurement results are shown in Fig. 2a, b. The experiment revealed three
distinct regions of variation 8, (X):

at 0 <X < 4.1 - region I, characterized by a high gradient of the decrease in P*:
at4.1 < x < 10.4 - region II, corresponding to the reduction of PPP to atmospheric
pressure;

e atXx > 10.4 - region III, where a gradient-free flow along the plate is established.

If the value of X at the transition from region II to the gradient-free flow region
is taken as X, = 10.4, and a comparison is made between the calculated value of X,
determined using Eq. (11), and the experimental result, we obtain

1
U 3
%, = 1.806 - (7°> (11)

Experimental results indicate that the deviation associated with Eq. (12) remains
within the acceptable error limits. The conducted study on the characteristics of the
gradient flow region indicates that its extent depends on the velocity of the incoming flow
and the air temperature (through the kinematic viscosity) and is limited in magnitude.



28 N. Orlova and S. Alyokhina

p,. Pa

- 5000 .

N 12 1 78 10 11 12 13 14 T _ooos\
15" % 1z Z1lz1z1Z I\ Z1zZ (Z 1Z 4000 T

I 1,0‘ I ‘ ] \ ‘ 1 3000
16 — t 4 f [ |
7 2.0! k | J ! § | 1 2000

(R P I I

18 3.0 - ;)_/ } 4 | 1000

19 4060 80 60 80 100 60 80 100 60 80 100 60 80 100 0
U.m/s U.m/s U, mw/s U s U, mw's
0

W27 \

[ &

15 16 17 18 19 20 Ny

1 2 3 4 5 6 7 9 10 11 12 13 14 153
b

Fig. 2. Variation of the boundary layer thickness during the impingement of a semi-confined jet
on a flat surface

The transition coordinate from the gradient to the gradient-free regime defines the
spatial boundary beyond which the velocity and temperature gradients in the direction
toward the surface diminish, and the flow structure becomes more homogeneous. Since
intense heat transfer occurs in the high-gradient region, this results in significant thermal
losses and affects the local dynamic loads on the facade.

3.3 CFD Modeling

The numerical experiment was conducted on a personal computer, with the flow around
the building modeled in OpenFoam using the equations in steady-state formulation
according to [23]. A symmetry condition was applied to the computational model, which
reduced the required computational resources by a factor of two and allowed the creation
of a finer computational mesh. An adaptive mesh was employed, meaning the grid was
automatically refined in regions with rapid parameter changes and near the building.

As aresult of the simulation of the air boundary layer thickness distribution on the
building’s exterior walls under variable flow conditions — depending on height, flow
incidence angle (0°, 45°, 90°), and wind speed (2 m/s and 5 m/s) — approximation
functions were obtained for each of the 36 building facades, along with the model
coefficients A and B, the maximum deviation dmax, and the root-mean-square deviation
2.

4 Results and Discussion

A general analysis of the results for airflow angles of 0°, 45°, and 90° at wind speeds of
2 m/s and 5 m/s showed that increasing wind velocity leads to a reduction in the average
boundary layer thickness on the building’s frontal and side facades due to the enhanced
dynamic pressure component of the flow. At the same time, for the leeward fagades,
the variability of boundary layer thickness increases, along with a higher likelihood of
local recirculation zones and flow separation, as indicated by larger spreads in maximum
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deviations and the appearance of negative thickness values. At angles of 45° and 90°,
boundary layer development becomes more unstable compared to 0°, reflecting increased
complexity in the aerodynamic interaction between the flow and the building facades
under varying wind directions.

The highest variability was observed for coefficient A, particularly at a 45° incidence
angle, where its coefficient of variation reached 471% at 5 m/s. This indicates a high
instability in the distribution of parameter A and a potential dependence on the complex
turbulent flow structure in this direction. In contrast, at a 90° incidence angle, A showed
the lowest variability (<110%) for both speeds, indicating greater stability under normal
airflow conditions. Coefficient B generally exhibited lower variability, with coefficients
of variation ranging from 77% to 122%. Especially stable B values were observed at 90°
(for 2 and 5 m/s), where the spread did not exceed 78% and was accompanied by low
dispersion and nearly symmetric distribution (skewness close to zero). To account for the
specifics of airflow around the building surfaces, a regression analysis was performed
separately for each group of conditions, which significantly reduced residual disper-
sion and improved the reliability of the estimated regression coefficients. This, in turn,
provided higher explanatory power for the model and allowed an accurate description
of the influence of wind speed and geometric parameters on boundary layer thickness
formation.

Numerical modeling of the boundary layer thickness distribution on the building
fagades is performed considering height, airflow attack angle (0°, 45°, 90°), and wind
speed (2 m/s and 5 m/s). Based on the results, the relationships & = f(A,B,H,) are con-
structed for 36 building sides, and the model coefficients A and B, as well as the maximum
(0smax) and root-mean-square deviations (652), are determined to assess accuracy. Com-
parison of the coefficients makes it possible to evaluate the influence of flow velocity and
direction on the boundary layer profile and to predict its distribution without repeated
full-scale modeling, while the deviations characterize the acceptable error range. At a
wind speed of 2 m/s and an incidence angle of 0°, with R2~(0.76, the coefficients were
calculated according to the following relationship:

A =1147C5? —114.03 - C{ > expA,,, B = —0.2866 - A,

where Cp, A, — polynomial coefficients for determining static pressure, H -

The analysis of boundary layer thickness modeling results for airflow incidence
angles of 0°, 45°, and 90° showed that constructing unified regression relationships for
coefficients A and B was statistically unreliable. Specifically, at 0° and a wind speed of
Sm/s,as well as at45° and 90° across speeds from 2 to 5 m/s, the following were observed:
significant discrepancies between mean and maximum boundary layer thickness values,
with deviations up to 0.3 m; presence of negative boundary layer thickness values,
indicating flow instability, separation, or recirculation zones (especially at 5 m/s); lack
of a stable functional relationship between height and layer thickness across different
building facades (in some cases increasing, in others decreasing or fluctuating). As a
result, regression models built for coefficients A and B under these conditions showed
low convergence (R2 < 0.5) and, in some cases, could not be approximated due to
excessive data variability. Nevertheless, even in the absence of a clear mathematical
model, a pattern in boundary layer thickness variation is evident: it clearly depends
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on the incidence angle and flow velocity. As the flow velocity increases, the overall
boundary layer thickness decreases, but its fluctuations grow, particularly in leeward
and side zones.

For a wind speed of 5 m/s and an incidence angle of 90°, with R2 ~ (.76, the
coefficients are calculated according to the following relationship

B = 5525.29—309.28 - expdPmax + 735.2 expd
Prax - Ap - Cpcost) — 108.4 - 8P yax + 57.47 eXpdmax

In this case, the values of the incidence angle in degrees (0°,45°, 90°) are used without
conversion into radians; that is, they are treated as numerical parameters representing
the angular configuration of the flow

Ssmax = —0.00873 - 0+ 0.0641, 52 = —0.004875 - expds,0c + 0.27795 - Symax

5 Conclusions

As a result, the spatial variability of airflow impingement conditions was revealed, and
statistical models were developed to describe the variation of boundary layer thickness
as a function of height, wind speed, angle of attack, and hydrodynamic characteristics of
the flow. The obtained dependencies have practical significance for assessing convective
heat transfer on the external surfaces of building envelope structures.

The boundary layer thickness determines the intensity of heat exchange: in regions
with a thin layer (typically frontal surfaces under direct impingement), increased thermal
interaction with the surrounding environment is observed, whereas in rear and lateral
zones, where the layer is significantly thicker, heat transfer decreases. This allows the
implementation of a zonal approach for evaluating facade thermal regimes. In particular,
dividing external surfaces into zones with different boundary layer thickness enables:

assessing the non-uniformity of heat losses;
refining heat transfer coefficients;

e rationally varying the thermal insulation properties of materials according to the
intensity of heat exchange.

The simulation results, complemented by experimental measurements, allowed the
derivation of analytical dependencies for determining the boundary layer thickness and
the transition location, taking into account variations in the flow incidence angle and the
approaching flow velocity. The proposed formulas are adaptive and can be applied to
various types of urban buildings and microclimatic conditions, providing more accurate
predictions of building thermal regimes.

The studies [24, 25] allow refinement of heat transfer parameters in different zones,
considering the microclimatic characteristics of the approaching flow. This approach
ensures a more precise analysis of local temperature regimes arising from the com-
plex interaction between the flow and the surface. The integrated application of the
derived analytical dependencies and results from other studies enhances the accuracy of
predicting thermal regimes in conditions of variable aerodynamic environments.
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The practical significance lies in the possibility of using the obtained dependencies

to optimize energy-efficient solutions in heating systems, reduce energy consumption,
and improve the thermal protection of envelope structures. Moreover, the integration
of analytical calculations, experimental validation, and CFD modeling has formed a
comprehensive methodology for assessing the spatial characteristics of the boundary
layer, which can be effectively applied in the design, reconstruction, and modernization
of building facilities in urbanized environments.
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Abstract. The problem of energy-efficient reconstruction of the housing stock is
particularly relevant in the context of damaged urban infrastructure. This study
aims to establish a quantitative relationship between experimentally measured
aerodynamic pressure coefficients and numerically simulated static pressure on
facades of residential buildings with different orientations to the airflow. This
provides a basis for constructing spatial-angular wind load maps, which are nec-
essary for predicting heat losses and implementing adaptive fagade heating. The
novelty of the research lies in the integrated methodology that combines field
experiments with numerical simulations to analyze the relationship between aero-
dynamic coefficients and static pressure. Verification of the CFD model against
experimental data significantly improved its reliability and allowed the transition
from conventional averaged normative values to detailed fagade-specific wind load
mapping. The practical significance of the work consists in the development of
a methodology for generating spatial-angular wind load maps, enabling precise
identification of infiltration heat-loss zones and determination of the most vulner-
able facade areas. This creates a foundation for targeted modernization and the
design of adaptive heating systems, ultimately increasing the energy efficiency of
residential buildings.

Keywords: Airflow - Static Pressure - Aerodynamic Coefficient - Building
Facade

1 Introduction

In the modern conditions of urban infrastructure damage resulting from military conflict,
the energy-efficient reconstruction of the affected residential buildings has become a
critical priority. A significant contributor to thermal losses in buildings is air infiltration
through the building envelope, which is strongly influenced by the spatial and angular
distribution of wind loads. Accurate quantitative assessment of these effects necessitates
consideration of the aerodynamic pressure coefficient (P) and the static pressure (Pgiar),
as these parameters directly govern the interaction between wind and building facades.
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2 Literature Review

The analysis demonstrates the relevance of applying combined experimental and numer-
ical methods for simulating airflow around buildings. In [1, 2], CFD simulations of air-
flow over high-rise residential buildings at heights ranging from 0.9 m to 2.2 m were
conducted to characterize turbulent flow. However, these studies do not specify the
dependence of the aerodynamic pressure coefficient and static pressure on the angle of
attack, flow velocity, and facade orientation, which limits the applicability of the results
for adaptive design. In [3, 4], wind loads on buildings with various geometries, includ-
ing skyscrapers and complex-shaped structures, were analyzed, and the wind energy
potential in dense urban areas was assessed. Nevertheless, there is no comparison of
the obtained coefficients with full-scale measurements, and the effects of extreme wind
loads and changes in flow direction are only partially investigated. Works [5, 6] include
experimental and numerical results for high-rise buildings, examining mean pressure
values, natural ventilation mechanisms, and internal airflow. However, the integration
of aerodynamic coefficients with facade thermal losses and infiltration remains insuf-
ficient. In [7, 8], data on pressure distribution over historical and high-rise structures
are presented, including an analysis of aerodynamic effects on local facade elements.
Yet, transitional regimes during wind direction changes are only limitedly studied. In
[9, 10], CFD models of complex terrain and urban layouts were developed, considering
the influence of building density on aerodynamics. Spatial pressure gradients relative
to facade surfaces remain underexplored. Studies [11, 12] investigate the impact of
balcony and facade geometry on natural ventilation and thermal comfort, but a direct
integration with the assessment of whole-building thermal losses is lacking. In [13, 14],
comparisons between aerodynamic experiments and CFD simulations were conducted;
however, extreme wind loads and their influence on internal airflow are not addressed.
Works [15, 16] utilize cloud-based platforms and large-scale LES simulations to evalu-
ate aerodynamic coefficients and internal airflow. The limitation of these studies is the
insufficient assessment of changes in aerodynamic coefficients under angled building
configurations and real urban conditions. Studies [16—19] analyze pressure distribution
and wind speed variation in urban environments. Nevertheless, the comparison of CFD
models with actual measurements is limited, and the effects of microclimatic conditions
and air humidity on facade thermal losses are almost entirely neglected.

Thus, the reviewed research demonstrates significant progress in modeling wind
effects, pressure characteristics, and internal airflow. At the same time, there remains a
critical need for a comprehensive study of the interrelationship between aerodynamic
coefficients and static pressure as functions of flow velocity and wind incidence angle,
to enable adaptive regulation of heating systems, particularly for residential buildings
with variable facade orientations and complex geometries.

The aim of this study is to quantitatively determine the relationship between exper-
imentally obtained aerodynamic pressure coefficients and numerically simulated static
pressure on the facades of residential buildings with different orientations relative to the
airflow. This analysis is essential for generating spatial-angular maps of wind loading,
which are applied in the prediction of thermal losses and adaptive facade heating.
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3 Research Methodology

The study is based on two interrelated stages:

experimental determination: data obtained in [20] using a wind tunnel test of a dense
urban model were used to generate spatial fields of airflow velocity in the interbuilding
environment. Within the present study, these data were systematically processed and
grouped according to building height levels and geometric positioning. This approach
allowed the formation of generalized relationships for evaluating the local distribution of
the aerodynamic pressure coefficient near facades, which serves as a basis for subsequent
CFD calculations;

numerical simulation of Pg,: a CFD model was used to simulate airflow around the
same buildings. The model was chosen based on [21] and near the corners was used
methodology described in [22]. The spatial distribution of static pressure on the building
envelope was calculated under equivalent velocity and flow incidence conditions.

The results of the Py, analysis are applied to construct pressure distribution maps,
which can serve as a basis for assessing infiltration loss zones and managing facade-based
heating. The aerodynamic pressure coefficient, in turn, is used to identify aerodynami-
cally active areas of the facade that are subject to maximum local flow impact and may
require additional protection or adaptation of building envelope elements.

3.1 Experimental Study

The value adopted as the aerodynamic pressure coefficient is
P =2-Pexp/p- U}

where P is the local value of absolute pressure on the envelope surface, Pa; Peyp is the
excess pressure, Pa; p is the air density at the considered pressure and temperature, kg/m3;
Uy is the wind flow velocity, m/s. Figure 1 presents the variation of the aerodynamic
coefficient in five planar sections located at the height of: 0; 0.286; 0.571; 0.857; and
1.0. The main characteristics of the airflow impinging on a flat surface were determined
under conditions of a jet flow emerging from a nozzle h = hﬂ/2 -b, X = Xi/2 . bo’
where 2by is the jet width, x; is the cross-section position, and hyg is the measured distance
(m), hyq - the axial distance from the nozzle exit, m. The value P was obtained by dividing
the pressure measured at the i-th point by the total pressure of the decelerated flow at U
= 21.2, m/s. The cross-section at & = 0,286 passes through the point of complete flow
stagnation P = 1,0. As shown in Fig. 1, the character of the pressure variation P differs
somewhat from that observed for an impinging jet on a flat plate. In the vicinity of point
“0”, the variation P is similar to that of the jet impingement case; however, after reaching
P = 0.9, most cross-sections exhibit a region with an almost constant value of P. In this
case, the distribution for different sections x ~ 0.35 (E =0;;0.38; 0.286; 0.571; 1.0).

When X > 0.35 a reduction is observed across all sections, caused by the end of the
wall and, consequently, by the change in the direction of the airflow. In this case, there
exists an air stream generated by wind load along the wall surface (an accelerating flow
with a negative pressure gradient near the wall) and its deflected motion of the airflow
beyond the building boundary.
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Fig. 1. Variation of relative pressure on the windward and leeward surfaces of the building under
impinging airflow conditions.

Considering the high level of P(x) under constant barometric pressure of the sur-
rounding environment, it can be interpreted at each local point as stagnation pressure in
the normal component of the velocity vector U at the section X .

A generalization of experimental wind-tunnel data on a dense urban block model
(according to [20]) made it possible to identify patterns of aerodynamic coefficient
variation on building surfaces depending on facade height and orientation. The highest
coefficient values, up to 1.0, are recorded at stagnation points on the windward side
under perpendicular impingement (¢ = 90°), corresponding to the local transformation
of dynamic pressure into static pressure under normal airflow impact. With increasing
distance from the center of impingement, P(x) decrease to 0.5 and lower due to flow
diversion and deflection toward the roof. On lateral and leeward surfaces, stable negative
values of P(x) down to —0.6 are recorded, which corresponds to separated flow regions
with the formation of low-pressure zones. Such pressure reduction indicates the domi-
nance of reverse flows and local turbulent structures, which can be used for predicting
zones of infiltration heat losses.

Thus, the revealed pattern of spatial distribution of P(¥) confirms that at points of
local maximum pressure, the dynamic pressure is fully transformed into static pressure,
and these zones can be identified as key for assessing wind influence on infiltration
heat losses. Analysis of P(X) as a function of attack angle and wall height provides a
substantiated basis for further calculation of static pressure and its inclusion in models
of facade-based heat supply regulation.

3.2 CFD Modeling

Numerical modeling of Py, is performed to transition from a local assessment of peak
loads P(¥), obtained experimentally, to a comprehensive spatial characterization of pres-
sure, relevant for the analysis of infiltration heat losses and the control of facade-based
heating systems. When the airflow impinges on the building surface, flow deceleration
occurs; in this case, the velocity of the main stream at the wall is reduced to zero, and, as
a consequence, the dynamic pressure is transformed into static pressure. A relationship
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is thus established between the static pressure and the parameters of the external air.
Pl = f(UN N H)at U = f(1)

where PN — static pressure at point N; UN — velocity of the incoming airflow at point N;
oN — angle of incidence of the airflow at point N; H — height at which point N is located.

In this study, numerical simulations were carried out to evaluate the distribution of
static pressure along the building height for 37 individual fagcade surfaces. The simula-
tions were performed for wind velocities of 2 m/s and 5 m/s, and for three representative
inflow directions (0°, 45°, and 90°), thereby encompassing a broad range of boundary
conditions relevant to real operating environments of buildings. For each fagade surface,
the pressure—height dependence was approximated using a quadratic regression fit of
the form:

Pga =C+B-H+ A - H?

where A, B, C— polynomial regression coefficients obtained from multifactor analysis.
Figures 2—4 present the results of airflow simulations around the building at incident
angles of 0°, 45°, and 90° for wind speeds of 2 m/s and 5 m/s.

Changing the airflow direction to 45° leads to a redistribution of pressures between
two adjacent facades. Zones of elevated static pressure emerge near the building corner
(sides 1 and 2). This flow direction results in an asymmetric distribution of aerodynamic
loading and a more complex turbulent wake behind the building. At an incident airflow
angle of 0°, a zone of maximum positive static pressure forms on the windward facade
(side 1), reaching critical values as the wind speed increases to 5 m/s. On the leeward
side of the building, a low-pressure area develops, with pronounced gradients between
the windward and leeward facades. This indicates a clearly symmetric flow pattern
dominated by frontal pressure forces. The maximum concentration of static pressure
occurs on the side facing the airflow, which may cause intensified infiltration (wall 1)
and potential air leakage on wall 19, located within the suction zone. Such a distribution
generates a vectorized flow through the building, significantly affecting internal thermal
dynamics.

At an incident angle of 90°, the airflow bypasses the building’s end faces (sides 1
and 19). At 2 m/s, the highest loading occurs on sides 2, 4, and 618 (see Fig. 3).

Pressure is distributed relatively evenly along the fagade, but a noticeable turbulent
low-pressure zone appears on the opposite side. In the case shown in Fig. 4c and 4d, at
5 m/s, pressures increase significantly, consistent with the quadratic dependence of pres-
sure on height. The suction on the leeward side becomes deeper and more widespread.
The lateral facades remain in an aerodynamically neutral zone, which reduces the risk of
localized infiltration but may create an internal pressure differential between the ends,
potentially inducing drafts along the building’s axis.

As shown in Figs. 2—4, at a wind speed of 2 m/s, the static pressure distribution on
building surfaces is complex and non-uniform. Increasing the wind speed proportionally
raises both positive and negative pressures. The results emphasize the importance of
considering the wind incidence angle for ensuring energy efficiency and resilience to
wind loads.
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Fig. 2. Results of airflow simulation around the building at an incident angle of 0° for wind speeds
of 2 m/s (a, b) and 5 m/s (c, d).
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Fig. 3. Results of airflow simulation around the building at an incident angle of 45° for wind
speeds of 2 m/s (a, b) and 5 m/s (c, d).

As a result of the simulation of the air boundary layer thickness distribution on the
building’s exterior walls under variable flow conditions — depending on height, flow
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Fig. 4. Results of airflow simulation around the building at an incident angle of 90° for wind
speeds of 2 m/s (a, b) and 5 m/s (c, d).

incidence angle (0°, 45°, 90°), and wind speed (2 m/s and 5 m/s) — approximation
functions were obtained for each of the 36 building facades, along with the model
coefficients A and B, the maximum deviation &dn,x, and the root-mean-square deviation
32

4 Results and Discussion

Based on the obtained results, an analysis of the influence of wind speed and incidence
angle on the coefficient C of the polynomial model, as a function of wind speed V and
angle ¢, , was performed. A two-factor analysis of variance with repetitions was applied
to 216 experimental points. The analysis revealed that both wind speed and incidence
angle have a statistically significant effect on the coefficient C. Moreover, the interaction
between these factors also exerts a significant influence. The coefficient C of the static
pressure model exhibits a nonlinear variation as a function of wind speed (U) and angle

(®).
Pstat =Cf(U,<p°)+B-H+A-H2

After performing a multifactor regression analysis to model the coefficient C, the
obtained coefficient of determination was R? = 0.60, indicating that the model explains
approximately 60% of the variance. This represents an acceptable level of accuracy
for tasks related to the wind flow around buildings. Simultaneously, the discrepancies
between the observed and predicted values were evaluated.

The initial model was constructed for the normalized value Z¢ according to the
mean statistical value of the sample C = 1.74, with a standard deviation 8 C = 8.497.
Reverse normalization was then performed, resulting in an analytical expression for
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C:Z. = (C;—C)/oCorCi =Z.-0oC + C. The distribution of the normalized Z¢
coefficient is characterized by a monotonic increase and symmetry near the mean values,
with a moderate left-sided asymmetry. Within 90% of the population, the Z¢ value is in
the interval [—2.5; 1.5], which indicates the stability of the main part of the data, with
the presence of individual extreme values. A significant portion of the data lies in the
interval [—0.5; 0.5], but the presence of observations with Z¢ > 2 indicates the influence
of local flow areas (corner regions) that are difficult to account for in a linear model.
This explains the moderate accuracy of the constructed model, where R2 & 0.6. Based
on the statistical analysis to determine the nature of the variation and to generalize
the value of the coefficient B, the following results were obtained: B = — 124325,
5B2 = 0.888, minimum value B = — 16.9065, maximum value -9.7801. To determine
the value of coefficient A, a multi-parameter regression analysis was performed based
on 216 experimental observations. The regression results demonstrated a high level of
agreement between the model and the empirical data: the coefficient of determination
is R2 = 0.715. The value of the Fisher criterion is F = 57.35, which indicates that
the variation explained by the regression model significantly exceeds the unexplained
variance. The low value of the probability of a type I error, p = 2.54 x 1075, means
that the probability of obtaining such an F-criterion value by chance is practically zero.
Thus, the model is valid for practical application in predicting the value of coefficient
A.

A = —0.0009455 — 0.0002098 - U - ¢ + 3.18588 - 1076 ¢2 +0.00001506 - U+
0.23461 - (InU - Zn) + 0.000104476 - (¢ - Zn) + 5.39449 - 1070 . Zn + 0.0022 - Bh + 0.01232Fb

As part of the study on the influence of building geometric parameters on coefficient
A, a classification system for facade zones was implemented. Each type of zone was
assigned a numerical code: lateral zone Bh — 1; rear zone (; frontal balcony Fb — 3. It
was found that the most reliable models (with R> > 0.6) were obtained for angles of
0° and 90°, where the airflow around the building is either symmetrical or uniformly
distributed. However, at 45°, a special methodology is needed to account for the complex
geometry and increased pressure gradients.

Therefore, the models and statistical characteristics obtained provide the basis for
building an integrated predictive system to calculate static pressure, taking into account
key meteorological and geometric parameters.

5 Conclusions

The comparison of numerical modeling data and experimental measurements confirms
the qualitative agreement of the spatial pressure distribution on building facades under
different angles of airflow incidence. Experimental values of the aerodynamic pressure
coefficient, obtained in the study conducted in [20] using a wind tunnel model of the
building layout, were used for comparison and accuracy assessment of the numerical
results. The aerodynamic coefficient at frontal incidence (¢ = 90°) indicates a maximum
value in the stagnation zone, extending at a height of z/H = 0.286. On the lateral walls, the
coefficient decreases to—0.7, and on the leeward side to —0.4. Numerical modeling results
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of the static pressure (Pgi,¢) under similar conditions exhibit a corresponding distribution:
Pgiar reaches + 32.4 Pa at the stagnation points and —26.7 Pa in the suction zones. In
contrast, Py, operates in absolute pressure units, allowing for direct identification of
critical infiltration zones and estimation of potential thermal losses with high spatial
accuracy. Thus, for further analysis of building heat consumption and heating regulation,
it is more appropriate to use Py, as this parameter: has a clearly defined physical
interpretation as the normal component of the total pressure; can be directly associated
with the magnitude of air exchange through gaps; allows the construction of infiltration
maps for each facade plane without normalization.

In subsequent studies, it is advisable to use Py, as the primary parameter for devel-
oping models of thermal losses, adaptive zonal heating, and evaluating the effectiveness
of design solutions in damaged urban areas.
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Abstract. Ensuring technical objects magnetic silence (TOMS) is an important
practical problem when designing new types of equipment and technologies,
the requirements for electromagnetic compatibility of technical means, as well
as issues of magnetic ecology. The study proposes robust prediction and con-
trol TOMS method based on geometric inverse magnetostatics problems solution
(GIMSPS) using initial magnetic field (MF) compensation with magnetic charac-
teristics uncertainty (MCU). Geometric forward magnetostatics problems solution
(GFMSPS) to calculate TOMS with initial magnetic field sources IMFS) or com-
pensating units known coordinates and these IMFS or compensating units MF
multipole coefficients values. Mathematical model (MM) of TOMS for GFM-
SPS calculated based on Laplace equation solutions (LES) in spherical coordinate
system (SCS), prolate spheroidal coordinate systems (PSCS) and Cartesian coor-
dinate systems (CCS). Both prediction and control GIMSPS are reduced to multi-
objective nonlinear minimax optimization problems solutions (MONMMOPS).
Both vector nonlinear objective function (VNOF) of MONMMOPS calculated
based on LES for scalar potential (SP) of MF of TOMS with MCU using COM-
SOL Multiphysics software. Both MONMMOPS calculated from Pareto opti-
mal solutions (POS) with binary preference relations (BPR) by hybrid heuristic
multi-swarm optimization algorithm (HHMSOA). Results of prediction TOMS
far MF based on near MF measurements and compensation of initial MF with
MCU for ensuring TOMS given to demonstrate the performance of the proposed
methodology.

Keywords: Technical Objects - Magnetic Silence - Prediction - Control -
Geometric Inverse Magnetostatics Problem - Uncertainty

1 Introduction

When design new types of equipment and technologies, the requirements for electro-
magnetic compatibility of technical means as well as issues of magnetic ecology occupy
a central place in the study and development of methods for purposefully changing the
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external quasi-stationary MF of complex technical objects (TO) outside their shell [1-
3]. To ensure the specified accuracy of orientation and control of spacecraft in orbit, an
urgent task is to reduce external MF [4, 5]. External MF level also strictly regulated and
naval vessel and submarines is main operational characteristics [6].

2 Literature Review

The design of TO with a normalized level of external MF based on three-dimensional
quasi-stationary external MF MM created TO outside its shell [7-9]. Currently, when
describing the external MF of technical objects, multipole models are mainly used [5].

To ensure a given TOMS, two interrelated GIMSPS solved — prediction and control
of TOMS [6]. These both GIMSPS based on GFMSPS — TOMS MF MM calculation
generated by its IMFS with known spatial location coordinates and known magnetic
characteristics.

TOMS predicting problem is GIMSPS as result of which TOMS MF MM designed
based on real TOMS measurements results. IMFS spatial location coordinates and
magnetic characteristics calculated. TO resulting MF coincides with actually measured
MF.

TOMS control problem is also GIMSPS which result is compensating IMFS spatial
location coordinates and magnetic characteristics calculated to ensure TOMS specified
requirements.

Naturally, in the course of these both GIMSPS, it is necessary to solve the
corresponding GFMSPS many times.

In [4-9] work, TO magnetic characteristics are considered to be precisely known and
do not change during the work process. In reality, TO magnetic characteristics depend on
their operation modes and change significantly during operation and are MCU [10-14].

The goal of the work is to develop a method for controlling TOMS improving by
solving GIMSPS, taking into account TOMS MCU.

3 Research Methodology

TOis acomplex electromagnetic system. TO three-dimensional quasi-stationary (TDGS)
external MF MM itis advisable spatial harmonic analysis methods (SHAM) used [15-17].
SHAM used to external TO MF control allows to simplify TO MF MM based on harmonic
approximation used in multipole coefficients set form [5].

Such mathematical modeling of the MF of a TO allows not only to simplify the
calculation of the MF, but also to simplify experimental measurements of parameters
of the model of the MF of a TO. In particular, it is possible to directly experimentally
measure the spatial harmonics of the external MF of TO based on measuring the MF
strength of TO and calculating the multipole coefficients of their spatial harmonics.

The most widespread practical application has found the use of spherical basis solu-
tions of LES, the history of which comes from Gauss representation of the geomagnetic
field. The MF strength of a technical object is calculated as the sum of the strengths from
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spherical spatial harmonics (SSH) in spherical coordinate system (SCS), taken with the
corresponding multipole coefficients:
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where P'(cos 6) — degree n first kind and order m Legendre polynomials;

r, 8, ¢ — spherical coordinates of the observation point; g;;' and /) — values of
multipole harmonic coefficients.

SHAM application based on MF harmonic composition study. This application result
is transition from MF vector measured values to MF harmonics integral characteris-
tics — multipole coefficients. Then MF described based on multipole coefficients values
obtained. MF description accuracy depends both on multipole coefficients determining
accuracy themselves and spatial harmonics number used of MF source function expan-
sion. For specific problem conclusion made about spatial harmonics qualitative and
quantitative composition, which multipole coefficients would provide solution required
accuracy.

Thus, SHAM is universal tool for quasi-stationary describing MF regardless of source
nature. From the main provisions of such SHAM it follows that choice of both type of
basic solutions and coordinate system depends on specific conditions of problem being
solved. This makes it possible MF analytically describe for TO wide class and TO
measuring apparatus for selected basic solutions practical used.

MF source simplest model is dipole with initial magnetic moment (IMM) compo-
nents M ,x, My, M, in CCS with coordinates (xy, yu, 2,), In this case, series (1)—(3) take
into account first-order harmonics. Let us imagine TO MF MM in N dipoles form with
IMM M, Myy, My, located at points with coordinates (x,, yu, 2,). All TO elements
undergo strict control for TOMS. All TO elements IMM M ,,., M .y, M ,, measured before
installation and TOMS stringent requirements satisfy.

TO MF components Bky, Bxy, Bxz at space any point Py with coordinates xi, y,
Zx in multiple magnetic dipole models (MMDM) form with IMM M, My, M ,; of N
dipole located at TO space points with coordinates (x,, v, z,), calculated [17]
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TOMS strict requirements imposed MF description accuracy near TO, when TOMS
problems solving for magnetic orientation and TOMS ensuring spacecraft magnetic
silence means developing. SP spherical expansion for MF TO with predominant overall
size does not enable TOMS MF description near their surface. Extended shape TO MF
most advisable SHAM in PSCS used, where coordinate surfaces shape makes it possible
to bring description region of MF closer TO itself surface.

PSCS feature is parameter ¢ used, which linear scale determines for all three
coordinates &, 1, @ unit vectors

= VE 1 /T= - cos(@);
& e[l, ool;
=c-/E2—1-/1—=n?-sin(¢);= n |0, 1]; (5)

¢ €10, 2m];
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where coordinates x, y, z in CCS, ¢ — spheroid interfocal distance half.

Similar SSH MF determined as MF strength projections sum of prolate spheroidal
spatial harmonics (PSSH)
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Consider TOMS prediction and control problems by GIMSPS. To solve GIMSPS,
it is necessary to solve GFMSPS many times. GFMSPS is TO MF calculated based on
IMFS or compensating units known coordinates and these IMFS or compensating units
MF multipole coefficients values. GFMSPS accuracy depends both of multipole coef-
ficients calculation accuracy and expansion used for spatial harmonics number original
function. GIMSPS result is IMFS or compensating units coordinates and these IMFS
or compensating units MF multipole coefficients values. GIMSPS results depend of
GFMSPS MF MM choice. When MF MM in SCS using, spherical coordinates 7, 6,
¢ — and spatial spherical harmonics g, and A} are sought parameters. When MF MM in
dipoles set - MMDM in CCS form used, orthogonal coordinates (x,, Y, z,) and dipoles
IMM M, My, M, are required parameters. When MF MM in PSCS used spheroidal
coordinates r, 0, ¢ —and spatial spheroidal harmonics g, and 4 are required parameters.

Let us now consider prediction problem when TO MF MM design based on MF
measurements in near zone for MF calculating in far zone. Such prediction MF MM is
GIMSPS and called prediction TOMS.

Unlike works [4-9], we introduced TO units MCU vector & in operation various
modes [18-21]. Unlike works [1, 2], we consider TO MF MM, created not only by TO
blocks dipoles, but also by quadrupoles and octupoles as TO spheroidal units [5].
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Introduce this GIMSPS required parameters vector X, with TO space blocks spatial
arrangement coordinates and dipoles, quadrupoles and octupoles multipole harmonic
coefficients values and these units spheroidal harmonics. Then, based on accepted TO
MF MM itis possible vector H.(X),6) with predicted MF values at near MF given points
calculated. Let’s form a vector H 4(X,0) with the squared difference between the vector
H ¢ (X),0) of the calculated MF and the vector H ¢(X),6) of actually measured values
of MF of TO at given points of the near field

H;(X,,8) = H,(8) — He(X,,,8) ©)

Then, GIMSPS reduced to MONMMOPS by minimizing VNOF (9) with respect to
required parameters vector X, but by maximizing the same VNOF (9) with respect to
vector 6 of MCU [22].

Consider TOMS control problem based on introduction of compensating units into
TO space for original MF compensated. TO initial MF calculated based on a prediction
MM by TOMS GIMSPS. Introduce required parameters vector X of this GIMSPS of
TOMS with compensating units spatial location coordinates in TO space and spatial
harmonic coefficients values these compensating units. Then, based on the designed
prediction MF MM of TO, itis possible vector with compensating units values calculated.
Let’s form vector H,(X§,0) with squares of sum of compensating MF vector H(X,0)
and TO initial MF vector H ¢(X),8), calculated from predicted MF values

Hr(Xsys) =HS(Xs78)+HC(Xp’8) (10)

GIMSPS for control TOMS of TO with MCU reduced to MONMMOPS calculated
by minimizing VNOF (10) according to required parameters vector X of compensating
units, but maximizing the same VNOF (10) according to vector 6 of MCU.

of TO [22].

These both prediction and control problems of TOMS of TO with MCU based on both
GIMSPS reduced to both MONMMOPS with VNOF (9) and VNOF (10) by minimizing
required parameters vector X, of VNOF (9) or required parameters vector X; of VNOF
(10) of compensating units, including spatial coordinates and spatial harmonics of IMS
or compensating units, but maximizing the same VNOF (9) and VNOF (10) according
to vector 6 of MCU of TO. Both VNOF (9) and VNOF (10) calculated based on LES
for SP of MF for TO with MCU using COMSOL Multiphysics software.

Thus, both GIMSPS solution taking into account MCU of TO reduced to both MON-
MMOPS with VNOF (9) and VNOF (10). This standard approach for robust systems
design for worst case. Both MONMMOPS with VNOF (9) and VNOF (10) associated
with both game in which both game payoff are VNOF (9) and VNOF (10). Desired
parameters vector X, or X is first player and its strategy is game payoff minimize.
Vector & of MCU of TO is second player and its strategy is the same game payoff max-
imize. Moreover, since the game payoff are vectors, such games called multi-objective
games with vector payoff or vector games by analogy with multi-objective optimization
or vector optimization.

Both MONMMOPS with VNOF (9) and VNOF (10) calculated based on HHMSOA
from POS with BPR [23].
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When VNOF (9) and VNOF (10) calculated it is necessary for PP GIMSP desired
parameters vector X}, and SP GIMSP desired parameters vector Xy minimum calculated.
For this purpose VNOF (9) and VNOF (10) minimum calculated by PSO in following
procedure. Particle i swarm j movement described by

xij(t 4+ 1) = x;(t) + vt + 1) (11)
where
vii(t + 1) = wjv;; (1) + cljrlj(t)H(plj — elj(t)) ...
ok (0 = xi (D] + cajrai(DH (p2j — 2j(1)) * ... (12)
ok [y;‘(t) —x,-j(t)]

Position x;;(r) and velocity v;;(¢) vectors components of swarm j particle i for
VNOF (9) and VNOF (10) minimum for PP GIMSP desired parameters vector X,
and SP GIMSP desired parameters vector X calculated.

To improve convergence in nearly stationary region, second-order methods (SOM)
used, which the of objective function second derivatives matrix Hessian matrix used.
SOM compared with first-order methods, allow for effective solution in a region close to
optimal point, when gradient vector components have sufficiently small values. Recently
Levenberg-Marquardt algorithms have become widespread in quasi-Newton methods.
Hessian matrix replaced with positive coefficient matrix. Then linear equations system
used

J(F @) (F(ei) " di + Mdy + J (F (x)F (i) = 0 13)

Jacobian matrices J(F(x;)) components along vectors X, for VNOF (9) or along
vectors X, for VNOF (10) calculated from particle i of swarm j movement velocities
Vij(t).

From which recurrent Eq. (9) obtained for desired parameters vector iteratively
finding

Xi+1 = X + axdy (14)

Maximizing VNOF (9) and VNOF (10) according to vector 6 of MCU of TO are
calculated similarly (11)—(14).

In conclusion, we note that GIMSPS (9) and (10) are often solved using least squares
method (LSM) and without MCU. For prediction GFNSP prediction MF vector H,
calculated in linear dependence form

H.=AX, (15)

Matrix A all elements calculated by GFMSPS process based on (1)—(8).

Equations (15) number usually exceeds unknowns elements vectors X, number and
this linear equations over determined system calculated by generalized LSM. Introduce
discrepancy vector H (X)) between measured MF vector H,, and predicted by model
(15) MF vector H (X))

H;X,) =H, —H.X,) =H, —AX, (16)
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LSM objective function wrote as squared discrepancy vector H 4(X ) weighted sum

X)) =HyX,)"WH (X)) = (Hyp — AX)T x ...

.. X W(H,, — AX,). 17

This quadratic objective function (17) minimum based on necessary minimum
condition LSM calculated

X, =@A"wa)"'ATwH, (18)

Weight matrix W takes into account different importance of vector H; error compo-
nents between measured MF H,, and predicted by model (15) MF H . values. If weight
matrix W used as inverse covariance matrix V of random errors vector H 4, than general-
ized LSM in linear unbiased estimates class is most effective. If measurement MF vector
H,, components not correlated with each other, then weight matrix W is diagonal. Then
generalized LSM becomes weighted LSM. However, with this approach it is necessary
inverse matrix in (18) calculated, which in some cases requires special regularization
algorithms used.

Note that when forming nonlinear MONMMOPS for GIMSPS weight matrices W
in form (17) also used for VNOF (9)—(10) calculated. Therefore, when GIMSPS used
weight matrices W in form of inverse covariance matrix V of random errors vector
H ; this GIMSPS in linear unbiased estimates class is also most effective. In addition,
GIMSPS (9)-(10) with MCU resulting solution sensitivity significantly reduced with
respect to MCU vector 9, since it GIMSPS (9)—(10) calculated for MCU worst case.

4 Results

Let us give an example of TOMS controlling of the «Sich-2» microsatellite family shown
in Fig. 1. MF main part at onboard magnetometer LEMI-016 installation point generated
by plasma sensor KPNCP [5]. Microsatellite MF MM adopted in dipoles, quadrupoles,
and octupoles form. Microsatellite control TOMS it is necessary compensating dipoles,
quadropoles and octopoles installed.

Let us give an example of elongated TO TOMS controlled [6]. Elongated TO MF
MM described in PSCS. Figure 2 shown MF components dependences of this elongated
TO. To TOMS control by such elongated TO, it is necessary 16 compensating dipoles
installed in TO space.
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Fig.1. «Sich-2» microsatellite on measuring stand.
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Fig.2. Elongated TO MF components dependencies.

5 Conclusions

Prediction and control by TOMS with MCU method based on SHAM developed. Pre-
diction and control by TO with MCU are GIMSPS. TO TDGS MF MM SSH in SCS
and PSSH in PSCS calculated based on LES using the COMSOL Multiphysics software.
Both GIMSPS reduced to MONMMOPS calculated based on HHMSOA from POS with
BPR.

When TOMS by TO with MCU prediction and control, model and compensating
IMFS location coordinates in TO space and MMDM calculated.

TOMS prediction and control by «Sich-2» microsatellite and by elongated TO are
given.
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Abstract. Combined electromagnetic active and passive silencing (CEAPS)
design method of overhead power lines (OPL) magnetic field (MF) based on
geometric inverse magneto-quasi-static problem solution (GIMSPS), taking into
account the uncertainties of the geometric forward magneto-quasi-static prob-
lem solution (GFMSPS) developed. In course of CEAPS designing passive elec-
tromagnetic silencing (PES) and active electromagnetic silencing (AES) spa-
tial location geometric coordinates, and AES silencing windings (SW) currents
and phases calculated. GIMSPS for CEAPS designing to compensate initial MF
reduced to multi-objective nonlinear minimax optimization problems solutions
(MONMMOPS). Vector nonlinear objective function (VNOF) calculated based
on Maxwell equations solutions (MES) using COMSOL Multiphysics software.
MONMMOPS calculated based on Pareto optimal solutions (POS) and binary
preference relations (BPR) based on hybrid heuristic multi-swarm optimization
algorithm (HHMSOA). Designed CEAPS computer modeling and experimental
studies results to reduce OPL MF level are given.

Keywords: Magnetic Silence - Geometric Inverse Problem - Uncertainty -
Computer Modeling - Field Experimental Study

1 Introduction

Recently in world developed countries more and more attention being electromagnetic
pollution population protecting problem which intensity increasing from year to year.
Power frequency (PF) MF main source are OPL. PF MF leads to changes in the hema-
tological parameters of the blood and the immune status of a person, affects the repro-
ductive, central and neurovascular systems, affects the bioelectrical activity of the brain,
causes genetic mutations in the human body and has carcinogenic properties [1]. In
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world developed countries strict state sanitary regulations on the permissible PF MF
levels in the environment of long-term stay of people. The social significance of the
work consists in ensuring the protection of the health of the population living near OPL
from the negative impact of a long-lasting PF MF. Work economic significance con-
sists in MF reducing methods and means development to a sanitary-reasonable level in
residential and public areas of people long-term stay without OPL route changing or
resettling people [2, 3].

2 Literature Review

The most common reducing MF level method is PES [4-6]. The operating principle
of PES is: primary MF action conduction currents induced in silence; secondary MF
create these current; resulting MF formed by primary MF with secondary MF, which is
weaker as primary MF in silencing area [ 7]. Consequently, for PES materials manufacture
high electrical conductivity used. PES made of aluminum most widely used, which is
relatively low cost. Silence increases by PES thickness. Silencing efficiency increases
linear dependence in certain. With a further increase in thickness, the silencing efficiency
reaches saturation and behaves asymptotically. Required shielding efficiency ensuring by
silence thickness increasing leads to required metal volume increase for its manufacture.

MF silencing efficiency increase without silence volume increasing CEAPS consist-
ing of PES and AES used [8]. Designing such CEAPS is a GIMSPS. Initial MF generated
by OPL calculated based on GFMSPS. In the course of CEAPS designing it is necessary
to solve GIMSPS - to calculate AES and PES spatial location geometric coordinates and
AES SW currents and phases in such a way that CEAPS using generated compensating
MF directed opposite to original MF [9, 10].

GFMSPS uncertainties caused by GFMSPS parameters inaccurate knowledge and
their changes during operation it is necessary to take into account [11-13].

The goal of the work is CEAPS design method developed of OPL MF based on
GIMSPS taking into account GFMSPS uncertainties.

3 Research Methodology

Initial MF generated by OPL. Let us consider GFMSPS - calculating MF at points in
the silencing space (SS) for OPL wires spatial location given coordinates and OPL wires
currents given values. Analysis and MF MM reduced to MES, which MF describe in
media with characteristics that vary continuously or piecewise continuously and are the
basis for analytical and numerical modeling of any electromagnetic processes, both in
vacuum and in material media. MES are systems of partial differential equations that
are subject to mathematical study and numerical solution [14—16].

When calculating MF of OPL significant simplifications made to MES [17-19].
In this approximation, displacement currents neglected compared to conduction currents
[20-22]. From these MES it follows that determined by electric currents distribution.
MF calculated by integration over distributed sources. When modeling three-phase OPL
MF following assumptions often made: wires have the form of endless linear conductors
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with a uniformly distributed current, processes of current redistribution within the cross-
section of wires are not considered, currents in the wires are strictly harmonious, equal
in amplitude and in different phases shifted by 120 degrees.

In this case, the Biot-Savart’s laws has the form

] dl x R
HP.1) = %/% (1)
L

Thus, to solve GFMSPS — calculating MF generated by OPL wires, this formula is
widely used instead of MES.

This formula is also widely used to solve the second GFMSPS — calculating the
compensation MF, generated by SW of AES of CEAPS at SS points for SW spatial
location coordinates and SW currents and phases of AES of CEAPS.

Let us now consider third GFMSPS — calculating the compensating MF generated by
PES part of CEAPS —a solid PES at SS points for solid PES spatial location coordinates
of the and thickness, material and etc. When considering PF MF PES problems can
assume that MF wavelength is significantly larger than PES main dimensions. This
circumstance makes it possible to solve MES in a quasi-stationary approximation:

rotH=0F +],

. ()
rotE = —jououH,

where H, E are magnetic and electric fields strengths; J — external currents density;

o —specific conductivity; p — relative magnetic permeability; [lo — magnetic constant;
® — field circular frequency; j is a complex unit.

The distribution of OPL MF silencing by CEAPS, consisting of active contour and
electromagnetic components, can be found from Ampere law, written in differential form
with respect to vector potential of the electromagnetic field:

3’A

0A
okt rot(rotA) + UE + 808W =J 3)

where A — electromagnetic field vector potential, ¢ — electrical conductivity,

JcT — extraneous current density.

Finite element method application is conducting numerical experiments effective
ways [16—18]. This method is the basis of most modern software environments COMSOL
Multiphysics. If we assume that OPL wires parallel to each other and silencing length is
much greater than its width, then the resulting silencing MF will be plane-parallel. In this
case, the problem considered in a two-dimensional formulation. However, for silencing
residential buildings, combined AES and PES of finite length, comparable to the length
of the house used. Therefore, to calculate the effectiveness of silencing along the edges
of a house, it is necessary to use a three-dimensional formulation of the problem of MF
calculating.

Let us now consider the CAMPECS designing problem to compensate for the initial
MF. Let us introduce this GIMSPS desired parameters vector X with AES and PES spatial
location geometric coordinates and SW AES currents and phases that compensating MF
CAMPECS generated directed opposite to original MF.
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In works [6-8] contrast initial MF MM uncertainties vector d introduced with original
MEF parameters inaccuracy and their changes during operation [20]. Let’s form a squares
of sum Bg(X,0,P;) compensating MF vector and original MF vector in silencing space
(SS) points P;. Let’s form a vector

Br(X, 8) = ({Br(X, §,P1), BR(X, §,P2)...Br(X, §,Pn)}) “4)

With resulting MF Bg(X,0,P;) in SS points P;. Then GIMSPS for multi objective
CEAPS designing for initial MF compensated taking into account uncertainties vector o
reduced to MONMMOPS [22-24]

n}(in mﬁaxBR(X, 8) = (Br(X, 6,P))) o)

In this MONMMOPS (5) it’s necessary minimizing VNOF Br(X,0) (4) according to
designed CEAPS desired parameters vector X, but maximizing the same VNOF Bg(X,0)
according to uncertainties parameters vector  of original MF.

MONMMOPS (5) associated with game solving [25]. Desired parameters vector X is
first player. Its strategy is to minimize vector payoff Br(X,d). Parameters uncertainties
vector ¢ is second player. Its strategy is to maximize same vector payoff Br(X,d).
Moreover, since game payoff (4) is vector, such game is called multi objective or vector
game by analogy with multi objective or vector optimization.

VNOF Br(X,0) (4) is calculated using COMSOL Multiphysics software. A feature
of finite-difference methods is that the spatial grid is applied to the entire computational
domain [14-16]. In the problem under consideration, the area of study of the MF dis-
tribution contains OPL conductors, AES SW conductors, PES and the SS. Since the
diameter of OPL and SW conductors are much smaller than the distance between them,
they are considered as current threads and the distribution of the current density that
flows through them is represented as a sum of delta functions.

For objects whose linear dimensions differ by several orders of magnitude, the com-
putational domain is divided into a number of subdomains with different steps and their
stitching is performed through the values of the sought functions on the dividing surfaces.
The PES thickness is magnitude smaller several orders than their width. Therefore, grid
spatial steps along different directions differ significantly. A three-dimensional uniform
grid is applied to the computational domain — a global grid, which is applied in such a
way that the screen profile lies on its lattice. To find the distribution of magnetic induc-
tion inside the PES, this screen is divided by thickness by an additional uniform grid — a
local grid, with a step N times smaller than the step of the global grid.

MONMMORPS (5) calculated from POS [20] with BPR based on HHMSOA [26,
27]. Consider MONMMOPS algorithm. When MONMMOPS calculated it is necessary
VNOF Br(X,0) minimum for GIMSP desired parameters vector X calculated. For this
purpose VNOF Bg(X,0) minimum for GIMSP desired parameters vector X calculated by
particle swarm optimization (PSO) algorithm in following procedure. Particle i swarm
Jj movement described by

xj@+ 1) = x5 + v+ 1) (6)
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where

vii(t + 1) = wyvii(t) + cijri(OH (p1j — €1j(1) * -+
ek [y (1) = X (D] 4 cojra (OH (poj — €2j(1)) * - - - (7)

o [ 0 = 0]

Position x;;(¢) and velocity v;;(t) vectors components of swarm j particle i for VNOF
Br(X,0) minimum for GIMSP desired parameters vector X calculated.

PSO (6)—(7) works effectively at initial stages of iterations, when PSO movement
speeds have significant values [22—24]. When entering quasi-stationary regions of VNOF
Br(X,0), PSO motion speeds tend to zero. To speed up VNOF Bg(X,d) global optima cal-
culating process in stationary region, it is advisable second-order optimization methods
(SOOM) used based on second derivatives. One of simplest and quite effective SOOM is
sequential quadratic programming (SQP) algorithm. The of the initial parameters values
of desired parameters vector X GIMSP obtained with PSO help are initial values for
refining solutions in quasi-stationary region.

To calculate VNOF Bgr(X,6) minimum by GIMSP desired parameters vector X
formulated minimization problem with quadratic objective function (QOF)

1
H, (X;(1), 8;(1), 0)) + Edgx(f)sz/x(f)dzjjx(f) +...
o VO (1)

®)

Jacobian matrices V() and Hessian matrices H ;,(f) components along vector X
calculated from particle i of swarm j movement velocities v;;(¢) and accelerations A (t),
which calculated based on velocities v;;()

Apt+ 1) = vt + 1) —v;(0) 9

At each iteration step, in addition to VNOF Br(X,d) quadratic approximation (8)
constraints linear approximation also used

Vi (xi (), 8i(0)) T dije (1) + g3 (x5 (1), 8;(1)) < 0 (10)

During SQP process (8)—(10) step size d;;x(¢) calculated, which used to calculated
VNOF Br(X,0) minimum by desired parameters vector X.

xij (1 + 1) = x5 (1) + ajje () dijx (1) (11)
To calculate VNOF By (X,0) maximum by vector d of uncertainties formulated

maximization problem with QOF by analogy (8)—(11).

4 Results

Consider CEAPS designing results. In Fig. 1.a showed initial MF distribution. MF level
in SS under consideration varies from 2.0 puT to 1.3 p7, which is more than 2 times
higher than 0.5 pT level for residential buildings long-term residence people safe.
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Fig. 2. Resulting MF distribution a) AES b) CEAPS.

In Fig. 1.b showed resulting MF distribution when PES using. MF level in SS center
under consideration varies from 0.5 p7 to 0.35 u7, but at the edges of the SS under
consideration the induction level reaches 1 u7 or more. The maximum calculated value
of the silencing factor when PES using only is 6.8 units.

InFig. 2.a showed resulting MF distribution when AES using. MF level in considered
SS center varies from 0.1 u7 to 0.3 uT, but at considered SS edges MF level reaches 1 uT
or more. The maximum silencing factor value calculated when AES using is 17 units.

In Fig. 2.b showed resulting MF distribution when CEAPS using. MF level in
SS under consideration center varies from 0.1 p7" to 0.3 p7, but at space SS under
consideration edges MF level reaches 0.5 u7" or more.

The maximum silencing factor value calculated when CEAPS using is also 17 units.
CEAPS advantage is that MF level value minimum of 0.1 provided in considered SS
significantly larger part compared to AES using.

Consider designed CEAPS experimental studies results. In Fig. 3.a showed CEAPS
experimental installation.
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Fig. 3. CEAPS experimental installation a) initial and resulting MF PES b) EMD.
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Fig. 4. Initial and resulting MF EMD when AES using a), when CEAPS using b).

In Fig. 3.b showed initial and resulting MF experimentally measured distribu-
tions (EMD) when PES using. In SS under consideration center varies MF level from
0.5 uT to 0.35 uT, but SS under consideration edges MF level reaches 1.2 pT or more.

In Fig. 4.a showed initial and resulting MF EMD when AES using. In SS under
consideration center MF level varies from 0.3 pu7 to 0.2 u7, but at SS under consideration
edges MF level 1 uT.

In Fig. 4.b showed initial and resulting MF EMD when using CEAPS and AES. MF
level in considered center SS varies from 0.3 u7 to 0.2 p7, but at considered SS edges
MF level reaches 0.5 puT.

5 Conclusions

CEAPS design method of OPL MF based on GIMSPS taking into account GFMSPS
uncertainties developed. AES and PES spatial location geometric coordinates and AES
SW currents and phases calculated during CEAPS design.
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GIMSPS for CEAPS designing to compensate for initial MF reduced to MON-

MMOPS. VNOF calculated using COMSOL Multiphysics software. MONMMOPS
calculated based on POS taking into account BPR by HHMSOA.

Based on GIMSPS developed method CEAPS of OPL MF designed. Computer

modeling and EMD MF results of designed CEAPS are given.
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Abstract. Industrial applications often demand water quality that exceeds nat-
ural water conditions, necessitating effective multi-stage treatment. This study
investigates a combined treatment approach utilizing iron (II) sulfate heptahy-
drate (FeSO4-7H»0), anionic polyacrylamide (PAM), and calcium hydroxide
(Ca(OH);) to remove turbidity, total suspended solids (TSS), chemical oxy-
gen demand (COD), and phosphate ions (PO437). The experimental procedure
employed jar tests with variable reagent dosages, pH adjustments, sedimentation
times, and temperature conditions. Removal efficiencies were evaluated using
standard analytical methods and correlated via the Pearson analysis. Results
demonstrated that optimal removal - up to 95% for turbidity and >90% for TSS -
was achieved at 2500 ppm FeSO4-7H; O, 1.0 ppm PAM, and pH 9.0, with enhanced
performance at 25 £ 5 °C and 1.4 h settling time. PO43~ removal peaked at pH
8.0, likely due to precipitation of ferric and calcium with PO43_. Correlation
analysis confirmed that coagulant dose, pH, and temperature were dominant fac-
tors in removal performance, while PAM exhibited a secondary but enhancing
role. Microscopic observations indicated a transition to denser and more compact
flocs during treatment. The integrated method demonstrated a synergistic effect,
offering an efficient and scalable solution for improving industrial water quality.

Keywords: Turbidity Reduction - Sediment Morphology - Jar Test - Water
Quality Optimization

1 Introduction

Natural waters typically do not meet industrial requirements and require multi-level water
treatment to meet water quality standards for power plants [1]. In particular, turbidity
and total insoluble solids (TSS) can damage equipment and cause deposits, chemical
oxygen demand (COD) indicates organic contamination that is dangerous for production
processes, and phosphate ions (PO43~) contribute to scale formation, especially in heat
exchangers [2]. In order to mitigate the impact of these indicators, appropriate water
quality requirements are established [3]. Compliance with these requirements necessi-
tates the implementation of water treatment methods. In the field of water treatment,
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considerable attention is paid to the coagulation and flocculation processes, which have
been proven to be effective removing polluting solutes. In addition, liming has been
shown to play a crucial role in regulating the pH of the medium [4, 5]. Each of these
methods has its own strengths. Consequently, coagulation provides an effective reduction
of turbidity and removal of fine insoluble impurities due to the introduction of coagu-
lants [6]. Simultaneously, the process of flocculation is responsible for the enlargement
of coagulated particles, resulting in the formation of larger flocs [7]. Furthermore, liming
has been shown to correct the hydrogen pH of the medium, aid in the precipitation of
carbonate and other insoluble impurities, and frequently function as an amplifier of the
preceding treatment stages due to the co-precipitation phenomenon [8, 9].

The purpose of this study was to ascertain the most efficacious doses of reagents
for the effective removal of contaminants (turbidity, TSS, COD, PO43’), with the iden-
tification of factors affecting the efficiency of pollution and the study of the resulting
sediment. The employment of the controlled mixing rate test method enabled the assess-
ment of the impact of each component individually, in addition to the synergistic effect
of the three-component approach. The application of the Pearson correlation analysis
method enabled the identification of the interrelated dominant factors of the combined
application, and the study of the sediment fraction, in particular the particle size, revealed
trends in sediment formation.

2 Literature Review

Heptahydrate of ferrous sulphate (FeSO4-7H>0) is a cost-effective inorganic coagulant
with high coagulation efficiency [10]. In the context of FeSO4-7H,O solutions, the pro-
cess of hydrolysis is known to be accelerated, resulting in the formation of a multitude
of iron hydroxide compounds. The efficiency of coagulation is observed to be suscepti-
ble to alterations in pH, a phenomenon that can give rise to the generation of unstable
coagulants, as well as the formation of insoluble iron hydroxides. The presence of these
insoluble compounds has been found to be associated with an increase in turbidity and
TSS. In order to achieve the desired outcome, it is necessary to combine the use of
FeSO4-7H>0O with other reagents, such as a flocculant and a pH adjuster. The floccu-
lant adsorbs on the surface of coagulant-aggregated particles, forming bridges between
them, which leads to the formation of larger flocs that settle more rapidly [11, 12].
Polyacrylamide (PAM) flocculant, a water-soluble polymer, is a well-known industrial
water treatment agent used as a flocculant. It is widely accepted that PAMs can be cat-
egorised into three distinct groups: anionic PAMs, cationic PAMs, and nonionic PAMs.
The flocculation efficiency of flocculants is contingent on the type of flocculants and
their molecular weight, ionic nature and content, and TSS content. PAM has been shown
to neutralise the charge of coagulant-aggregated iron hydroxide particles and has been
demonstrated to affect the morphology of flocs by creating macropores for additional
adsorption. It has been determined that the flocculation efficiency of a polymer chain is
contingent upon its length [13]. Furthermore, quicklime (CaO or Ca(OH);) is a low-cost
liming agent that increases the pH level, removing bicarbonate and carbonate ions and
thus creating an additional purification effect [14].

The combined use of coagulant, flocculant and lime can significantly increase the
efficiency of water treatment. However, to achieve maximum water treatment efficiency,
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it is necessary to optimise the conditions for the combined use of these methods - to
determine the dose of reagent [15, 16], the order of their introduction and the impact of
environmental parameters (pH, time, temperature) [17]. By optimising coagulation +
flocculation + liming processes, it is possible to achieve a significant reduction in reagent
costs, minimise the formation of sediment, and improve the quality of treated water.
The present study proposes an integrated approach to water treatment for industrial use,
combining coagulation, flocculation and liming using FeSO4-7H,0, PAM and Ca(OH);.

3 Research Methodology

The analytical methods of measurement employed in the study are enumerated in Table 1.
The experiment was conducted in 1-L beakers with mechanical stirring on a six-stirrer
MTOPS Jar Tester SF6. The reagents utilised in the study were as follows: The substance
under investigation is FeSO4-7H,>0, with a purity of at least 97%, anionic PAM of
medium molecular weight, and Ca(OH), of technical grade, with a purity of at least
79%. Water samples were collected from the Styr River [18], the quality of which is
characterised by the quality indicators shown in Fig. 1.

Temperate  pH CcoD Na* TSS Ca2t  NTU HCO3"  SO42°  Fepral TA PO43-
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Fig. 1. The quality indicators of the input natural water used in this study.

The distribution of sediment particles by size was performed using a HTAC/ROYCO
8000A laser particle counter. Sediment morphology was determined using an XS-5520
LED binocular microscope. Temperature control was performed using a DAIHAN HP-
30A analogue hotplate. Statistical processing of the research results included determin-
ing the range of the data series (min-max), the arithmetic mean (M), and the standard
deviation (SD) using the BioEstar software package (Version 5.3, MLM). The analysis
of the data set to assess the relationship between the variables of the control results was
performed using the Pearson correlation coefficient (r) [19], using IBM SPSS, v27.

The effect of coagulation of FeSO4-7H,0, PAM, Ca(OH); on the excretion of sub-
stances was measured by the calculated method, the doses of FeSO4-7H,0: 500, 1000,
1500, 2000, 2500 ppm, PAM 0.25, 0.5, 1.0, 1.5, 2.0 ppm, and Ca(OH); to create a pH.
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Table 1. List of adopted analytical procedures.

Parameter Analytical instrument Reference method

pH pH/millivolt meter I-160, A = 4 0.05 pH* | Instruction manual for devices

Turbidity turbidity meter Eutech TN 100, 6 = £ 2%*

TSS gravimetric method, balance KND 211.1.4.039-95%*
OHAUSV12146

COD permanganate titrimetric method KND 211.1.4.021-95%*

PO43_ molybdenum method, spectrophotometer MVV 081/12-0005-01%**
ULAB S102

Note: * A — are the absolute and d relative measurement error; ** - are Ukrainian measurement
standards

The solutions under study were analysed using the Jar test methodology at slow (20—
50 rpm) and fixed rapid stirring for 3 min (200 rpm). Moreover, the study was carried out
with different sedimentation times (0.6—1.6 h) and temperatures (10-30 °C). The per-
centage of removal efficiency (%) [20] for turbidity, TSS, COD, PO,3- was calculated
using Eq. (1).

Removal efficiency (%) = (Ci — Ct/Ci) x 100 @))

where Ci and Ct are the concentrations parameter before treatment and after treatment,
respectively.

4 Results and Discussion

Determining the optimum coagulant dosage is important for controlling the coagula-
tion process, including the efficiency of contaminant removal. The coagulant dosage
in this study of FeSO4-7TH,O was varied from 500 to 2500 ppm under fixed agita-
tion. Figure 2 shows the percentage removal of turbidity, TSS, COD and PO43~. The
percentage removal of turbidity (Fig. 2a), TSS (Fig. 2b), COD (Fig. 2c), and PO43~
(Fig. 2d) increased with the dosage of FeSO4-7H, O, reaching maximum values of 83.5%,
50.7%, 59.5%, 55.8%, respectively, for turbidity, TSS, COD and PO43’ at 2500 ppm
FeSO4-7H>0. Removal of turbidity, TSS, COD achieved comparable results, taking
into account the maximum values of the percentage of removal for a dose of 2000 ppm
FeSO4-7H,0. It is known from numerous studies that a higher dose helps to form larger
and denser flocs that bind pollutants more effectively, facilitating their removal. How-
ever, the obtained results of comparable turbidity, TSS, COD removal efficiency for
2000 and 2500 ppm FeSO4-7H;0 can be explained by the subsequent slowdown with
the destruction of flocs formed during sedimentation at high doses of FeSO4-7H, O coag-
ulant and the excess of this dose led to the reverse stabilisation of flocs due to excessive
charge [21].

Adjusting the pH is important for efficient deposition, especially for hyllysing coag-
ulants [22]. Ca(OH), lime, when reacting with bicarbonate and carbonate ions, also
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forms a precipitate of calcium carbonate, which intensifies the deposition through the
co-precipitation phenomenon [23]. Therefore, using different doses of Ca(OH), lime
from 5.55 to 1105 ppm, which created a pH of 7.0 £ 0.2 to 10.0 £ 0.2 units, with fixed
stirring, the percentage of turbidity, TSS, COD and PO43~ removal was determined.
The percentage of removal of turbidity (Fig. 2e), TSS (Fig. 2f), COD (Fig. 2g), and
PO4>~ (Fig. 2h) increased, reaching maximum values at pH = 9.0 & 0.2 units for tur-
bidity, TSS, COD and pH = 8.0 & 0.2 units for PO43~. Then the removal efficiency
decreased at pH = 10.0 &= 0.2 units for turbidity, TSS, COD; at pH = 9.00 & 0.2 units
and pH = 10.0 % 0.2 units for PO4>~. The increase in the percentage of removal with
pH can be explained by the presence of positively charged hydrolysed particles of iron
hydroxide forms, which enhance the neutralisation capacity. At pH = 10 units and more,
iron is primarily in the insoluble form of hydroxides, thus the neutralising capacity is
exhausted. Removal PO,>~demonstrated moderate sensitivity to changes in pH with a
slightly higher removal rate at pH = 8.00 &+ 0.2. At pH > 7.5, the phosphate ion exists
in the form of hydrophosphate ions (HPO42~), which can be assumed to intensify the
formation of ferrous phosphate precipitates due to the interaction between HPO4>~ and
positively charged iron particles. To summarise, at higher (pH > 9.0) and lower (<8.0)
pH values, the removal efficiency of joint coagulation with FeSO4-7H,0 and liming
with Ca(OH), decreases.
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Fig. 2. The effect of FeSO4-7HO coagulant dosage on the removal of turbidity (a), TSS (b),
COD (c) and PO43_ (d) and the effect of pH at Ca(OH); lime dosage and coagulation on turbidity
(a), TSS (b), COD (c) and PO43_ (d) removal

The dynamics of changes in the removal efficiency of turbidity (Fig. 3a), TSS
(Fig. 3b), COD (Fig. 3c), and PO4>~ (Fig. 3d) in the processes of coagulation and
liming with the participation of PAM flocculant shows a clear dependence between the
flocculant dosage and the percentage of removal up to the PAM dose of 1.0 ppm. With an
increase in the PAM dose within 0.25 ppm, a gradual increase in the removal efficiency
of all studied indicators is observed. The most pronounced positive effect of PAM is
demonstrated for turbidity and TSS: their removal efficiency exceeds 90% at a dose of
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more than 1.0 ppm and is almost equal in the range of PAM doses of 1.5-2.0 ppm,
which indicates the optimisation of aggregation and deposition of coagulated sludge.
COD removal also increases with PAM dose, although the increase is less pronounced,
probably due to the partial solubility of organic compounds that do not fully precipitate.
A gradual increase in the efficiency of PO43~ removal from 50.2% to 73.5% may indi-
cate the participation of the flocculant in the formation of precipitates of insoluble iron
and calcium salts due to electrostatic neutralisation and complexation with ions. Floc-
culant PAM significantly enhances the efficiency of combined coagulation and liming,
especially at an optimal dose of 1.0 ppm or more. This may be due to improved inter-
particle contacts and the formation of dense flocs due to the chain structure of PAM.
However, the efficiency gains tend to saturate, indicating that the limiting concentration
(optimal dose) is reached, after which additional flocculant addition does not provide a
proportional increase in purification. In this case, it can be stated that this phenomenon
is observed at a PAM dose of more than 1.0 ppm.
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Fig. 3. The effect of flocculant dosage on the removal of turbidity (a), TSS (b), COD (c) and
P043_ (d) during coagulation and liming and the influence of temperature and settling time on
the removal of turbidity (a), TSS (b), COD (c) and PO437 (d) during coagulation - flocculation -
liming.

As the temperature of the polymerisation process is increased, the movement of the
molecules is also increased, leading to more efficient collisions and faster polymerisation
[24]. Consequently, this results in polymers with elevated molecular weights, thereby
enhancing their adsorption and bridging properties. Consequently, the removal efficiency
increases with both increasing temperature and increasing deposition time (Fig. 3e, f,
g, h). This trend reflects the typical behaviour of coagulation - flocculation - liming
processes, where higher temperatures accelerate the hydrolysis and aggregation of the
formed flocs, and longer time provides better floc stabilisation and deposition [25].
The highest efficiencies for turbidity and TSS were achieved at temperatures ranging
from 20 to 30 °C and settling times of more than 1.4 h. This finding indicates that
improved aggregation and sedimentation occur at elevated temperatures. For both COD
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and PO,43~, the trends are analogous, yet the removal rate is lower, indicating partial
chemical binding of phosphates to calcium and constrained capacity for coagulation-
based organic removal. The optimal conditions for this process are a temperature of 25
4 5 °C and a duration of 1.4 h, which ensure maximum efficiency for all four indicators
without significantly increasing the process time.

The correlation analysis presented in Fig. 4a facilitates the quantification of the
strength and direction of the relationship between the parameters of the water treatment
process (coagulant dose, flocculant, pH, temperature, contact time) and the efficiency
of pollutant removal (turbidity, TSS, COD, PO43_). The highest correlation coefficients
(r = 0.92-0.97) were found between coagulant dose, pH, temperature, settling time
and turbidity, TSS, COD and PO43~ removal efficiency, indicating a strong relationship
between these factors in this combined water treatment process (Fig. 7). In particular,
pH (r = 0.97 for turbidity and 0.95 for COD) significantly affects the hydrolysis of
FeSO4-7H,0 coagulant and the precipitation of hydroxides, which serve as flocculation
nuclei. In a similar manner, the temperature and duration of deposition have a direct
impact on the kinetics of aggregation and floc growth. The coagulant dose has been
demonstrated to exhibit a high degree of correlation with the purification rates (r =
0.94-0.97), thereby confirming its dominant role in the primary coagulation mechanism.
Conversely, the dosage of PAM flocculant exhibited a negligible correlation with the
majority of water treatment parameters, with r values ranging from 0.12 (turbidity), 0.11
(TSS), 0.25 (COD), and 0.32 (PO4>7).

100 300 400 500 600
Floc size, um

Fig. 4. Pearson correlation matrix of conditions, factors and efficiency (a), microscopic view of
the formed flocs at the beginning (b) and at the end (c) and histogram of the size distribution of
flocs formed after (d) the combined coagulation - flocculation - liming processes.

As aconsequence of the integrated processes of coagulation, flocculation and liming,
a discernible alteration in the morphology of flocs is evident (Fig. 4b,c). At the initial
stage (Fig. 4b), the formed flocs exhibit a branched structure with a less dense texture,
indicating an active primary aggregation of colloidal particles under the influence of the
coagulant. Upon completion of the processes (Fig. 4c), the flocs become more compact,
dense and darker, indicating increased particle adhesion in the presence of the flocculant
and increased pH due to liming. The analysis of the histogram of the floc size distribution
(Fig. 4d) shows that most flocs have a size in the range of 300400 pwm, which is
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favourable for efficient sedimentation. This size ensures a high sedimentation rate and
improves the conditions for subsequent treatment stages, confirming the feasibility of
simultaneous use of FeSO4-7H,0, PAM and Ca(OH); to improve the aggregation and
removal of turbidity, TSS, COD and PO43_ from water.

The implementation of the optimized coagulation - flocculation - liming processes
using FeSO4-7H,0, PAM, and Ca(OH), contributes significantly to the environmental
safety of industrial water treatment. The substantial reduction in turbidity, TSS, COD,
and PO43~ ensures that the treated water meets regulatory discharge limits and is suitable
for reuse in industrial operations, safe environmental discharge, or irrigation applica-
tions. Effective phosphate removal, in particular, mitigates the risk of eutrophication in
receiving waters. The optimization of reagent doses and process parameters minimizes
excess chemical use and reduces the potential for secondary pollution. Furthermore,
the formation of dense and stable flocs facilitates efficient solid—liquid separation and
reduces sludge generation, improving downstream sludge handling. This process sup-
ports a more sustainable and circular approach to water management in power plant oper-
ations by enabling internal water reuse and lowering the ecological burden of wastewater
discharge.

5 Conclusions

The study demonstrated that the combined use of FeSO4-7H,0, PAM, and Ca(OH); is
an effective method for improving industrial water quality. Optimal pollutant removal
was achieved using FeSO4-7H;0O at 2500 ppm, anionic PAM at 1.0 ppm, and Ca(OH),
sufficient to adjust the pH to 9.0 = 0.2. These conditions ensured efficient removal
of turbidity, TSS, COD, and PO43, particularly when applied at 25 £ 5 °C with a
sedimentation time of 1.4 h. pH regulation played a key role in enhancing the hydrolysis
and precipitation of iron hydroxides. Microscopic analysis confirmed the formation of
denser and more compact flocs during the process. Pearson correlation analysis supported
the dominant role of coagulant dose, pH, temperature, and settling time. This integrated
approach offers a technically feasible and scalable solution for industrial water treatment.
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Abstract. Modern requirements for product quality in rolling production require
increased accuracy of temperature control of rolls in the rolling zone. This is pos-
sible by controlling the temperature regime using a mathematical model of the
thermal process in the roll caliber. Quite promising, from the point of view of
reducing energy costs for strip production, is the use of continuous casting-rolling
technology, which allows obtaining metal, in particular steel strip, as close in thick-
ness as possible to the finished product. This significantly reduces the production
cycle and the number of technological operations and required equipment.

The purpose of this work is to build mathematical models of the temperature
field of rolls during traditional strip rolling technology and a mathematical model
of the temperature field of rolls during continuous strip casting-rolling technology
(technology using roll crystallizers) and to develop methods for solving model
problems.

In the models presented in this paper, the authors tried to generalize and
improve the mathematical models of thermal processes during rolling and con-
tinuous strip casting-rolling by setting more accurate boundary conditions. The
models consider the different heat exchange between the internal and external
surfaces of the roller with the strip and the outgoing roller core, as well as perfect
thermal contact between the different roller layers. The constructed mathematical
models, despite the fact that they describe various technological processes, make
it possible to optimize and predict the cooling-heating parameters, as well as the
service life of rolls in industrial conditions.

Keywords: Mathematical model - Thermal processes - Continuous
casting-rolling technology - Rolling - Perfect thermal contact

1 Introduction

Rolling of strip products is accompanied by significant changes in temperature con-
ditions along the production line. It is impossible to meet modern requirements for
rolled product quality without using process control systems that must consider the
maximum number of influencing parameters. One of the most important indicators of
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strip rolling technology is the rolling temperature, which has a significant impact on the
energy parameters of the rolling process [1], the structure and mechanical properties of
the resulting product. One of the important conditions for optimizing the temperature
regime is clear control of the heat exchange conditions of the rolls with the environment
surrounding the roll. The use of continuous roll casting of liquid metal in roll crystalliz-
ers is a promising direction in the production of metal strip, which allows to significantly
reduce the energy costs for its production [1, 2]. Due to the reduction in the number of
hot processing operations compared to traditional technology for producing thin strips,
rolling mills achieve significant savings in energy resources, which is very relevant in our
time. During the development of energy-saving technologies for the production of strip
and rolled products, great importance is attached to the mathematical modeling of the
technological process in the roll crystallizer. Direct observation of the processes occur-
ring in the crystallization-deformation zone, due to its closed nature, remains practically
impossible for the researcher. Therefore, simultaneously with the development of exper-
imental studies, the question of creating physical and mathematical models describing
the processes of strip rolling and strip casting-rolling remains open.

2 Literature Review

A number of mathematical models of the heat transfer process during strip rolling and
during strip casting-rolling have been proposed in the scientific literature [2-9]. In most
studies, mathematical models of the thermal process during strip casting-rolling involve
a number of assumptions made to simplify such a complex process [3]. In [5], a finite
element model was developed to simulate the thermal process during strip rolling, which
took into account various strip rolling parameters and high-temperature properties of
the work roll material. In [6], the construction of a finite-element model and adjustment
of parameters of electromagnetic induction heating made it possible to estimate the
temperature field during the rolling of titanium and aluminum. Evaluation of the effect
of rolling temperature and compression speed of Ti/Al plates was carried out with the help
of rolling experiments. In [9], a finite element one-dimensional model of heat transfer
of a casting roller during two-roll casting of an aluminum alloy was developed. All the
above studies are mainly focused on finite element models of heat transfer of individual
elements of a complex system (roller-sheet). In this case, it is not taken into account that
the heat exchange conditions of the inner and outer surfaces of the roll with the strip are
different, since the inner surface of the roll interacts with the coolant (or other medium),
and the outer surface interacts with the cooling liquid or air. The conditions of perfect
thermal contact of different layers of the roll in the case of a two- or three-layer roll
are not taken into account; also, in most models, there is no nonlinear component in the
boundary conditions — the Stefan-Boltzmann conditions [3—8].

The aim of this work is to develop a model of the temperature field of rolls during the
traditional technology of hot strip rolling and a mathematical model of the temperature
field of rolls during the technology of continuous casting-rolling of strip (technology
using roller crystallizers), and to develop methods for solving model problems.
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3 Research Methodology

3.1 Temperature Field of Rolls During Traditional Rolling Technology

Let us consider a physical model of the temperature field of a rolling mill during tradi-
tional strip manufacturing technology. The outer surface receives heat from the deform-
ing strip and then loses it outside the deformation zone according to Newton’s and
Stefan-Boltzmann’s laws. Its inner surface loses heat by convection or conduction, in
some cases, and also by radiation. In the zone of contact of the roll with the strip, heat
from the roll surface is transferred to its axis by thermal conduction. In the other of the
roll, heat is lost by radiation, convection or conduction. Such a thermophysical model
of the heat exchange process during rolling leads to a mathematical model based on the
homogeneous equation of heat conduction, which has the form

19 oT 19°T 9°T oT
K;E( )t 28¢2+X8—Z2—Cp¥=0. 1
During the strip rolling process, the temperature field significantly depends on the
time and number of roll rotations, resulting in uncontrolled heat transfer. Therefore, a
unsteady heat conduction equation is used to calculate the roll’s thermal state. We further
assume that the temperature of a cylindrical roll does not depend significantly on the
axial coordinate, and that the bases are thermally insulated. In this case, determining the
temperature distributions on the surface and in the body of the roll leads to an initial-
boundary value problem for heat conductivity in the axial cross-section of a hollow
cylinder T = T (r, ¢, t), which rotates around its axis with an angular velocity w. When
the heat flux is orthogonal to the axis of rotation, we have the initial-boundary value
problemin 2 x t ={(r,p)|[R1 <r <R,0< ¢ <2m,t >0}
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where a2 = %, h; = ‘%, A — thermal conductivity coefficient; ¢ — heat capacity; p
material density; «; — heat transfer coefficient, Tyy = T,, + T4, T, temperature of

the metal entering the deformation zone, 7; — average increase in temperature in the
deformation zone (caused by metal deformation), 7. —temperature of the medium outside
the ring, T, — temperature inside the ring.

A quasi-steady temperature distribution is established if the roll speed is sufficiently
high, and the temperature is independent of time. Problem (2) reduces to the problem
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of determining the temperature in the ring Q2 = {(r, $)|R] <7 < R,0 < ¢ < 27}. And
the mathematical model for determining such a temperature is described by a stationary
heat conduction equation with inhomogeneous boundary conditions and heat exchange
conditions outside the ring, depending on the angular coordinate ¢. . Problem (2) can
be considered as a generalization of the one-dimensional finite element mathematical
model considered in the work [9] (Fig. 1).

Fig. 1. Radial cross-section of a cylindrical roll
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T(r,¢+2m)=T(r, ). (6)

Where k = %; & — degree of blackness; o — Stefan-Boltzmann constant. The solution
to the problem is reduced to the Hammerstein integral equation, where the kernel of the

equation is constructed based on the Green’s function.
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This allows the differential equation with boundary conditions to be transformed into
an integral equation, the solution of which is sought using iterations. The solution of
the integral Eq. (7) was found using the modified Newton method. The iterative process
was structured as follows

2
() = T / Gi(@, )it ()d — w1 (5),
0
27
1 (&) = 1 (&) + ur(8) — 4t f Gi(@, o€ brr ($)do,
0

The convergence of the solution was checked both by the deviation ||ex—1 | < |l&k|l,
where < 1, and by the norm of the difference of iterations ||u,—1 — u,|| < &. The number
of iterations depends on the accuracy required, but does not exceed 100 in this case.

3.2 Mathematical Models of the Temperature Field of Rolls During
the Production of Metal Strip Using Continuous Casting-Rolling Technology

According to the technology of manufacturing a strip in a roll crystallizer, liquid steel
enters the space between the moving rolls and, upon contact with them, crystallizes,
giving off its heat to the moving rolls, and then exits the space between the rolls in the
form of a solid strip (Fig. 2). The thickness of the latter is determined by the distance
between the rollers of the crystallizer, and the width is determined by the side walls of
the roller crystallizer, which can vary. The rollers of the crystallizer are made of heat-
resistant materials, for example, an alloy of copper with chromium in the form of hollow
cylinders for rolling aluminum strip [9], which rotate and are intensively cooled inside
by liquid [2].

The mathematical model of the heat exchange process during strip continuous
casting-rolling in the roll caliber of a rolling mill includes three components: 1) a model
of heat exchange of a part of the roll with the metal undergoing deformation, during
which heat of deformation is released; 2) a model of heat exchange of a part of the roll
with a liquid forcibly cooling it; 3) a model of heat exchange of a part of the roll with
the surrounding environment according to the Newton and Stefan-Boltzmann laws.

Next, we will consider a mathematical model of the thermal process of a roll in a
roller crystallizer, which has the form of a three-layer cylinder, in which one part of
the outer layer is in contact with the molten metal, and the other part of the outer layer
takes part in heat exchange with the surrounding environment, which has a temperature
T.. Heat is transferred to the second layer of the roll, which has perfect thermal contact
with the first, by thermal conductivity, and from it to the third layer also by thermal
conductivity. Determination of the temperature distribution 7T;(r, z, ¢,t) in a three-
layer cylinder of a roller crystallizer, where part of the outer layer under conditions of
perfect thermal contact perceives the heat flux from the molten metal and transfers it
to the next one. The inner layer of the roll, which has a constant temperature lower
than the outer layers, participates in heat exchange with the outer layers. The thermal
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process is described by a boundary value problem for the homogeneous heat conduction
equation in a cylindrical region with cyclically acting heat exchange conditions €2 x 7 :
O<r<r, O0<z<[,0<¢<2m, 0<t<ty}
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liquid state steel -

strip in solid state

Fig. 2. The scheme of the formation of the strip in the roll crystallizer

The physical model of the problem allows for the application of a radial averaging
operator to (8)—(13). This, in turn, leads to the appearance of an impedance-type boundary
condition at the interface between the two media. The algorithm then proceeds from the
last layer to the first using the finite element method [9].

4 Results

Numerical experiments were carried out based on the solutions of the problems. For
the numerical experiment, the thermophysical characteristics of steel grade 1.2365 were
taken, 7o = 300K- initial temperature, 7. = 300K— ambient temperature Ty, =
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900K,T,,, = 615K — the temperature of the metal being processed and the temperature
of the metal at the exit from the deformation zone, h; = % o] = IOOmlea oy = 150,,%(7
e=0.7,0 =6.67x 10_8mzv‘;<4 — Stefan-Boltzmann constant, R = 0.2mand Ry = 0.1m
— outer and inner radius of the ring.

Temperature, I&

Fig. 3. Temperature distribution obtained at t = 10 s in radial cross-section of a cylindrical roll

Figure 3, 4 describes the temperature state in the cross section of a steel cylindrical
roll that perceives heat within the range of the rotation angle change 0 < ¢ < ¢ and
within ¢9 < ¢ < 27 loses heat according to Newton’s and Stefan-Boltzmann’s laws 10
sec after the start of the rolling process.

Numerical calculations of the temperature distribution of the heat exchange process
during rolling are given in Table 1. It contains the results of temperature measurements
T, using the AXIOMET-6520 pyrometer and the results of the computational experiment
found from (3)-(6) Tm. A = |T, — T,,| — the modulus of the difference between the
results of temperature measurement using a pyrometer and the results of numerical
modeling on the roll surface, § = % 100% relative calculation error.

Table 1. Comparative results between numerical and
experimental analysis

¢.rad | Tn,K |TmK AK 8%
z 585 554 31 53
z 565 540 25 7.6
7 550 525 25 4.5
“ 565 535 30 5.3
z 570 540 30 5.3

(continued)



82 V. Lyashenko et al.

Table 1. (continued)

¢, rad Tn, K Tm, K ALK 38, %
2 610 578 32 5.2

S[}G f ! ! I | | |
4 Temperature, K

700

600 |
0 1 2 o, rad 4 5 6

Fig. 4. Temperature distributions obtained from curve 1 are from (8)—(14) for a steel roll; curve
2 « +» — the results of the natural experiment.

5 Conclusions

A physical and mathematical model of the temperature field of a hollow roll of a rolling
mill, which rotates around its axis with a constant angular velocity, has been constructed.
The constructed model describes the thermal process occurring during strip rolling using
traditional technology and takes into account the thermal interaction between the roll and
the strip. In the case of a quasi-steady temperature distribution, the mathematical model
of the thermal process in the hollow roll cross-section is described by a problem for the
heat conduction equation in a ring with inhomogeneous boundary conditions and heat
transfer conditions outside the ring, which depend on the angular coordinate. Integral
equations were used to solve this problem. The second part of the paper is devoted to
the study of the thermal process of rolls during the production of metal strip using the
continuous casting-rolling technology. A mathematical model of the temperature field of
acomplex system — a three-layer roll crystallizer during the production of metal strip with
perfect contact between roll layers with different thermophysical characteristics of the
layers has been constructed. Analysis of the model, namely a comparison of a series of
numerical and natural experiments, showed good agreement with the measured values.
The calculation error does not exceed 7%. The constructed mathematical model and
the method for constructing impedance conditions make it possible to obtain modeling
results close to real conditions, which is confirmed by experiments. Further research
will focus on using the data obtained from modeling the thermal behavior of the roller
and the ideal shape of the cast strip to control the thermal processes during rolling. The
results of this study provide a valuable theoretical basis for improving the design of
roller structures in the strip rolling and strip casting-rolling processes.
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Abstract. A highly efficient technology for the combustion of hard-to-burn agri-
cultural biomass with an annual regeneration cycle has been developed in Ukraine,
based on jet-vortex bio-heat generators. The technology enables the combustion of
sunflower, rapeseed, wheat, and corn processing residues of various dispersity and
with moisture content up to 40%. These heat generators, with capacities ranging
from 1.0 to 5.0 MW, have proven their efficiency and are already widely applied,
particularly for grain drying and building heating. The cost of thermal energy
produced in such bio-heat generators is 5—7 times lower compared to traditional
hydrocarbon-based sources. The objective of this study is to improve the envi-
ronmental performance of a 3 MW vortex heat generator by optimizing biomass
mixing and combustion processes through the application of numerical methods.

Numerical modeling of biomass particle mixing and combustion processes
in the vortex heat generator was performed using the finite volume method. The
obtained results revealed shortcomings in the combustion process within the flow
path of the existing generator design. The authors propose a novel structural
scheme, in which secondary air is supplied at an inclination to the axis of the
heat generator. Numerical investigations demonstrated that such an organization
of the combustion process reduces the velocity of combustible gas release from
biomass particles, enhances the mixing of combustible gases with secondary air,
and decreases nitrogen monoxide emissions by 22%.

Keywords: low-reactivity biofuel - numerical modeling - jet-vortex bio-heat
generator - energy and environmental performance of combustion processes

1 Introduction

The agro-technically available volume of biomass with an annual renewal cycle in
Ukraine amounts to 25-30 million tons per year, which is equivalent to more than 10
billion m3 of natural gas. This refers to biomass of agricultural origin, varying in particle
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size and moisture content up to 40%, which accumulates annually in large quantities
after the processing of corn, sunflower, wheat, rapeseed, etc., and is currently considered
as waste. For regions with developed agriculture, using such non-standardized biomass
as fuel is economically the most feasible.

The main problem in obtaining thermal energy from such biomass is that standard
heat-generating equipment designs do not ensure its efficient combustion. This prob-
lem has been addressed through the creation and implementation of original designs of
jet-vortex bioheat generators for continuous combustion of high-moisture biomass with
undefined particle size, moisture, and calorific value. High-quality energy and envi-
ronmental performance of the generators is achieved thanks to an automated biomass
dosing and combustion system based on artificial intelligence [1]. The energy efficiency
of these complexes is quite high; however, further improvement of the environmental
performance of combustion remains a very relevant task.

Itis proposed to solve this problem by improving both the design of the heat generator
and the processes of mixture formation and biomass combustion using modern 3-D
modeling technologies.

Thus, the aim of this work is to improve the environmental performance of a vor-
tex bioheat generator by optimizing the processes of mixture formation and biomass
combustion using numerical methods. To achieve this aim, the following tasks were
formulated:

— Analyze existing methodologies for numerical modeling of biomass combustion in
heat generators;

— Propose new design solutions and operational control approaches for heat generators
that can potentially enhance their efficiency and environmental performance;

— Conduct numerical studies and a comparative analysis of combustion processes in
existing and improved heat generator designs;

— Develop scientific and practical recommendations for improving the environmental
performance of the vortex bioheat generator.

2 Literature Review

Modern CFD modeling methods are increasingly being applied to the study of complex
thermo-physical and physico-chemical processes, including the combustion of solid
dispersed fuels and biomass. Achieving the highest possible model accuracy primarily
depends on the correct formulation of numerical studies and the consideration of features
that most significantly influence these processes. Verification of the model is crucial,
preferably through comparison with experimental results.

In [2], the authors investigated the combustion characteristics of biomass particles
in an industrial circulating fluidized bed (CFB) furnace. CFD modeling of individual
particles provided insight into the physical and chemical processes of granular flow
in the dilute and dense regions of the CFB furnace. A multiphysics coupled model of
solid-phase combustion on the grate and gas-phase combustion of biomass in small
chain-grate boilers was developed in [3]. The results demonstrated the possibility of sta-
bilizing temperature distribution in the furnace and reducing NOy emissions through the
redistribution of primary air supply. The study in [4] conducted numerical and exper-
imental investigations of co-firing brown coal and biomass in a 300 MW boiler. The
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findings showed that when biomass particles are sprayed in a fixed position at a given
proportion, NOy emissions from wheat, corn, and cotton straw are reduced.

Research on gasification of woody biomass in fluidized bed reactors is presented in
[5]. A comparative analysis of 2D and 3D modeling results indicated that both mod-
els show similar behavior of the fluidized bed motion; however, the relative error is
significantly lower in three-dimensional calculations.

Enhancing the efficiency of wood and agro-pellet combustion in boilers using numer-
ical modeling methods is discussed in [6]. The results indicate that the use of a combus-
tion intensifier can achieve a significant reduction in unburned pollutant emissions (CO
> 40% — > 30%), particulate emissions (28-56 mg/m3 at 10% O in dry flue gases),
and improved combustion efficiency (>2.6-3.7%).

The study in [7] focused on improving existing and developing innovative burner
devices for their effective integration into most existing boilers. Comparison of numerical
modeling results with experimental data showed satisfactory correlation and validated
the feasibility of using the chosen model for the burner—boiler system.

In [8], the thermal decomposition process of biomass was studied through numerical
modeling of its combustion in heat generators. The authors proposed a procedure con-
sisting of a static modeling phase to create algorithms (macrofunctions) and a dynamic
modeling phase where the CFD model is coupled with an external biomass decomposi-
tion model in the form of a user-defined function. The proposed approach was validated
on various cases and showed good agreement between calculations and experimental
data.

In [9], the authors proposed scaling up the pyrolysis of a single biomass particle
to particles of larger diameter and a higher number of particles. As particle size and
moisture content increased, the temperature difference between the particle surface and
center also increased, resulting in longer pyrolysis times.

The work in [10] utilized new experimental methods with high spatial and temporal
resolution, such as laser diagnostics, in combination with numerical modeling of physical
and chemical aspects of biomass conversion. The approach allowed for understanding
the link between transport phenomena, chemical kinetics, and physical transformation
at the single-particle scale, aiding in resolving issues related to emissions and efficiency
at larger scales.

The use of computer-based numerical modeling tools to enhance the efficiency of
hydrocarbon and alternative energy resource combustion is described in [11]. Equipment
modifications significantly reduced harmful atmospheric emissions and saved energy
resources during thermal and electrical energy production.

In [12], the biomass pyrolysis process was divided into three stages: water evapora-
tion, volatile release, and coke combustion. The results demonstrated that the numerical
model could accurately reproduce temperature, velocity, and composition variations in
a hot-water boiler with an accuracy of up to 20 K.

In[13], athree-dimensional CFD model was employed to analyze co-firing of biochar
and pulverized coal in blast furnaces, taking into account binary particle flow charac-
teristics. Results showed that adding biochar effectively increases the volume fraction
of high-temperature regions in the rolling channel, improves preheating, and enhances
combustion efficiency.
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Asnoted in [14], numerical modeling of biomass gasification in fluidized bed reactors
faces several challenges, including accurate modeling of the physical and chemical
processes involved and numerical stiffness of dense particle two-phase flow problems. It
was shown that changing the steam-to-biomass ratio in the range of 0.8—2.0 had minimal
impact on pyrolysis and heterogeneous reactions, whereas homogeneous reactions were
significantly affected, altering the final gas composition.

A comprehensive review of various numerical models for pyrolysis, gasification,
and solid fuel combustion is provided in [15]. It is highlighted that 3D CFD can provide
detailed local and global information on the interaction of hydrodynamics, mixing, and
heterogeneous and homogeneous chemical reactions, even for complex systems such as
combustion chambers, gasifiers, or chemical reactors.

The review of available technologies and methods indicates that contemporary
research predominantly focuses on combustion processes at the level of an individ-
ual biomass particle, with the possibility of further scaling to groups of solid biomass
particles. Complex processes such as fuel preparation, pyrolysis, release of combustible
fractions, and interactions of turbulent and convective phenomena in the combustion
chamber during biomass burning are considered.

However, scaling numerical simulation results from single-particle biomass combus-
tion to multiple particles, their interactions with each other and with gas and air flows,
as well as detailed analysis of the release of individual combustible gas components
and complex heat transfer processes during solid biomass combustion, remain insuffi-
ciently studied. A detailed investigation of these issues will improve the accuracy and
informativeness of numerical modeling results in studying solid biomass combustion
processes.

3 Materials and Methods

Considering the authors’ previous research [1, 11] along with international experience,
this study employs the following algorithm to perform numerical investigations of the
combustion processes of annually renewable biomass (Fig. 1).

It should be noted that, in the course of numerical modeling, experimental data on
the physicochemical properties and calorific value of actual biofuels were utilized. The
determination of calorific value was carried out in accordance with ISO 1716:2019,
while their main physicochemical properties were established in accordance with ISO
18134-3 and ISO 1928-76. The computational model employed was verified by com-
paring the values of the main indicators of the biomass combustion process obtained
through numerical simulations with the measurements taken during industrial tests of
the developed jet-vortex heat generator with capacity of a 3 MW.

For a comparative computational study using numerical methods implemented in
modern CFD software packages, an investigation was conducted into the processes of
mixing, combustion, and the formation of toxic components in the flow section of a
vortex heat generator.

The main features of the CFD model used in this work include the consideration
of the unsteady process of combustible gas release from biomass particles, taking into
account their gradual heating; and the tracking of biomass particle trajectories with
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Fig. 1. Flowchart of the numerical study procedure.

respect to their size (the initial particle size was specified based on experimental data
and recommendations from other authors).

The configuration (Fig. 2a) is based on a cyclone-type combustion chamber featuring
a lower tangential injection of biofuel and primary air, along with an additional control-
lable tangential supply of secondary air. Tangential injection of the fuel-air mixture
prolongs the residence time of fuel particles within the combustion zone by increasing
their trajectory length, thereby significantly enhancing the completeness of biofuel com-
bustion. The tangential supply of secondary air promotes improved mixing between fuel
particles and the oxidizer and ensures the provision of sufficient oxygen for the complete
and environmentally compliant combustion of low-reactivity solid fuels.

The combustion chamber of the heat generator is divided into three main zones. In
Zone 1, primary air enters from below through openings in the lower horizontal wall,
while the biomass—air mixture is injected tangentially. Zone 2 serves as the primary
combustion zone, and Zone 3 allows for tangentially controlled injection of secondary
air. This configuration enables partial oxidizer deficiency in Zone 2, promoting partial
thermal decomposition of fuel components, which are then fully combusted in Zone 3.
This approach is particularly effective for handling large, high-moisture particles.

The flow section of the jet—vortex heat generator, modeled in a CAD system in
3D, is shown in Fig. 2b. A computational mesh of this flow section was then gener-
ated for numerical simulation of mixture formation, combustion, and the production of
combustion products, including pollutants (Fig. 2c).

Calculations were carried out using the finite volume method. To capture near-wall
effects in the working fluid flow within the vortex heat generator, the computational mesh
was refined in regions with abrupt geometric changes and near solid boundaries. For
subsequent simulations, the third-level mesh of the computational domain was selected
(Fig. 2c), containing over 3.8 million cells.

The energy and environmental performance of low-reactivity fuels, such as untreated
biomass, is influenced by several factors, including combustion chamber design, the
supply of air and biomass to the combustion zone, and the fuel’s thermophysical prop-
erties, moisture content, and particle size distribution. The air excess ratio also affects
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Fig. 2. Schematic (a), flow section geometry (b), and computational mesh (c) of the vortex heat
generator.

combustion kinetics. These factors determine the occurrence and duration of key com-
bustion stages—biomass drying and heating to the volatile release temperature, igni-
tion and combustion of volatiles, char heating to ignition, and subsequent char volatile
combustion—and ultimately govern overall energy and environmental performance.

Insufficient oxidizer leads to thermal decomposition and the formation of interme-
diate combustion products. The residual carbon after volatile release is highly porous
and reactive, and moisture released during preliminary drying may promote steam or
steam—oxygen conversion of carbon and hydrocarbons. For numerical modeling, aver-
aged properties of actual biomass used in bio-heat generators were considered: lower
heating value 18.5 MJ/kg, moisture 15%, and density 250 kg/m°.

A critical factor influencing combustion efficiency and environmental performance is
the density of the fuel bed. Higher fuel bed density shortens ignition time and accelerates
particle combustion by reducing inter-particle distance and ensuring sufficient oxidizer,
thereby increasing fuel burnout and reducing pollutant formation in the flue gases.

Assessing fuel steam density during biomass combustion requires studying indi-
vidual particle motion and interactions. This enables identification of the flame shape
and zones of incomplete combustion, supporting improved efficiency and environmental
performance of low-reactivity biomass in vortex bio-heat generators. Numerical mod-
eling should also consider particle size distribution, initial moisture, and the formation
of residual carbon and ash.

4 Results and Discussion

Numerical analysis of biomass particle and gas trajectories in the combustion chamber
suggested an improved vortex heat generator design. Two additional tangential secondary
air channels, inclined slightly rather than perpendicular to the reactor axis (Fig. 3),
promote higher particle trajectories, enhancing thermal decomposition and complete
combustion.

All subsequent numerical simulation results and their comparisons are presented for
two configurations: the existing bio-heat generator design (Fig. 2) and the improved
design with additional secondary air introduced at an angle to the horizontal plane of
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Fig. 4. Comparative flame and gas temperature distributions.

the combustion chamber (Fig. 3). In all simulations, the air excess ratio was set at
1.5. Figure 4 shows comparative results of flame and gas temperature distributions in
a vertical cross-section of the flow part for both the existing and improved bio-heat
generator configurations.

For the existing design (Fig. 4a), the maximum gas and flame temperature reaches
975 °C in the central part of the vortex heat generator. This is due to excess air, where
some of the heat is consumed in warming air that does not participate in combustion.

For the improved design (Fig. 4b), the maximum gas and flame temperature reaches
1200 °C in the central part of the vortex heat generator. Direct supply of secondary air
to the combustion zone allows combustible gases (C,Hp,, H2, CO) from biomass to mix
more efficiently, enhancing combustion.

Figure 5 compares biomass particle size distribution and trajectories. In the improved
design (Fig. 5b), particles rise only up to 2-2.5 m and release combustible gases within
this region. In the existing design (Fig. 5a), particles rise higher and release gases over
a longer period. This promotes higher fuel burnout and reduces tar deposition on heat-
exchange surfaces.

The comparison of nitrogen monoxide (NO) mass fraction distribution is shown in
Fig. 6. In the existing design (Fig. 6a), the maximum NO mass fraction occurs in the
central part of the vortex heat generator, with MF(NO) = 4.48 x 107°. In the improved
design (Fig. 6b), the maximum NO mass fraction is observed in the upper part of the
vortex heat generator, and NO emissions are significantly lower than in the existing con-
figuration, at MF(NO) = 2.66 x 10, due to enhanced combustion and more complete
fuel burnout.

Comparative of the distribution of mass fraction of combustible gases in the process
of their exit from biomass is shown in Fig. 7. For the existing design (Fig. 7a) the exit of
combustibles is observed in the lower part of the heat generator. Further, the combustible
gases mix with air and burn at a lower speed and temperature. For the improved design
(Fig. 7b) the exit of combustibles is mainly noted in the central part of the heat generator.
Then the combustible gases mix with air and, evenly filling the volume of the flow part,
burn at an increased speed and temperature.
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Table 1. Summary of comparative study results

Design Parameter

configuration | gy temperature | Biomass particle | Mass fraction of | NO mass fraction
of heat generator, |rise height, m combustible
°C gases

Existing 700 1.9 1,1e-10 3,6e-10

design

Improved 710 2,7 8,7e-09 2,06e-08

design

Table 1 summarizes the comparative study results. Modern 3-D modeling enables

detailed analysis of complex processes, such as biomass mixing and combustion in the
vortex heat generator. The improved design shows better environmental performance
and lower unburned gas fractions, especially at higher air excess ratios.
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Modifying the secondary air supply with two additional inclined channels reduces
aerodynamic resistance for biomass particles and extends the height over which com-
bustible gases are released. This improves mixing and combustion, lowering flue gas
emissions. As a result, NO emissions decreased by 22%, with local values along the
flow section nearly halved.

5 Conclusions

It has been proven that one of the ways to improve the results of numerical modeling
of dispersed biomass combustion processes is to take into account the influence on
combustion of the processes of mixture formation, movement and gasification of biomass
particles during their stay in the combustion zone.

The design of the heat generator with a thermal capacity of 3 MW has been improved
by changing the secondary air supply mode, which allows significantly increasing the
efficiency of biomass combustion and reduces of harmful emissions into the atmosphere.
Comparative analysis of the improved jet-vortex heat generator and its baseline design
confirmed that modernization—particularly optimizing secondary air supply—reduces
NO emissions by 22% and nearly halves local NO concentrations along the flow section.

Future studies should focus on optimizing mixing and additional air supply to
enhance large-particle burnout and reduce oil-containing residues, improving heat-
exchanger operation and reducing maintenance effort.
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Abstract. The article proposes a method for regulating the discharge of hydro-
gen (oxygen) from the gas separation system of an electrolyzer during continu-
ous operation of the electrolytic cell under pressure. The hydraulic diagram of a
membrane-less electrolyzer equipped with a controlled pressure regulating valve
is illustrated. This method allows for the safe discharge of hydrogen and oxy-
gen from the corresponding separators during the operation and maintenance of
the electrolysis system. A valve control model is proposed to maintain constant
pressure. A simulated model of deviations from ideal gas formation indicators
is presented, and the feasibility of the valve control model is verified. The paper
compares the efficiency and operating cycle of an electrolysis system with and
without constant pressure support. Using a simulation-based model, the results
demonstrate that although the average efficiency improvement is modest (from
71.3% without control to 72.8% with control), the benefits of regulation become
more pronounced under higher operating pressures and larger separator sizes.
These findings highlight that even incremental efficiency gains, when combined
with improved stability, safety, and gas quality, can have meaningful implications
for the design and scaling of electrolyzer systems.

Keywords: simulation modeling - control valve - pressure regulation - Alkaline
electrolyzer

1 Introduction

Green hydrogen is one of the main renewable energy sources. It is universal and can
be used across a wide range of industries, benefiting from its energy capacity, ability
to be stored and transported, and the level of decarbonization that can be achieved by
replacing fossil fuel resources with it.

According to the IEA report from July 2025, renewable energy sources account for
the largest share of the increase in total energy supply (38%), followed by natural gas
(28%), coal (15%), oil (11%), and nuclear energy (8%) [1]. Hydrogen review at the
same time states that while green hydrogen market is still 1% of hydrogen demand
due to costs and demand is still almost exclusively from established sectors (refining,
ammonia, methanol and fossil-based direct reduced iron [DRI]), there are fast-growing
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market for fuel cell electric vehicles, and in shipping, the fleet of ships able to use
hydrogen-based fuels is growing and offtake agreement activity has increased [2]. For
this reason, optimization of green hydrogen costs is currently a highly relevant issue.

Alkaline remains the leading technology, with 60% of the additions and the global
installed capacity [2]. At the same time techno-economic analysis show that efficiency
could vary between 58-70% [3]. The increase in efficiency is a key objective of this
research, as precise control of chamber pressure enables the electrolyzer to operate
under optimal conditions.

2 Literature Review

The growing demand for renewable energy sources has positioned green hydrogen as a
promising vector for achieving deep decarbonization across multiple industries [1-3].
Previous studies have examined designs, efficiency and enhancements for models of
water electrolyzers [4], with particular attention to PEM electrolyzers enhancements [5]
and alkaline electrolyzers enhancements using optimal operation parameters [6].
While numerous studies on alkaline systems focus on comprehensive reviews of
electrochemical processes and optimal operating parameters [7, 8], as well as the cost-
effectiveness of the technology in transport applications [9], integration with wind [10]
and solar [11] systems, and advances in cell material design [12], other research empha-
sizes the superior performance [13] and responsiveness of PEM technologies under
fluctuating loads [14], along with investigations into mass transfer optimization [15]
and degradation mechanisms with mitigation strategies [16]. These contrasting direc-
tions highlight a persistent gap: unlike PEM systems, alkaline electrolyzers have not
benefited from equivalent levels of design innovation and performance enhancement.
Despite significant usage of alkaline systems and parameter optimization works,
few studies have examined alkaline degradation, design of pressure handling in alkaline
systems and control tools for alkaline system as a main topic.
This gap provides the foundation for the present research, which seeks to develop a
robust tool for control of optimal pressure in an electrolysis cell.

3 Research Methodology

3.1 Research Design

This study adopts a theoretical and simulation-based research design to model the process
flow of hydrogen production via alkaline electrolysis with separator valve regulation
that designed to maintain steady pressure needed for efficient evolution of hydrogen.
The design was selected because it enables the integration of ideal laws of electrolysis
and mass transfer with existing experimental data from the literature which is used in
computational analysis to predict system performance under varying conditions.
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Fig. 1. Hydraulic diagram of a high-pressure membrane-less electrolyzer: 1 - electrolyzer cell;
2 - hydrogen separator; 3 - oxygen separator; 4 - residual gas separator; 5 - hydrogen storage
tank; 6 - oxygen storage tank; 7,8 - electrically operated needle valve; 9 - hydrogen half-cycle
solenoid valve; 10 - oxygen half-cycle solenoid valve; 11 - residual gas discharge solenoid valve;
12 - hydrogen feedback solenoid valve; 13 - oxygen feedback solenoid valve.

3.2 System Definition

To achieve optimal pressure parameters for alkaline electrolyzers and maintain them
during process of gas evolution was developed a design of the system with electrically
operated needle (Fig. 1) that regulates gas leak rate to gas containers.

The study was conducted by modeling a system with an electrically operated needle.
The system was modeled with a fixed temperature of 300K, a half-cycle duration of 30
min, a separator volume of 0.75 L each, and a current of 2500 amperes.

3.3 Control System and Model Inputs

As noted in [7], although hydrogen evolution is theoretically defined by Faraday’s law,
real values deviate from the ideal. The Faraday’s efficiency of an electrolyzer (the
ratio of actual to theoretical productivity) is influenced by several factors, including
overpotentials (where higher overpotential increases cell voltage and reduces overall
efficiency), bubble coverage (slow or inefficient detachment leads to electrode surface
blockage, decreasing the number of active reaction sites), and the reversible voltage (the
thermodynamic decomposition voltage).
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The bubble diameter and coverage rate decrease with increasing pressure, and the
resistance between the electrolyte and electrode plate, which is called the ohmic over-
potential, decreases. [7] demonstrated that the ohmic overpotential decreases slowly
with increasing pressure and then hardly changes. At the same time reversible voltage
increases when the pressure increases (but pressure has a smaller effect than temperature
where high-temperature electrolysis requires lower electrical energy).

The control system for the valves is designed to maintain optimal pressure once it
has been reached and sustain it until the end of gas generation during the corresponding
half-cycle. The primary objective of the control procedure is to keep the pressure at the
target value, which requires that the rate of gas leaving the separator chamber matches
the rate of gas production. For simplicity, during activation, the controller operates based
on the pressure defined by Fourier’s law (2) and the valve loss law (3), while effects such
as overpotential, bubble coverage, and reversible voltage are treated as errors (4) and are
randomized according to correlations reported in the literature.

F — Vs —error =0 (D)
am I-M
- — = (2)
dt n-F
dm
Vloss:E:Cd'A'p'V 3)
error = F - (1 — n(P)) @

Thus, the regulating parameter for maintaining constant pressure is the size of the
valve, which is determined as the difference between the opening required to release
the produced hydrogen and the area required to handle underproduction (i.e., the size
required to compensate for the underproduced gas compared to the ideal state) (5).
The equations for the size of the opening for the release of produced hydrogen (6) and
compensation for underproduction (7) are determined by the valve loss law (3).

A =Ap — Acrror &)

py— ©)
F=ca- PV
error

Aermr: Cd,OV (7)

3.4 Data Analysis and Validation

The efficiency of the system is simulated based on the data from Article 7 and the
corresponding approximation shown in Figure 2. For the sake of experiment efficiency
and its proximity to reality, the efficiency in modeling was taken with a random error
of 3%, which made it possible to simulate noise and simultaneously test the regulator’s
performance in its presence.
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Fig. 2. Approximation of the efficiency of an electrolysis system based on the pressure in the
system.

Validation is performed by comparing the pressure and efficiency of the process
without a pressure maintenance system and with a system that maintains optimal pres-
sure. An electrolyzer without pressure maintenance accumulates gas during production
until the pressure in the separator reaches an acceptable level (which is significantly
higher than the optimal level; in this example, a limit of 20 atmospheres is used), after
which the pressure in the system is completely released. The process is repeated until
the half-cycle is complete.

4 Results and Discussion

The results of the study are shown in Figs. 3 and 4, which illustrate the change in pressure
in the electrolyzer and the efficiency of the system with and without a control valve. The
results show that this control option can achieve the desired results. Although the average
efficiency remains relatively the same—71.3% when using the model without control
and 72.8% with control—the difference increases with an increase in configuration
parameters such as maximum working pressure or separator size. It is also worth noting
that with this type of regulation, we obtain a more stable gas flow, which reduces the
likelihood of entrainment with electrolyte turbulence and, as aresult, increases the quality
of the gas obtained. In addition, the constant and regulated output of the gas obtained
allows for predictable and safer filling of gas tanks.
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Observation Tracking Over Time
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Fig. 3. Comparison of changes in the pressure of an electrolyzer with constant pressure (orange
solid line) and an electrolyzer without constant pressure control (blue dotted line)
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5 Conclusions

This study examined the possible effect of incorporating a control valve into an alkaline
electrolyzer system, with particular focus on pressure regulation, efficiency, and gas
quality. The results obtained using imitational model demonstrate that while the average
efficiency improvement is modest rising from 71.3% without control to 72.8% with con-
trol the advantages of regulation become more evident under higher operating pressures
and larger separator sizes. The results of operation under noisy conditions indicate that
the valve-based loss-speed adjustment approach provides a robust solution that does not
require the continuous tuning and regulation typically associated with PID controllers.

In addition to efficiency, the implementation of a control valve significantly enhanced
operational stability. The stabilization of gas flow reduced the likelihood of electrolyte
entrainment, thereby improving the purity of the produced hydrogen. Furthermore, the
consistent and predictable output achieved with regulation supports safer and more
reliable hydrogen storage, especially in the filling of pressurized tanks.

Overall, the findings highlight that even small improvements in efficiency, when cou-
pled with gains in system stability, purity, and safety, can have meaningful implications
for the design and operation of electrolyzer systems. Future work should extend this
analysis to larger-scale configurations and evaluate long-term operational performance
to fully assess the benefits of control strategies in industrial applications.
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Abstract. Correct prediction of cryogenic hydrogen system parameters during
the chill-down stage plays a key role in ensuring its safety. During the chill-down
process with liquid hydrogen, significant thermal loads occur on the structure,
there is a risk of excessive pressure, flow instability, pulsations, and cavitation in
pumps. The complexity of modeling the non-stationary cryogenic system chill-
down process is associated not only with flow heterogeneity and the phase change
of hydrogen from liquid through vapor-liquid to vapor, but also with the pos-
sibility of unstable flows with large-amplitude pulsations. Numerical modeling
of such complex processes in the most complete formulation is hardly feasible.
The paper presents quasi-stationary model of the chill-down process of cryogenic
hydrogen systems and key assumptions. Based on the main equations of heteroge-
neous media mechanics, the corresponding thermohydraulic processes in a boiling
hydrogen flow of variable structure are taken into account in this paper. The con-
ceptual model of the chill-down process, features of modeling thermohydraulic
processes, aspects of accounting for unsteady thermal conductivity are consid-
ered. Based on the calculations results, the key parameters of the hydrogen system
chill-down at different moments in time were determined. The calculation results
are compared with experimental data.

Keywords: Chill-Down - Hydrogen System - Modeling

1 Introduction

Filling a cryogenic system with hydrogen while cooling the structure to operating tem-
peratures is a standard step in preparing it for operation. The significant temperature
difference between the flow and the system components results in high thermal loads
on structural materials, as well as the risk of excessively high pressures and flow pul-
sations. Eliminating such conditions during the chill-down of a cryogenic hydrogen
system is critical to ensuring its safety. This, along with the need to reduce hydrogen
consumption during system preparation, makes mathematical modeling of the chill-
down process advisable. Solving this problem requires a reliable description not only of
the set of interrelated thermohydraulic processes under varying heat transfer conditions,
phase transitions, and flow structure in the two-phase state, but also of critical phenom-
ena. Additional complications arise from the fact that the unsteady process caused by
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wall temperature variation often occurs in an extended cryogenic system that includes
components of different designs and masses.

Numerical modeling of such processes is a complex task, and a fully comprehensive
formulation is hardly practical, both due to the challenges of describing conjugate heat
transfer and the substantial computational resources required. This work presents a one-
dimensional quasi-stationary model of the chill-down process in cryogenic systems. The
thermohydraulic processes are modeled using classical approaches of heat and mass
transfer theory, as well as the mechanics of continuous and heterogeneous media. In this
model, variations in the temperature of system components and in the flow parameters
within the channel, resulting from hydraulic losses and unsteady heat exchange with the
walls, are taken into account.

2 Literature Review

Due to its environmental friendliness and high specific calorific value, hydrogen is one
of the most in-demand fuels. For aerospace systems, its storage and use in liquid form
(LH?2) is preferable. This applies both to rocket and space technology [1] and to aviation
systems, including onboard aircraft [2] and ground-based airport facilities [3].

The filling of any cryogenic system with liquid hydrogen is an essential step in its
preparation for operation and is accompanied by cooling of the structure to operating
temperatures. Under unfavorable initial conditions, this process may lead to unaccept-
ably high pressures and flow pulsations. The hazards associated with these phenomena,
together with the need to minimize hydrogen consumption during chill-down within
limited time constraints, have sustained research interest in this process for more than
80 years.

Despite this, due to the complexities mentioned above, a reliable and sufficiently
universal method for calculating the complete chill-down process of cryogenic systems
with various geometries, across a wide range of operating conditions, and for different
cryogenic liquids, has not been developed yet [4]. At the same time, numerous models
of varying levels of detail, often aimed at specific tasks and investigating the influence of
individual factors, have been proposed. These calculations utilize both modern software
and custom-developed programs. For example, in the single-liquid model presented by
the authors [4], a significant effect of two-phase sound speed correlations on the chill-
down process was demonstrated, while the thermal resistance of the wall material was
neglected.

CFD modeling remains the traditional tool for describing heat transfer and fluid
and gas dynamics in flows. For example, the authors [5] attempted to simulate the
three-dimensional fluid-structural interaction and thermal analysis of a large diameter
horizontal cryogenic transfer line using ANSYS Fluent. For the analysis of the chill-
down process, [6] proposed the use of a VOF model coupled with the Lee model of
phase change and k- turbulence model. The authors [7] obtained results of acceptable
accuracy for nitrogen using a Mixture model with the SST k-o turbulence model, where
the effective wall heat flux was described by Chen’s model. The problem was solved for
a section of an insulated pipe.

In [8], the chill-down process for LCH4 was modeled using a non-equilibrium two-
phase model in SINDA/FLUINT. EcosimPro software was applied for the analysis of
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various experimental data on the chill-down of hydrogen cryogenic systems [9]. How-
ever, the authors noted that EcosimPro software is not able to correctly simulate the
chill-down, which indicates the need to refine both the correlations and the calculation
procedure.

A cryogenic system often consists of pipelines of considerable length, which allows
the use of a one-dimensional chill-down model for calculations. The authors [10] pro-
posed a one-dimensional equilibrium model for calculating the chill-down time of a
hydrogen supply cryogenic system. However, it was noted in [10] that the model tends
to overestimate the chill-down time in most cases compared to experimental data.

The chill-down time of any cryogenic system depends not only on the type and flow
rate of the cryogenic fluid, its parameters, and the properties of system components, but
also on the configuration of the pipelines. In the experimental study [7], the chill-down
process was found to be highly sensitive to the orientation of the pipelines. Results of
modern experiments on the chill-down of hydrogen cryogenic systems and their analysis
are also presented in [9].

Due to the complexity of experiments with LH2, in some cases LN2 is used as a
model fluid [11]. Results from nitrogen experiments are also used to validate chill-down
models for hydrogen systems [12]. This is explained by the fact that the mechanisms and
stages of chill-down for LH2 and LN2, as well as for LCH4 and LO2, are similar, and
the governing equations generally differ only in the coefficients. Typically, determining
these coefficients is one of the key stages of the study.

Studies of the chill-down process of cryogenic systems using LCH4 and LO2 as
components of spacecraft fuel [8, 13] show the same features and challenges as those
encountered with LH2. Correlations developed for other cryogenic liquids introduce
additional errors, which often exceed 100% [8]; therefore, in each specific study, the
coefficients and correlations must be refined. In some cases, a simulant fluid is used. For
example, in the study of a two-phase cooling system on board the International Space
Station, the simulant fluid PF-5060 was used [14].

Correlations for heat transfer during the boiling of cryogenic liquids remain a subject
of discussion, particularly in the case of two-phase flow, as well as for the identification
of flow regimes in such flows. The adequacy of the boiling heat transfer description sig-
nificantly affects the accuracy of chill-down process calculations. Moreover, all stages of
this heat transfer are important. In the initial stage, the chill-down of a cryogenic system
occurs under film boiling of the subcooled liquid. As the wall temperature decreases,
the process passes through the Leidenfrost temperature with a minimum heat flux, fol-
lowed by the transition boiling regime and then nucleate boiling. In [4, 15], a review of
the most well-known empirical correlations for calculating characteristic parameters on
the boiling curve such as the Leidenfrost temperature, minimum heat flux, and critical
heat flux was presented. However, the calculation results based on these formulas show
considerable dispersion. The same conclusion is reported in [8]. For many widely used
correlations, the error exceeds 100%. In [16], an attempt was made to develop a uni-
versal relation for determining the critical heat flux, applicable to various liquids and
conditions. However, this has not been realized yet, partly due to the insufficient amount
of experimental data.
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Thus, despite numerous studies on the cryogenic systems’ chill-down process, ques-
tions still exist about choosing the right mathematical model, including boiling heat
transfer conditions, the critical flow regimes of variable-phase flows, the structure of
two-phase flow in channels of different orientations, and unsteady heat conduction in
system components, especially those with large mass such as pumps, heat exchangers,
and valves. This work discusses approaches to address these issues.

3 Research Methodology

Most hydrogen cryogenic systems, especially in aerospace applications, are character-
ized by significant length, which allows the use of a one-dimensional model of the
chill-down process with parameters varying along the channel. A hydraulic approxima-
tion is used for the flow, where its parameters are assumed to be uniform across the
cross-section. Possible non-uniformity of the vapor-liquid flow due to gravity can be
taken into account by using additional phase characteristics determined by the flow.

Safe chill-down modes are characterized by the absence of pressure pulsations in
the system. In this case, the parameters along the channel change monotonically, and it
is reasonable to use a quasi-stationary process model in which the mass flow rate is the
same in each section. Within the quasi-steady-state model, the chill-down process calcu-
lation is divided into two stages. In the first steady-state stage, with a fixed temperature
distribution in the cooled system and considering thermal-hydraulic processes, the flow
parameters and heat flux from the inner wall of the channel in each cell are determined.
The mass flow rate corresponding to the condition where the outlet pressure equals the
backpressure or reaches the critical pressure is also determined. Critical conditions are
determined taking into account the parameters and phase composition of the flow at the
channel outlet. In the non-steady-state stage, using the calculated heat flux values in the
cells, the change in the temperature of the structure in each cell over time is determined.
This takes into account the non-uniformity of temperature across the wall thickness due
to transient thermal conductivity. Then, taking into account the updated values of the
structure temperatures, the calculation cycle is repeated.

Atthe steady state stage, the flow parameters are determined sequentially in each cell,
taking into account hydraulic losses, including minor ones, heat fluxes from the wall, as
well as changes in the phase composition and flow regime. Within the framework of the
model used, the conservation of momentum of the flow is conveniently represented as
a function of the pressure gradient on factors determined by hydraulic losses, gravity,
changes in channel area, and the compressibility of the medium. In the general case,
for a two-speed, two-temperature vapor-liquid flow, assuming vapor equilibrium, the
equation has the form

dp 2 dpy 2 dpi
— U 1— Us| — —1
dz[“” V(dP>S+( Wil ap ).

2 dx 1 ) ,1dA
= X(UV - Ul)d—Z - Z[OlvPvUv + a;pUj ]d_z (1)
dp;\ dT; da ITzw .
2 2 2
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Mixture density

Pm = aypy + (1 —ay)pp 2
the volume vapor fraction of a flow is related to its other parameters by the equation

1

T L=l
I+ x p U

3)

ay

Here p is pressure, U is velocity, p is density, T is temperature, x is mass vapour fraction,
ris mass flow rate, A is cross-sectional area of the channel, [ | is perimeter of flow contact
with the wall, 7,, is shear stress, 6 is pipeline slope angle. Indexes /, v, s are liquid, vapor
and saturation state parameters, respectively.

One of the advantages of Eq. (1) is that it provides a mathematically defined expres-
sion for the condition of the occurrence of critical phenomena in the flow. In such cases,
the expression in the square brackets on the right-hand side tends to zero.

From Eq. (1), as special cases, follow the equations of motion for single-phase and
homogeneous flows. For example, the equation for the pressure gradient in a single-phase
steady-state flow of state j has the form

-1
Z—Z - [Al (rwnd - pﬂ]f%) + pjgsine].[uj? - (dpj/dp) — 1] 4)

The derivative of the density in the denominator is determined by the type of pro-
cess. For example, for an isentropic process, it is the inverse value of the square of the
equilibrium speed of sound.

For single-phase systems, classical approaches have been developed for determining
the coefficients of surface friction and heat transfer depending on the flow parameters and
channel geometry. In the case of a nonequilibrium multiphase flow, it can only be stated
the change in its total enthalpy is equal to the heat supplied from the walls. Changes in
other parameters depend not only on the conditions of interaction between the flow and
the enclosing walls but also on interphase interactions, including mass transfer.

Therefore, even within the framework of a two-speed, two-temperature model of
vapor-liquid flow, a rather rough schematization of the flow is required when describing
the exchange processes that determine the values of the shear stress on the channel wall,
as well as the corresponding derivatives 5—;, ‘Z—i’ and d(ZV in Eq. (1). The last derivative
most fully describes the structure (flow regime) of a two-phase flow, since it explicitly
contains the relationship between the volumetric and mass fractions of the phases. Its
determination can be made using semi-empirical dependences of the volumetric vapor
content on the influencing factors, which, unlike (3), implicitly account for the difference
in phase velocities. For well-studied liquids, corresponding flow regime maps can be
used. For hydrogen, such generalizations are generally lacking, and the equations are
quite individual. An example is the equation

Re: o p,(1—x)7""
ey, ® py( x)i| 5)

a,=|1+K

where
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Here o is surface tension, y, is vapor viscosity. Regardless of the approach used for
nonequilibrium two-phase flow, it is necessary to consider the heat transferred to each
phase. The heat supplied to the liquid during boiling is used to change its temperature
and heat the mass to the saturation temperature during the phase transition. Taking this
into account, the expression for the liquid’s temperature gradient is

all d
ar, |- -]

= 6
dz 1—x ©
The remaining heat is used to increase the vapor phase
d d
dx _ mdgw —ql], o

dz Yin

Here ¢,, is the average heat flux density over the perimeter, taking into account heat
transfer to the vapor phase; v is heat of phase transition, C, is the isobaric heat capacity
of a liquid The proportion of the wetted perimeter depends on the volumetric vapor
content and the structure of the vapor-liquid flow.

In the second stage, with the flow parameters, heat flux density, and initial temperature
state of the wall known in each cell, a new temperature state is determined after time
dz. In this case, the concept of a regular thermal regime takes into account the transient
thermal conductivity of the wall at a given flow temperature 7,,; and heat transfer
coefficient on the inner surface. In cell i, the average temperature T, corresponds to
the mass-averaged temperature T,;x, which is related to it by the relation

i = 2 ®)
Tinik

The coefficient @,,; is determined taking into account the shape, mass and

thermophysical properties of the structure, as well as the heat transfer coefficient.

4 Validation

An analysis of the literature shows that considerable attention has been paid to the
experimental study of chill-down processes in cryogenic systems [5, 7]. However, the
minimum information required for validating the chill-down model, such as detailed
system and component geometry, operating parameters, initial and boundary conditions,
and material properties, was found only by National Bureau of Standard, report 9264,
Brennan J.A. et al. Although these experiments were conducted quite a long time ago,
their results are still widely used in modern research [4, 17]. A comparison between the
experimental and calculated data is presented in Fig. 1.

In general, the calculation results are in good agreement with the experimental data.
The total chill-down time for any section of the pipe is determined with an error of only a
few seconds. The relative error in calculating the chill-down time does not exceed 10%.
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5 Results and Discussion

The calculations showed that chill-down completion corresponds to the stabilization of
hydrogen flow through the pipe (Fig. 2).

Changing the pipe wall material to stainless steel increases the chill-down time and
slightly reduces the pipe cooling rate (Fig. 3), as the thermal conductivity of stainless
steel is significantly lower. The cooling rate decreases even more with increasing wall
thickness, as the mass of the structure also increases.

9,0 0,09
8.0 L 0,08
7.0 L 0,07
6.0 L 0.06
50 2 - 0.05 5
54,0 . 0,045
3,0 1 L 0,03
2,0 L 0,02
1.0 L 0,01
0,0 0.00
0 20 40 60 80 100 120 140 160
T, S

Fig. 2. Calculation results of the hydrogen mass required for chill down (1) and hydrogen mass
flow rate (2). Pyyg = 2.45bar.



Specific Aspects of Modeling the Chill-Down Process of Cryogenic 109

280

240

3

M 200
g
:E: 160
= 2
& 120

80 1

40

0 30 60 90 120 150 180 210 240

TS

Fig. 3. Inner wall temperature calculation results, Pyg = 2.45bar; Sect. 2, z = 24.4 m; 1 — copper
with a wall thickness of 1.55 mm; 2 — stainless with a wall thickness of 1.55 mm; 3 — stainless
with a wall thickness 3.1mm.

6 Conclusions

A quasi-steady-state one-dimensional model of the chill-down process in a cryogenic
hydrogen system is proposed. This model makes it possible to determine the temperature
state of the structure and the flow parameters at any point in time and at any cross-
section of the sys-tem. Fundamental equations of heterogeneous media mechanics and
heat transfer theory are used to account for the main thermohydraulic processes in a
variable-structure boiling hydrogen flow, including critical flow. The proposed concept
of accounting for transient thermal conductivity allows the calculation of systems with
elements of arbitrary shape and large mass. The calculation results are in good agreement
with experimental data on the chill-down of a copper hydrogen pipeline. The proposed
model does not require significant computational resources and can be used for any
cryogenic fluids, as well as for analyzing static instability and modeling two-phase flow
in heated pipes.
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Abstract. The absorbing elements of the control and protection system in a
VVER-1000 nuclear reactor are essential for maintaining operational stability and
ensuring safe shutdown during emergencies. Their performance and reliability are
critically dependent on the structural integrity of the enclosing shells, which are
subjected to the combined effects of assembly welding and operational thermo-
mechanical loading. However, these factors may introduce stress concentrations
and structural weaknesses, particularly in the weld regions, posing a potential risk
to the long-term reliability of the system. Using finite element modeling of the
welding process and subsequent thermal-mechanical loading, the evolution of
stresses in the weld area was investigated. Additionally, brittle fracture resistance
was assessed through a postulated defect approach, enabling the determination of
quantitative strength parameters of the absorbing elements. The analysis revealed
that stress triaxiality in the weld zone results in the highest susceptibility to failure
in the subsurface region. These findings provide a foundation for refining proce-
dures for instrumental monitoring of the condition and reliability of the control
and protection system.

Keywords: absorbing elements - control and protection system - VVER-1000 -
welding - structural integrity - brittle strength - finite element analysis

1 Introduction

The safe and efficient operation of nuclear power plants relies heavily on the structural
integrity of critical reactor components. The control and protection system (CPS) is
central to this, ensuring power regulation, initiating reactor startup and shutdown, and
enabling rapid termination of the fission reaction in emergency scenarios [1]. A key com-
ponent of the CPS is the absorbing element (AE), which introduces neutron-absorbing
materials into the reactor core to maintain reactivity control [2, 3]. AEs are subjected to
complex stress states arising from residual stresses introduced during assembly welding
and from thermomechanical loading during operation [4]. These stresses are particularly
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concentrated in welded joints connecting the shell to the tip and cone, and their inter-
action can significantly affect the reliability and failure resistance of AE shell (Fig. 1)
[5]. Accurate prediction of these stress distributions is critical for assessing the risk of
brittle or fatigue failure and ensuring structural integrity. The AE consists of a thin-
walled cylindrical shell made of AISI 4340 alloy (outer diameter 8.2 mm, wall thickness
0.50-0.55 mm), hermetically sealed by arc welding of the tip and cone (Fig. 1), and
filled with neutron-absorbing material (e.g., B4C or Dy>,03 + TiO; in an aluminum
matrix) [5]. Internal pressure (—3 MPa) develops due to swelling and evaporation of the
absorber, while the reactor coolant imposes an external pressure of 16 MPa at 350 °C
during normal operation. Emergency conditions may involve a rapid decrease in exter-
nal pressure to atmospheric levels and cooling to room temperature. These three states,
namely, post-welding, normal operation, and emergency shutdown, define the loading
scenarios considered in this analysis.

S\ 2, weld/? 6 3 8 7 s
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85, ) 3000 -
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Fig. 1. Schematic design of AE of VVER-1000: 1 — cone; 2 — tip; 3 — shell; 4 — weighting
component; 5 — sleeve; 6 — nickel mesh; 7 — dysprosium titanate; 8 — boron carbide [5].

Existing engineering approaches applied in the design and assessment of CPS com-
ponents often rely on generalized or simplified methodologies that fail to account for the
complex, nonlinear evolution of stress fields arising after welding and during operational
loading [6, 7]. In many cases, these methods either assume predefined stress distributions
or neglect the localized stress state near welded joints entirely, compensating instead by
applying increased global safety factors [8, 9].

The objective of this work is to perform a numerical evaluation of the reliability of
AE shell components in the CPS of a VVER-1000 reactor, by modeling the stress—strain
evolution in assembly welding and subsequent operational loading conditions.

2 Finite-Element Procedure for Assessment of Stress-Strain
and Limiting States of Welded Absorbing Elements
in VVER-1000 Control and Protection System

The spatial heterogeneity and nonlinear behavior of the physical and mechanical pro-
cesses governing residual and operational stresses in AE components make simplified
analytical approaches insufficient. Additionally, the small size and complex geometry
of AE elements in the CPS limit the applicability of direct experimental stress measure-
ments. As a result, numerical simulation based on multiphysics mathematical modeling
and finite element methods (FEM) is a rational and effective approach.

This study focuses on the numerical prediction of temperature evolution and elas-
tic—plastic deformation using a non-stationary thermoplasticity framework [10]. The
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temperature field is modeled by solving the unsteady heat conduction equation, while
stress—strain evolution is addressed through a boundary value formulation of coupled
thermomechanical behavior. The incremental form of the strain tensor is expressed as:

e
dgij =d8U+d8§+5Ud8T (1)
where defj, dsZ., djj - der are the components of the increments strain tensor due to the
elastic mechanism, plasticity and the temperature field kinetics, respectively.

The increments of the strain tensor can be represented in the form of a superposition
of the increments of the corresponding components of the stress tensor [11]:

1 * *
Agij:\p.(g,j—sij.a)+5,-]-.(K.a+AsT)—ﬁ.(o,-j—a,-j-o) — (K -0)*,
2)

where the symbol “*” refers to the corresponding variable to the previous tracing step, ¥
is the function of the material state that determines the condition of plastic flow according
to the von Mises criterion, o is the average value of the normal components of the stress
tensor gy, i.6. 0 = (05 + 0gp + 07)/3, K = (1-2v)/[E, G = 0.5 E/(1 + v), E is Young’s
modulus, v is Poison ratio.

The determination of the function W is carried out by iteration at each step of the
numerical tracing by time or by load increment. The components of the stress tensor
satisfy the static equation for internal FEs and boundary conditions for surface ones.
The mathematical formulation of the coupled problem of temperature field evolution
and stress—strain state development was implemented using finite element analysis in
the “Weld Predictions’ software package [12]. Eight-node FEs were employed, with an
element size of 0.5 mm in the weld region, followed by exponential mesh coarsening
toward the periphery of the structure.

For proper interpretation of the calculated stress fields in the welded AEs at different
stages of operation, an analytical fracture assessment approach was applied. At each
node of the finite element mesh, a crack of some predefined size and geometry was
postulated based on its location: for surface nodes—a surface semi-elliptical crack; for
internal nodes—an embedded elliptical crack of the same size (Fig. 2).

The assessment of the limit state of the welded AE structure was carried out using
a two-parameter failure assessment diagram (FAD) for brittle—ductile fracture (Fig. 3),
described mathematically as follows [14]:

oy + oy

(1-0.14-12). [0.3 +0.7- exp<—0.65 : L?)], L, < 1 = T2

r =

0, if L, > L™
3
where K, = K1/Ky¢, L, = oef/oy, K1 is the stress intensity factor at a selected point along

the crack front, K. is the fracture toughness of the material, o, is the reference stress
near the defect; oy is the material yield strength, oy is the material ultimate strength.
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For numerical evaluation of the proximity of the postulated defect state to the failure
boundary, a safety factor n was introduced and defined as:

(1014 (n-1,)*]- {03407 exp[-0.65- (un-L,)°]}. if L, < L
0, if L, > L™

n-K,=

“4)

Fig. 2. Schemes of embedded (a) and surface (b) cracks [13].

The safety factor n is determined as the ratio of segment OB to segment OA, where
point A on the diagram (Fig. 3) corresponds to the current state of the structure with a
given crack, OB intersects FAD curve and marks the boundary of the allowable state.
The key parameters Ky and o,,s were calculated using analytical procedures along with
numerical results from FEA of spatial stress distributions in the weld zone [13]. The
expression for calculating K7y is given by:

KIZO'J"

.F 5
0 (5)

where o; is the tensile stress acting normal to the crack plane along its periphery, Q is
the crack shape factor, F is a correction factor accounting for boundary conditions.

Calculation of reference stresses o,y was carried out using the following relation
[14]:

1.5
ob+3~am~a+[(ab+3-om-a)2+9~a»%-[(1—“)2+MT'“}]

3 [(1—a? 4 4]

(6)

Oref =

where g, g;, are bending and membrane stress, respectively, d is a coefficient that reflects
the position of the crack in relation to the surface, a is a dimensionless coefficient that
reflects the ratio of the crack size to the wall thickness of the structure

The analytical expressions for o}, 03, 0,4, O, F, d and o for surface and embedded
cracks are defined in [13, 14]. For every FE, the minimum value of the safety factor
Nmin 18 determined, where minimization is carried out on the orientation of the crack.
The proposed approach for evaluating the allowability of postulated cracks enables an
analytical assessment of the brittle strength of welded AEs under design operational
conditions without introducing excessive conservatism into the expert conclusions.
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Fig. 3. Failure assessment diagram of the body with a crack

3 Results and Discussion

The developed computational model was used to analyze the stress—strain state and
brittle strength of AE components during assembly welding and subsequent operation.
Welding of the tip and cone to the shell was simulated using the next technological
parameters (voltage U, electric current /, welding speed v,,): for the tip U = 120 V, I =
20 A, vy, = 13 m/h; for the cone U = 10 V,I =30 A, v,, = 12 m/h.

Simulation results confirmed sufficient penetration and metallurgical bonding at the
cone—shell joint. The residual stress field is characterized by high tensile stresses in
the circumferential (o33 = 588 MPa, Fig. 4 a) and axial (o;; = 538 MPa, Fig. 4 a)
directions, while the radial stress (g, = 153 MPa) is significantly lower, indicating
biaxial stress conditions typical for cylindrical shells with girth welds. Compressive
stresses are observed on the outer surface, while the inner surface remains under tension.
Under normal operating conditions (P;, = 3 MPa, P,,; = 16 MPa, T = 350 °C), the
stress magnitudes decrease slightly due to reduced yield strength at elevated temperature
(ops = 526 MPa, o, = 473 MPa, o, = 146 MPa), as it could be seen in Fig. 4 b. In
contrast, during emergency shutdown (P,,; = 0 MPa, T = 20 °C), the lack of external
pressure compensation causes a significant stress increase in the shell wall (Fig. 4 c),
making this the most critical loading condition.

At the tip—shell joint, intense local melting ensures a strong metallurgical bond as
well. The residual stress field (Fig. 5 a) shows peak circumferential and axial stresses
in the subsurface zone, where strength degradation is most likely. Here, the stress state
becomes more triaxial (¢, = 330 MPa, o33 = 458 MPa, 0, = 454 MPa) due to geometry-
induced constraint effects. As with the cone—shell region, operational stresses decrease
moderately under normal conditions (Fig. 5 b) and rise sharply during emergency shut-
down mode (Fig. 5 c¢), where the absence of external pressure and increased material
strength at lower temperature elevate stress levels by over 90 MPa.

The selection of the postulated defect size is a critical factor in the quantitative analy-
sis of the limit state of welded structures. On the one hand, the defect dimensions should
not be smaller than the detection threshold of available instrumental non-destructive test-
ing methods; on the other hand, they must be sufficiently large to ensure a conservative
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assessment of structural integrity. Given that the wall thickness of AE shell is 0.5 mm,
this value was adopted as the minimum linear dimension of the elliptical embedded
crack along the minor axis 2a and the depth of the surface crack a. The corresponding
major axis 2c¢ was determined based on the assumed aspect ratio of 2a/2¢ = 0.3 [8],
resulting in defect dimensions of 2a x 2¢ = 0.5 x 1.67 mm.

To assess the performance of the welded joints, cone-shell and tip—shell, the influence
of irradiation on the material’s resistance to brittle fracture was taken into account.
According to [15], irradiation at a fluence of 12 dpa may reduce Kj. of the chromium-
nickel alloy by a factor of up to 3.66. Thus, while the initial fracture toughness of the AISI
4340 alloy was assumed to be 189 MPa-m!2, after irradiation, this value was reduced
to 51.6 MPa-m!/2,
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Fig. 4. Circumferential o4 and axial o stresses distribution in the region of cone-shell joint:
(a) —residual state after welding; (b) —normal operation conditions P, = 3 MPa, P,,; = 16 MPa,
T = 350 °C; (c) —emergency shutdown conditions Pj;, = 3 MPa, P,,; = 0 MPa, T = 20 °C.

As shown by the calculation results (Fig. 6 a, Fig. 7 a), the characteristic stress distri-
bution in the cone—shell welded joint determines the corresponding spatial distribution
of the minimum safety factor n,,;,, under both normal operating conditions and emer-
gency shutdown modes. The most critical defects are surface cracks located on the inner
surface of the AE. For these, the minimum safety factor under normal operation does



Numerical Assessment of Structural Integrity of Welded Absorbing Elements 119

not fall below n,,;, = 3.532, while under emergency shutdown conditions, it decreases
to nyin = 3.062. Embedded cracks are less critical: for normal operation, the minimum
safety factor reaches 3.663, and for emergency shutdown — 3.177.

High stress triaxiality in the region of the tip—shell welded joint results in specific
features of the structure’s susceptibility to brittle fracture. In particular, the relatively
low or compressive stresses near the surface lead to comparatively high values of the
minimum safety factor n,,;,: 6.471 under normal operational conditions and 4.789 during
emergency shutdown (Fig. 6 b). In contrast, the maximum stresses, and therefore the
lowest n,;,;, values, are associated with embedded postulated cracks (Fig. 7 b), for which
the minimum safety factor reaches 4.637 under normal operation and decreases to 3.958
under emergency shutdown.
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Fig. 5. Circumferential oz and axial oz stresses distribution in the region of tip-shell joint:
(a) —residual state after welding; (b) —normal operation conditions P, = 3 MPa, P,,; = 16 MPa,
T = 350 °C; (c) —emergency shutdown conditions Pj;, = 3 MPa, P,,; = 0 MPa, T = 20 °C.

Summarizing the results of the calculations on the brittle strength of the welded
joints, it can be concluded that the cone—shell welded joint represents the most critical
area in terms of potential loss of structural integrity due to brittle static fracture. This
is primarily attributed to the specific design features, particularly the presence of the
internal cavity in the weld region, which induces high tensile post-weld stresses along



120 O. Milenin et al.

the inner surface. As a result, a zone of reduced resistance to brittle fracture is formed
in this location.

In contrast, the tip—shell welded joint, being located within the solid section of the AE
structure, promotes more favorable stress distribution and is generally less susceptible
to brittle fracture. In this area, embedded defects represent the most critical threat to
structural integrity. These differences define specific requirements for flaw detection of
these welded joints during their technical diagnostics. As the analysis has shown, the
most dangerous zones are the hard-to-inspect areas of the structure, namely, the inner
surface of AE and the subsurface material regions. Even small cracks in these zones
can lead to a considerable reduction in load-bearing capacity under static loading and
in the presence of material property degradation. Therefore, a reliable assessment of
structural integrity of these elements must be based on thorough, high-resolution and
accurate non-destructive evaluation in critical areas of welded AE.
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Fig. 6. Distribution of the minimum brittle strength safety factor n,,;, along the surface of the
AE welded joints: (a) cone—shell joint; (b) tip—shell joint.
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Fig. 7. Distribution of the minimum brittle strength safety factor n,,, in the critical sections of
the AE welded joints: (a) cone—shell joint; (b) tip—shell joint.
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4 Conclusions

1. A comprehensive computational methodology was developed and applied to assess
the brittle strength of welded joints in the cross-section of AE of CRS, accounting
for post-weld residual stresses, complex loading scenarios, and realistic defect con-
figurations. The approach integrates spatial stress—strain analysis with the evaluation
of local fracture resistance through the minimum safety factor, enabling a detailed
comparison of defect criticality in different welded joints. This methodology ensures
a reliable prediction of structural performance under both normal and emergency
conditions and can be further used to support flaw tolerance assessments and inform
inspection planning for safety-critical components.

2. The thermally induced stress—strain state formed during welding of the cone to the AE
shell results in a biaxial stress distribution, dominated by circumferential and axial
stresses, that is typical for thick-walled pipe welds. In contrast, the weld at the tip—
shell joint lies within a solid section of the AE, leading to subsurface localization of
high post-weld stresses. Here, the radial stress component rises to levels comparable
with the axial and circumferential components, forming a triaxial stress state that
increases the risk of structural degradation in this region.

3. During operation, the overall stress distribution pattern remains, but maximum stress
values decrease due to material softening at the operating temperature of 350 °C.
This temperature-dependent reduction in yield strength promotes localized plastic
deformation and partial stress relaxation and redistribution. However, under emer-
gency shutdown conditions, when external pressure drops sharply and temperature
decreases, internal pressure becomes unbalanced, leading to a pronounced increase
in stresses in the AE shell. This creates the most critical loading scenario for welded
joints, heightening the risk of failure and reducing structural reliability.

4. The analysis of brittle strength in the welded joints of AE demonstrates that the
most unfavorable stress and safety factor distributions occur in the cone—shell joint,
especially near the inner surface. Surface cracks in this region lead to the lowest values
of the minimum safety factor: n,,;, = 3.532 under normal operating conditions and
Nmin = 3.062 during emergency shutdowns. In comparison, embedded cracks in this
joint are slightly less critical, with n,,;, values of 3.663 and 3.177, respectively. For the
“tip—shell” welded joint, the stress state is more favorable due to its location within
the solid section of the structure: surface cracks predetermine n,,;;, = 6.471 (normal)
and 4.789 (emergency), while embedded cracks result in n,,;, = 4.637 and 3.958.
These results confirm the dominant role of design geometry and stress triaxiality in
determining local resistance to brittle fracture.

5. Based on the identified areas of minimum safety factor and stress concentration,
the most dangerous defects are surface and embedded cracks located on the inner
surface of AE. These zones are difficult to access using conventional inspection
methods but critically affect the structure’s load-bearing capacity and fracture resis-
tance. Therefore, comprehensive and reliable non-destructive evaluation techniques
must be applied to monitor these hard-to-reach regions. The technical diagnostics
strategy should focus on detecting small surface-breaking and embedded flaws in the
cone—shell joint to ensure structural integrity under both operational and emergency
conditions.
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Abstract. Hybrid laminates combining carbon and glass fibres offer an attractive
balance of mechanical performance and cost, particularly in sectors such as auto-
motive and wind energy. However, incorporating multiple fibre types gives rise to
complex interfacial behaviours that must be thoroughly understood before these
materials can be used in structural applications. This study investigates the mode
I delamination behaviour of unidirectional carbon fibre laminate (CFL) compos-
ite, glass fibre laminate (GFL) composite and hybrid carbon—glass (HCG) fibre-
reinforced laminates. To isolate the contribution of fibre bridging, a fracture model
based on the Sgrensen approach was employed to quantify the bridging zone by
fitting energy release rates and opening displacements. Despite their intermediate
stiffness, the hybrid laminates exhibited the greatest resistance to crack propaga-
tion. This enhanced performance is attributed to the synergistic effect between
the rigid carbon fibres and the more flexible glass fibres, which increases both the
bridging stress and the end-opening of the bridging zone. The results emphasise
the importance of fibre bridging as a primary toughening mechanism in hybrid sys-
tems and demonstrate that hybridisation can be employed strategically to enhance
delamination resistance.

Keywords: Hybrid composite - Fibre bridging stress - Mode I delamination

1 Introduction

Fibre-reinforced polymer (FRP) laminates are widely used in industries requiring a com-
bination of high structural performance and low weight, such as aerospace, automotive,
and wind energy [1, 2]. While carbon fibre-reinforced composites (CFRPs) offer excep-
tional stiffness and strength, the high cost of the material and its processing can be
limiting, particularly for applications where cost is a key factor, such as the manufacture
of automotive structures and turbine blades [3-5]. Hybrid laminates combining carbon
and glass fibres have therefore been proposed as a cost-effective alternative, offering a
promising balance between mechanical performance and economic viability [6, 7].
However, using different types of reinforcement makes the mechanical response of
the laminate more complex, particularly with regard to failure modes such as delam-
ination [7, 8]. One of the most critical limitations of laminated composites is their
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low interlaminar toughness, caused by a lack of reinforcement throughout the material
thickness [9, 10]. This issue is further intensified at hybrid interfaces, where different
fibre/matrix interfacial strengths and stiffness mismatches can result in unpredictable
fracture behaviour. Although previous studies have demonstrated that hybridisation can
enhance delamination resistance via methods such as differential fibre surface treatments
and interfacial energy dissipation, some failure mechanisms remain unclear [11].

In mode I delamination, fibre bridging often forms behind the crack tip [12, 13]. This
can lead to an apparent increase in fracture toughness. However, this effect can obscure
the material intrinsic fracture resistance, as the energy absorbed by the bridging fibres
does not accurately reflect crack-tip toughness [14]. Therefore, accurate characterisation
requires that the contribution of bridging be distinguished from the baseline resistance
[15-17].

Due to the limited amount of literature addressing the mode I delamination behaviour
of hybrid carbon/glass laminates, particularly with regard to bridging mechanisms, this
study aims to model and quantify the effect of fibre bridging in hybrid composite systems.
By comparing the delamination behaviour of hybrid and non-hybrid laminates, this study
sheds light on the contribution of bridging to energy dissipation and the influence of
hybrid reinforcement strategies on crack propagation and interfacial performance.

2 Research Methodology

2.1 Materials

The laminates were manufactured using resin infusion in a rigid mould, resulting in a
final thickness of 3 mm. The epoxy matrix used was RTM6® (Hexcel), infused at 120
°C and cured at 180 °C for 240 min, in accordance with the manufacturer specifications.
The reinforcement consisted of unidirectional carbon and glass fibres, also supplied by
Hexcel. Carbon fibre laminates (CFL) were composed of carbon fibre/epoxy, glass fibre
laminates (GFL) were manufactured with glass fibre/epoxy, and hybrid carbon—glass
fibre (HCG) composites were made from a 50% combination of both fibres, i.e., carbon—
glass fibre/epoxy. To introduce a predefined delamination, a 13 pm thick fluoropolymer
film was embedded during layup to create an artificial crack front with a length of 50 mm.

The specimens were cut to final dimensions of 150 x 22 x 3 mm? using a high-speed
diamond cutting disc. Piano hinges were bonded on both specimen surfaces at the insert
region to enable the application of opening loads, following the double cantilever beam
(DCB) configuration described in ASTM D5528 [18].

2.2 Test Procedure

The tests were carried out using a universal MTS 810 servo hydraulic testing machine,
as illustrated in Fig. 1. The mode I crack opening configuration was applied using a 500
N load cell and a constant crosshead displacement rate of 1 mm/min.
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A camera was positioned to capture side-view images of the specimen every 5 s,
enabling crack length measurement and correlation with force and displacement data.

All testing and post-processing procedures were conducted in accordance with
ASTM D5528 [18].

mMmis 810 Material Test System

—h

Fig. 1. Illustration of test set-up.

3 Results and Discussions

3.1 Experimental R-curve

The load versus displacement and crack propagation curves are presented in Fig. 2,
which shows the average response from four repetitions for illustration purposes. As can
be seen, the carbon fibre laminate (CFL) exhibits greater stiffness, resulting in increased
instability during propagation. In contrast, the glass fibre laminate (GFL) showed lower
stiffness, requiring greater bending displacement of the arm to initiate crack growth.
This resulted in more stable propagation behaviour, eliminating the zig-zag instability
observed in the CFL specimens.

As expected, the hybrid laminate (HCG) exhibited intermediate behaviour, balanc-
ing the stiffness profile between the pure carbon and glass fibre laminates due to its
combination of reinforcement types.
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Fig. 2. Load vs displacement and crack propagation of mode I delamination test.

The modified beam theory (MBT) was carried out to calculate the strain energy
release required to propagate the crack in each laminate case. Figure 3 illustrates the
change in fracture toughness (Gyc) with crack growth (a—ap) across all three lami-
nate configurations. The results from the four repetitions for each condition overlap,
indicating a high level of repeatability.

A general trend across all curves is an increase in Gyc values along the crack length,
which is directly linked to fibre bridging formation. This phenomenon enhances the
material resistance to delamination until a saturation plateau is reached, which relates to
fibre bridging saturation [19, 20]. Further details on the fibre bridging effect are discussed
in the following section.

Unlike the intermediate behaviour observed in the load/displacement curves (Fig. 2)
results in Fig. 3 demonstrate that hybrid laminates (HCG) exhibit higher energy release
levels than carbon (CFL) and glass (GFL) fibre laminates. This behaviour is attributed to
the synergistic effect of the higher stiffness of carbon fibres combined with the greater
compliance of glass fibres, which results in an increased energy requirement for crack
propagation. The enhanced delamination resistance is also associated with the higher
interfacial strength of the carbon fibre/epoxy interface, as well as the improved ductility
promoted by organosilane treatments at the glass fibre/epoxy interface. This has been
detailed reported in previous work [21].
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Fig. 3. R-curve for all laminates.

3.2 Fibre Bridging Stress Modelling

In order to better understand whether the observed increase in strain energy in the hybrid
laminate is indeed associated with enhanced delamination resistance, considering the
previously discussed factors, and to evaluate the contribution of fibre bridging to this
effect, the model proposed by Sgrensen [22], was applied. This model estimates strain
energy using the J-integral method, as expressed in Eq. (1).

5

G, =Gy —i—f o (8")ds* (1)
0

where, G, is the fracture toughness (resistance curve), Gy is the zero-bridging strain

energy release, " is the end-opening in the fibre bridging zone.

By simplifying Eq. (1) and expressing it in terms of crack opening in the fibre-
bridging region, the experimental data were fitted using Eq. (2). In this case, the increase
in G, is related to the progressive opening displacement caused by crack extension.
Equation (3) defines the homogenised bridging stress function across the fracture surface,
quantifying the total bridging energy as the integral of the bridging stress as a function
of end-opening displacement curve [23].

s\ 172
G, = Go + (G, — G0)<8—;> (2)
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where, G is the saturation level of G and J; is the end-opening along the fibre bridging
zone (until maximal value of §).

Figure 4 shows the average fitted curves alongside the experimental variability, con-
sidering a 95% reliable interval based on Weibull formulation. The increase in strain
energy is attributed to the development of fibre bridging up to the saturation level. The
model fits the experimental data well, accurately capturing the expected trends in the
R-curve: the GFL laminate exhibits the lowest resistance, followed by the CFL laminate,
and the hybrid laminate (HCG) shows the greatest delamination resistance.
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Fig. 4. Crack growth resistance as a function of end-opening.

The fitted parameters extracted from Fig. 4 are summarised in Table 1. These include:
the strain energy release rate at zero bridging (Gy); the saturation energy level (Gy); the
maximum end-opening displacement (6”).

It is noteworthy that the Gy values for the non-hybrid laminates overlap within
the experimental variability. However, there are more pronounced differences in Gy,
indicating that fibre bridging plays a significant role in enhancing delamination resistance
for non-hybrid composites. Similarly, distinct maximum end-opening values (dp) are
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observed between the CFL and GFL laminates: carbon fibres tend to fracture at smaller

openings due to their higher stiffness, whereas glass fibres can tolerate larger openings
before failing.

Table 1. Parameters used to determine the fibre bridging stress curve

Laminate Gy [N/m] G, [N/m] 5" [mm)]

CFL 340 £ 20.172 460 =+ 20.172 1.215+£0.112
GFL 320 + 16.146 390 + 16.146 2.343 £ 0.056
HCG 420 + 29.734 540 =+ 29.734 1.758 £ 0.028

Even when accounting for sample variability, the hybrid laminate exhibited sig-
nificantly higher Gy and G values, confirming its superior delamination resistance.
Interestingly, the maximum bridging opening (6*) in the hybrid case was intermediate.
This suggests that while the carbon fibres probably fractured at similar opening levels to
those of the CFL laminate, the glass fibres permitted additional deformation, resulting
in an increase of fibre bridging zone compared with CFL, and an intermediate value
between both non-hybrids.

These findings confirm that the fibre bridging behaviour in the hybrid laminate is
indeed intermediate — Fig. 5. This is evident in the peak bridging stress (highlight 1), the
maximum end-opening (highlight 2), and the overall shape of the bridging stress curve.
As fibre bridging is characterised by the difference between the maximum and minimum
values of the resistance curve (G5 — Gy), the position of the R-curve is irrelevant; only
the difference in maximum and minimum energy is significant.

The results suggest that, in the hybrid laminate, bridging involves contributions
from both types of reinforcement: the carbon fibres increase resistance to crack opening,
and the glass fibres enlarge the bridging zone due to their greater allowable opening
displacement compared to the CFL laminate. As a final result, this increases the area
under the FB stress curve, which is related to the increase in the G values.

Fibre bridging arises from nesting effect, whereby unidirectional fibres are arranged
irregularly in the delamination region. This prevents clean separation and leaves some
fibres connected across the fractured interface. Given the presented bridging curves and
the higher stiffness of carbon fibres, their smaller diameter may promote denser nesting
and thereby increase their contribution to bridging. In contrast, the larger-diameter glass
fibres are less prone to nesting. The hybrid configuration may increase the likelihood of
smaller carbon fibres intercalating between the glass fibres, producing an intermediate
amount of bridging and, as a consequence, intermediate stress response with improved
bridging and delamination resistance.
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Fig. 5. Fibre bridging stress curve.

4 Conclusions

This study investigated the mode I delamination behaviour of carbon (CFL), glass (GFL)
and hybrid carbon-glass (HCG) fibre-reinforced epoxy laminates. The experimental
results revealed that, although CFL laminates exhibited high stiffness, they demonstrated
unstable crack growth. In contrast, GFL exhibited lower stiffness and more stable prop-
agation. The hybrid laminate showed an intermediate mechanical stiffness and superior
delamination resistance, as evidenced by its higher fracture toughness and shift of the
R-curve to higher values. This performance was attributed to the combined effects of the
higher interfacial strength of the carbon fibre/epoxy interface and the improved ductility
promoted by organosilane treatments at the glass fibre/epoxy.

Using the Sgrensen bridging model, the study quantified the contribution of fibre
bridging through key R-curve parameters. HCG laminates were found to consistently
exhibit increased bridging energy and a broader bridging zone, indicating a synergistic
interaction between the two fibre types. These results confirm that fibre bridging is a
key mechanism for energy dissipation, particularly in hybrid configurations, and that
tailoring the fibre architecture can significantly enhance the interlaminar toughness of
composite materials.
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Abstract. In this chapter the advanced mathematical means for computer simu-
lation of aerodynamic control systems of High Voltage Glow Discharge Electron
Guns (HVGDEG) current are described and analyzed. The structure of electro-
magnetic valve for automatic changing the gas pressure in discharge chamber is
presented and basic mathematical relations for simulation process of High Voltage
Glow Discharge (HVGD) current are given. The mechanical structure of elec-
tromagnetic valve (EV) is also presented and analyze if the gas flow has been
provided. Also advanced mathematical approach for analyzing such kind of aero-
dynamic control systems with using Finite Sequence Machines (FSM) Theory
and Fuzzy Logic (FL) are described and analyzed. Corresponding practical rec-
ommendation for designing and exploitation of such kind control systems are also
given.

Keywords: Electron Beam Technologies - High-Voltage Glow Discharge
(HVGD) - Aerodynamic Control System (ACS) - Electromagnetic Valve (EV) -
Finite Sequence Machines (FSM) Theory - Fuzzy-Logic (FL) - Membership
Function - Root-Polynomial Function (RPF)

1 Introduction

High Voltage Glow Discharge Electron Guns (HVGDEG) are widely used in industry
today for realizing different technological operations with direct heating of metals and
dielectrics in vacuum, including welding [1], deposition of ceramic films in mechanical
industry [2—-8] and microelectronics [9, 10], refining of refractory metals and ceramics

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2026
H. Altenbach et al. (Eds.): CAMPE 2025, LNME, pp. 133-159, 2026.
https://doi.org/10.1007/978-3-032-16381-3_14


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-032-16381-3_14&domain=pdf
http://orcid.org/0000-0003-0220-0615
http://orcid.org/0000-0001-7646-1979
http://orcid.org/0000-0002-4693-0364
http://orcid.org/0000-0001-7038-6955
https://doi.org/10.1007/978-3-032-16381-3_14

134 I. Melnyk et al.

[11-14], as well as three-dimensional printing by the metal in soft vacuum [15-18]. The
basic advantages of such kind of Electron Guns (EG) are simplicity of construction,
operation in the soft vacuum, range of 0.1-10 Pa, relative simplicity of repairing and put
into operation [19-32], as well as simplicity of control of EG current both aerodynami-
cally, by changing operation pressure [33-36], and electrically, by lighting in the guns’
volume additional low-voltage discharges [37—40].

Clear, that precision control of discharge current is really very important for providing
stable operation of HVGDEG as a part of technological equipment [33, 34]. Therefore,
further development of mathematical theory on this aspect is, really, very important
today. Today advanced researches in the field of elaboration and industrial application
of HVGDEG are provided in Scientific and Educational Laboratory of Electron Beam
Technological Devices of National Technical University of Ukraine “Igor Sikorsky Kyiv
Polytechnical Institute” [1-3, 19-21] and in AVIC Manufacturing Technology Institute,
Beijing, China [22-32].

Therefore, the aim of this chapter is considering the basic principles of simula-
tion technique for aerodynamic HVGDEG current control system. The Electromagnetic
Valve (EV), as the part of this system is considered both as separate element and as the
necessary part of aerodynamic control system (ACS) [33-36].

2 Statement of Problem

It is known fact, that the current-voltage characteristic of HVGDEG is described by
following relation:

16 = apgGUge. (D

where /g — the current of EG, U, — acceleration voltage, pgg — the pressure in the
discharge chamber, and a, m, n — are the semiempirical constant, depended on the sort
of gas, cathode material and the geometry of electrodes’ system. The coefficients m and
n in the relation (1) are lies in the range from 1 to 2 [41, 42].

Generally, it is clear that the aerodynamic method of controlling the current of
HVGDERQG is based on changing the current by the automatic or manual regulating of the
incoming gas flow into the EG chamber under the condition of its continuous pumping
[33, 34]. From the point of view of the physics of the system operation, this method is
due to the stepwise dependence of the discharge current on the gas pressure, which is
determined by the relationship (1).

Controlled gas flow into the EG chamber is carried out using an Electromagnetic
Valve (EV), which can operate both in manual and automatic modes of operation [33, 34].
However, the requirements for the stability of most technological processes of Electron-
Beam Technologies (EBT) require the use of automatic control systems with a small
control time constant [33, 34]. Therefore, in such conditions, automatic control systems
are really preferable [33, 34].
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3 Scheme of Analyzed Control System and Basic Construction
of Electromagnetic Valve

The functional model of a typical ACS of the HVGD current with EV is shown in Fig. 1
[33-36].

From the diagram, presented in Fig. 1, it is clear that the EG current sensor is a
low-impedance resistor 3, which is connected in series to the low-voltage power supply
section. The electromagnetic injector has a linear electromagnetic drive, which is rigidly
connected to the moving part of the dosing device. The injector operates in analog mode,
which ensures high stability and reliability of its operation. The electron gun is pumped
out, together with the technological chamber, continuously. The basic construction of
electromagnetic valve is presented in Fig. 2, and the structural diagram of the injector
dosing device is shown in Fig. 3 [35, 36].

12 <«

U T -

5 —

Inlet

Pa

11

Pumping
Pp > —— >

Fig. 1. Functional model of the aerodynamic automatic control system of the HVGDEG current.
1 — EG, 2 — beam guiding system, 3 — gun current sensor, 4 — high voltage power source, 5 — gas
injector with electromagnetic drive, 6 — injector dosing device, 7 — injector gas chamber, 8 —
channel for gas supply to the electron gun, 9 — vacuum chamber, 10 — vacuum line, 11 — vacuum
pump, 12 — electronic block of EV driving

The principle of operation of the presented in Fig. 1 ACS of EG current is as follows.
During the operation of the EG, the signal from the current sensor 3 is supplied to the
electronic control unit 4. Here, the input signal is compared with the specified reference
voltage, amplified, and the formed difference signal is supplied to the winding of the
electromagnetic injector. Thus, depending on the magnitude of the control signal, the
injector changes the gas flow into the electron gun chamber, which is continuously
pumped out. That is, as a result of the operation of the gas-dynamic control system, a
pressure is established in the electron gun chamber that corresponds to the set value of
the gun current.
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Fig. 2. Scheme of construction of EV. 1 —capsule, 2 —basis, 3 —inlet channel, 4 — electromagnetic
coil, 5 — elastic spring, 6 —rod, 7 — anchor, 8 — gate valve seat, 9 — controlled gap between anchor
and seat
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Fig. 3. Detailed scheme of construction of dosed item of EV and its’ constructive parameters

Main notifications in the Fig. 1 are as follows [33, 34]: p, — atmospheric pressure,
Dech — pressure in the technological chamber, p;, — pressure in the pumping means, Q;y
— input gas flow into EG, Qcpan — gas flow in the channel of guiding of EB, Q) — gas
flow in the pumping system, /. — control current for electronic block of driving EV, U,
— the voltage on EV. This notes will be used later in the mathematical model of control
system.

Despite the apparent simplicity of the considered control method, the inertia of gas-
dynamic processes of gas flow, as well as the inertia of actuators used, significantly
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worsens the quality of discharge current regulation, which limits the dynamic charac-
teristics of the control system and increases the control time constant [33, 34]. The
complexity of developing effective control systems significantly hinders the introduc-
tion into industry of promising HVGDEG, despite their significant advantages over
traditional EG with heated cathodes, as indicated above. The characteristics of ACS
can be significantly improved by selecting the optimal values of the parameters of the
gas pumping, gas supply system, and the settings of the electronic regulator, and also by
developing electromagnetic valves with appropriate gas-dynamic and electromechanical
characteristics. The solution of this complex scientific and technical problem is signifi-
cantly simplified with the use of computer modeling tools [33, 34]. The accurate search
for such dependencies is the subject of research in this work.

4 Generalized Mathematical Model of the Aerodynamic Current
Control Process for a High-Voltage Glow Discharge Electron
Gun

4.1 Basic Conception

During the formation of the mathematical model of the control system, shown in Fig. 1,
the gas-dynamic system of pumping out and letting in the gas has been considered as a
system with lumped parameters, and the volumes of the beam pipes and the release of
gas from the working surfaces were not taken into account. It was also assumed that the
speed of the vacuum pump 11 is a constant value in a wide range of operating pressures,
which is generally characteristic of the vacuum equipment used in modern electron-
beam equipment. The generalized mathematical model of the ACS for HVGDEG current
stabilization can be written in the form of a system of the following algebraic-differential
equations, including such important relations [33, 34, 43-45].

1. Electrical engineering equations that describe the current balance in the inductor
winding [46—48].

2. Equations of mechanics that describe the dynamics of the actuator [44, 45, 49].

3. Gas dynamics equations that describe the gas dynamic properties of the injector
dosing device depending on its geometric constructive parameters, which are shown
in Fig. 3 [50].

4. Vacuum engineering equations that describe the balance of gas flows in the considered
vacuum system [51, 52].

For the differential equations system that is being formed, the input parameter of the
model should be the control voltage on the inductor U, and the output parameter should
be the gun current I g, corresponding to structure diagram of ACS, presented in Fig. 1.

4.2 Simulation the Moving of Electromagnetic Valve Rod Using the Laws
of Classical Mechanics by Considering Forces Equilibrium

The dynamic of the electromagnetic drive of the direct-motion actuator is determined
by a set of two algebraic-differential equations, namely: the voltage balance equation
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in the electromagnet power supply circuit and the condition of mechanical equilibrium
of the actuator rod on the stress of the elastic spring 5. Under the condition of small
deviations, these equations are written by the laws of mechanics as follows [43—47]:

dAlI,
RAL +L, 2 = AU, @

d?Al,
dr?

nmy,

n
=Y AF; = AF, — AF; — AFy,
i=1

where R, L,, — active resistance and inductance of the inductor winding, I, and U, —
current and voltage on its winding, m,, — mass of the moving part of the inductor rod,
[, — coordinate that determines the position of the armature with the rod relative to the
valve seat, corresponding to Fig. 3, F, — traction force of the electromagnet, F's — spring
elasticity force, Fy — friction force.

The quantities AF,, AF, and AFy are calculated by the well-known relations [49]:

AF, = C,Al, AF; = Al,, 3)
dl,
AFyp = Conr

where C, is the slope of the traction characteristic of the electromagnet, Cj is the stiffness
coefficient of the spring, C, is the friction coefficient of the rod in the channel where it
moves.

4.3 Forming of Mathematical Model of Gas-Dynamic Pumping System

As can be seen from Fig. 3, the dosing device of the injector is a valve, the throughput
of which depends on the position of the anchor /, and on the values of the pressure at the
inlet of the dosing device elements P1, P>, P3 and P4. The corresponding mathematical
model is grounded on the basis of vacuum engineering equations [51, 52] and will be
given in the next subsection of the work. The mathematical model of the gas-dynamic
system of a EG with a pumping system can be written as a system of differential equations
that describe the conditions of the balance of gas flows in the discharge chamber of the
gun and in the technological chamber of the electron beam equipment. As can be seen
from Fig. 1, the main flows that determine the pressure in the discharge chamber of the
gun are the regulated gas flow Qg, which enters the gun through the injector and the
vacuum line, and the gas flow Q.pq,, Which is pumped out of the gun through the beam
line. Accordingly, the equation of the balance of gas flows in the discharge chamber of
the gun can be written in the form [51, 52]:

dpeG
VEc _d = QG — Ochans “4)
t
where VEg — volume of the gun discharge chamber, pgg — pressure in the discharge

chamber.
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The regulated gas flow into the discharge chamber Q¢ is determined according
to the basic equation of vacuum technology through the vacuum conductivity of the
channel through which the gas S, enters and through the pressure difference Py and Py,
according to Fig. 3, i.e. [51, 52]:

OrG = SEG(P1 — P4) = SEG(Pa — PEG)- )

Accordingly, the gas flow pumped out of the gun through the beam guiding pipe is
determined by the conductivity of the pipe and the pressure difference in the EG and in
the vacuum chamber of the EB installation, namely [51, 52]:

Ochan = SchanPEG — Deh)- (6)

Let one now consider the main gas flows that are components of Egs. (5, 6) and
through which the pressure in the vacuum chamber of the EB technological installation
is determined. According to Fig. 1, such flows are the flow that comes from the gun to
the vacuum chamber Qpq, and the flow O, which corresponds to the pumping of gas
from the chamber using a vacuum pump. According to this, the equation of the balance
of gas flows in the vacuum chamber of the technological installation can be written as
follows [51, 52]:

Ven deh = Qchan — st (7
dt
where V., — the volume of vacuum chamber.

The gas flow Q,, which corresponds to the pumping of gas from the technological
chamber, is proportional to the pumping speed S), and the pressure in the chamber p,, [51,
52]:

Qp = Sppch, (8)

and the pumping speed S, is determined by the speed of the vacuum pump S, and
the conductivity S, of the vacuum pipe connecting the pumping means to the vacuum
chamber through the corresponding relationship [51, 52]:
Lo + ! )
S, Sp S
In the turn, the speed of the vacuum pump S, is determined from the following
ratio [51, 52]:

Snzzsn(l-fﬁl>, (10)
Pch

where S, is the calculated value of the pump speed, p;, is the maximum possible pressure
in the pump. Usually, the parameters S, and p,, are given in the technical passport for
vacuum equipment or in the relevant vacuum technology reference books [51, 52]. Taking
into account the written relations (9, 10), formula (8) is rewritten as [51, 52]:

S8,
S+,

Qp (pch _pp)' (11)
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4.4 The Complete System of Algebraic-Differential Equations

Taking into account Eqgs. (1 — 11), one can write the complete system of algebraic-
differential system for process of aerodynamic control of HVDGEH as follows [33,
341

dl

R.I, +Lvd—t” =U,,
d?l, dl,
mvﬁ = C.I, — Cl, — CchE»
dpEc
VEG dr SEG - (a—EG) — Scn(EG—ch)» (12)
chh SvSp
v =S (pe—op) — ) — ).
ch dr ch - (EG—ch) S, + Sp (pch pp)
IgG = 'gGU;c'

In the case of numerical solving the set of Eqgs. (12), the output parameter of the
control object is the gun discharge current /gg. The main feature of this solving, from
a mathematical point of view, is the equation of the input gas flow S; = S,(#), which
describes the transient characteristic of the EV as a control element of the system. In
the works [33, 34], generalized methods of numerical solution of the system (12) in a
linear approximation were considered. To solve this problem, the Runge-Kutta method
has been used [53-59].

However, the main problems of the functioning of gas-dynamic current control sys-
tems due to pressure changes are caused precisely by the nonlinear nature of the system
(12). In particular, the selection of EV parameters and a stable control algorithm is asso-
ciated with the nonlinear nature of this dependence [35, 36]. The study of the generalized
dependence in the static mode for an open control system was considered in the works
[35, 36].

Corresponded graphic dependences, has been obtained by solving relations (12)
for different parameters of evacuation system and EV, are presented in the Fig. 4. It
is clear from this dependences, that in the case of unsuitable choosing of evacuation
system parameters and their discrepancy with the parameters of the electromagnetic
valve, an overshoot effect is observed with an increase in the HVGDEG current by 1.5 —
2 times. It has been shown in the papers [33, 34], that such regimes with overshoot can’t
provide the stable EG operation in the complex vacuum conditions of technological
installations by the reason of appearance and stimulation the arc breakdowns in HVGD
in such physical conditions. Obtained dependence of HVGDEG current on the time for
different EG volume are given in Fig. 4, a, and corresponding dependence for different
vacuum conductivity of the guiding channel S, in Fig. 4, b. Corresponding parameters
of EV for these simulation task are also given.

Finding the pressure values in the different parts of EV dose element construction,
which are presented in Fig. 3, is the subject of next part of the chapter. The numeri-
cal methods of solving optimization tasks are also used in this aspect [60, 61]. Other
method of electronic programable control of energetic parameters of intensive electron
beams in high-voltage accelerators, based on dosimetry microcomputer system, have
been proposed recently in the papers [62—65].
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Fig. 4. Dependences of gun current on the time for different gun volume (a) and vacuum con-
ductivity of the guiding channel (b), has been obtained directly by numerical solving the set of
algebraic-differential Egs. (12)

5 Simplified Analysis of the Operation of the Electron Gun Current
Control System Without Feedback in Static Mode

5.1 Basic Mathematical Relations

According to the above-considered generalized system of Eqs. (11), the operation of

an electromagnetic actuator in static mode can be described by the following simplified

system of equations, which is also based on the fundamental laws of mechanics [44, 45,
49] and electrodynamics [46—48]:

RyI, = U,y;

13

{Celv - 1,Cs=0. (13)

For the design of the EV injector dosing device, the constructive diagram of which is
shown in Fig. 3, one can easy to write in mathematical form the relationship between
the geometric design parameters as the following algebraical relations [35, 36]:

rn—r r3+r
hl:l"_a;bzhl"'h%"3=”1—0Ca;0L=arctg<1 2) 5

; = . (14
I s Tm 5 (14)

On the other hand, taking into account the set of Egs. (12), one can write the following
analytical expression [35, 36]:

a=b— UV—CL (15)
RVCS
On the basis of the general equations of vacuum technology, for calculating the
vacuum conductivity of the dosing device of the electromagnetic valve, the structural
diagram of which is shown in Fig. 3, the following analytical expressions have been
obtained in the works [35, 36]:

1,445 - 10*K (a)a> a?
G = Ka(a) = 5———,
In(r4) — In(aa) a>+ 0,001

},4
G; =1,088-10*-L,
h
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_ 2,72 - 103 4 4 (r12 — r,zn)
GQ—T(4(rl—rm)—m . (16)

Taking into account the given relations (16), the pressure on the constructive elements
of the dosing device can be directly determined as follows [35, 36]:

- G2 (pEG Gs+ I’GaIGJgZZ
Glpa G2
P;G|G
(Gs+Gz——G]fGZ> (PEGG3 + GIJ:G;)
Py = GG , P3 = o . (17
: ? <G3 + G2 — G1+G2)

According to these transformations, and taking into account the given relations (16,
17), the vacuum conductivity of the dosing device design of EV, given in Fig. 3, can be
determined using the basic equation of vacuum technology [51, 52]:

Py =pa; Uy = G1(P1 — P2); Uy = Gy(Py — P3); Us = G3(P3 — pEG);

U10,U3
Sy = ——————. (18)
Ui+ Uz + Us
Simulation of operation HVGDEG as a part of gas-dynamic control system with
electromagnetic valve as a control element has been provided using advanced mathe-
matical and graphic means of MATLAB system for scientific and technical calculations
[53-56]. Corresponded graphic dependences I,(U,) for different acceleration voltage
U, and operation pressure pg, have been obtained using relations (13 — 18), are pre-
sented at Fig. 5. For obtaining simulation results such parameters of electromagnetic
valve as control element have been choose.
Resistor for current, sensor: R, = 10 O;
Slope of the electromagnet push: C, = 1.2 kg/A;
Stiff coefficient of the spring: Cy = 0.9 N/m;
Geometry parameters of dosed items, presented at Fig. 3:
[=45mm, r; =0.8 mm, rp, = 2.3 mm, r4 = 1.6 mm.
Semiempirical coefficients in relation (1) have been chosen from experimental
researches and solving approximation task. Corresponded values are as follows: a, =
1-110° A/KV,m=13,n=1.7.
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Fig. 5. Obtained graphic dependences of EG current on the voltage in the coil of EV for different
values of acceleration voltage U, (a) and operation pressure in the chamber of EG (b): a — pgg
=4Pa,b-Ugz = 10kV

5.2 Discussion of Obtained Simulation Results

Basic Recommendations.

From the obtained computer simulation results presented in Fig. 4, it is clear that the
gas-dynamic control system can transmit into saturation mode. Therefore, when the
threshold voltage value on the solenoid of the control element U, is reached, the system
always transmits automatically to this mode, and, in this case, the rate of rise of the

electron gun current %’v is significantly reduced. Of course, when the control system
operates in this mode, gas-dynamic automatic control of the gun current by changing
the pressure becomes ineffective.

But, in any case, this type of control is very effective for regime of small and average
value of HVGD current, when the voltage on valve’s solenoid is in range of 0.1 — 0.5 V.
Generally, it is caused by the fact, that relation (1), which is described dependence
of HVGD current I, on operation pressure p, is power with small exponent value .
Namely by that reason dependence /,(U,), presented at Fig. 5, are generally slight and
haven’t outliers.

In work [33, 34] has been pointed out, that main disadvantage of ACS is high values of
time regulation constant. By this reason considered control systems with electromagnetic
valve can’t track short-time bursts of current in automatic mode of operation [33, 34]. In
this aspect electric control of beam power with firing additional low-voltage discharge
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and changing it current is more effective [33, 34] and mostly correspond to general
requirement to advanced electron beam technological equipment [33, 34]. But, in any
case, control of pressure in the HVGDEG chamber is always necessary, even in case of
using more precision electric control of beam power [38—40].

The obtained simulation results by the quality fully correspond to the experimen-
tal parameters of the developed aerodynamic control systems, and the quantitative
discrepancy between the calculated and experimental data did not exceed 15-20%.
Corresponding experimental data will be considered in the next section of this chapter.

Approximation of Transmission Characteristic of Control System in Static Mode
of Operation

For simplifying calculation of EG current different approaches for approximation for
approximation of experimental characteristics of gas-dynamic control systems has been
proposed and applied. For example, in the works [35, 36] has been proposed using of
Gauss error function [66, 67] for approximation the dependences with saturation, like
presented in Fig. 3. In such case corresponding analytical relation is written as follows
[35, 36]:

Uy
lgg = P16 ((B20)?) = % exp(—(B20)?) U, (19)
0

where 1 and B are the function parameters.

Also function (19) can be successfully used for approximation numerical data
obtained using relations (13 — 18) for acceleration the process of numerical solving
of sophisticated set of Egs. (12). Really, using approximation (19) except of multiple
calculations by the relations (13 — 18) give the significant improving for this numerical
algorithm.

Let consider the example of using approximation function (19) for such parameters
of control system of HVGDEG current: b = 0.02m, [, = 0.03m, r4 = 0.02m,
rnn=1-102mrmn=2-10"*m o = 103 rad, R, = 10 O, U, = 15kV, C, =
1.8 kg/A. Corresponding dependence of HVGDEG current on voltage on the EV, as
regulated element, as well as its approximation by the function (19), are presented in
Fig. 6. The values of B and B, parameters in function (19) have been defined using the
advanced means of MATLAB software and obtained resultis: 1 = 1.5, B> = 0.03. Clear,
that obtained interpolation error does not exceed 5% of the total electron gun current.
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Fig. 6. Transmission characteristic of simulated aerodynamic control system (1) and its approx-
imation by the function (19) (2)

Other advanced approaches for simulation aerodynamic control systems for stabi-
lization of HVGDEG current will be considered in the next section of the chapter.

6 Advanced Approaches for Simulation Aerodynamic Control
Systems for Stabilization of Electron Gun Current

6.1 Finite Sequence Machine Theory

Basic ideas of this approach have been developed and verified in the paper [68]. Gen-
erally, it is based on the theory of arithmetic-logic relations [69, 70], which has been
directly for the discrete sequence of digital control system. Following relation is written
as follows [68]:

ks
i W i
si=i =k (s-wy(1-3))+a=ro[[s-Z— |- (1-5) [ @

S

where S; — considered states of control system, and W; is random disturbing effect.
Corresponding scheme of Moore FSM for such process is given in Fig. 7.
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Fig. 7. Moore FSM for operation of aerodynamic control system

This approach has been carefully analyzed theoretically in the paper [68]. Provided
researches shown, that there is only slight difference between using simple relation (20)
and numerical solving sophisticated set of Eqs. (12). Therefore, now namely the app-
roach, based on using relation (20) consist the theoretical base for further development
of engineering elaboration of aerodynamic control systems for HVGDEG current. For
approximation transmission characteristic of control system, the relation (19) is used
usually. Corresponding experimental results will be given in the next section of the
chapter.

6.2 Fuzzy Logic Theory and Root-Polynomial Membership Functions

This approach also has been proposed recently [71, 72], and it is, generally, more sophis-
ticated for realizing in digital programmable microcontrollers, than simple approach,
based on FSM theory and has been described before [68]. Generally, it is based on
fuzzy logic theory with including such important definition, as “MIDDLE CURRENT”,
“LOW CURRENT?”, “HIGH CURRENT” for the current of HVGDEG as output value,
and “MIDDLE VOLTAGE”, “LOW VOLTAGE”, “HIGH VOLTAGE” for the EV volt-
age as input value [71]. After that, for such defined variables the fuzzy rules formed.
Generally, such rules are also based on the arithmetic-logic relations (20) [71]. Examples
of these rules are as follows [71]:

IF(I = EG and DI = SN)THEN(DU = SN), @21)

where “EG” mean Extra Great, “SN” — Slow Negative. The full set of corresponding 25
rules is given in the work [71].

In the work [72] has been proposed using of root-polynomial functions for describing
the membership functions of described variables. For example, in the classic approach,
a Z membership function is defined as [73-80]:

fz(x;a,b) = (22)
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S — function, as [73-80]:

fs(x;a, b) = 2 (23)
1-2 b%)a‘) # <x<b;
1, x>b
and IT — function, from relations (22, 23), as [73-80]:
Snx; a,b,c,d) =fs(x;a,b) - fz(x;¢c,d),a<b<c=d. (24)

Clear, that relations (22 — 24) can be simply rewritten in the form of arithmetic-logic
relations for solving the programming tasks in microcontrollers control systems, but it
perfect analyze in computer simulation software is seriously limited by the fact, that
derivative of memberships functions in the critical point a, b, ¢, and d are undefined.
Therefore, using of complex advantage numerical methods, which are generally, not
critical to this singularity of functions, is necessary.

But in the paper [72] has been shown and proof, that such type of stiff functions with
strong changing in the [a; b] and [c; d] ranges, which are usually very small, and mostly
unchangeable the function value in the largest range [b; c], are always can be described
by the advanced mathematical approach of Root-Polynomial Functions (RPF) [72]. In
the generalized form, corresponding analytical relation for RPF written as follows [72]:

r(z) = {/an”JrCn_lz"*‘ +...4+Ciz+Cy -3, (25)

where z is the argument, r is the value of the function, and Co — C,, are the values of the
polynomial coefficients, § — value of deviation of function (25) corresponding to numer-
ical data. Deviation is usually used for providing stable convergence of interpolation
procedure, when near the minimum the values of interpolation numerical set are close
to zero [72]. Generally clear, that interpolative relation (25) is suitable only for positive
values of argument r.

For example, fuzzyficated variable for the relative value of HVGDEG current, defined
asN = IIC;": I . — current value of HVGDEG current, I,,,,, — established nominal value
of HVGDEG current, with using RPF relation is defined as follows:

2.9-1010N8 — 2,67 - 101"N7 4+ 1.0754 - 10"2N0—
Fruz(lg) = ¥ —2.471 - 10'2N5 4 3.5511 - 1012N* — 3.2655 - 1012N3+  (26)
+1.8766 - 1012N2 — 6.161 - 101N — 8.85 - 1019,

Corresponded graphic dependence for function (26) is presented in the Fig. 8.
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Fig. 8. Fuzzyficated function for HVGDEG current, defined as RPF by the relation (26)

Fuzzyficated variable for the deviation of HVGDEG current defined as follows:

7.48 - 108d1¥ — 4.2335 - 10%dI] 4 9.8473 - 107dIS -
Fruz(dly) = ¥ =1.1123 - 107dI} +7.9761 - 10°I] 4 1.9234 - 10*1 — (27)
—6.6723 - 10°dI; + 4.45195 - 10dl, +6.225 - 10710

Corresponding graphic dependence for function (27) is presented in the Fig. 9.
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Fig. 9. Fuzzyficated function for changing of HVGDEG current, defined as RPF by the relation
27

Really, presented standard arithmetical relations (22 — 24) are simpler for provid-
ing computer calculations, than RPF (26, 27), because calculation of RPF is always
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included multiple use of power function [8§1-83]. But, in contrary, RPFs always have
the derivatives on the whole range of its’ using, therefore, this approach is very suitable
for complex study the singularities of control system operation.

7 Engineering Realization and Experimental Results

Clear, that main necessary elements of ACS are as follows.

1. Electromagnetic valve.
2. Microcontroller for realizing ACS functions.
3. Valve driver with digital-analogue signal transformer.

Corresponding assembled construction of EV, elaborated in Educational and Sci-
entific Laboratory of Electron-Beam Technological Devices, is presented in Fig. 10.
Generally, this construction is fully corresponded to the basic scheme of EV as control
element, presented in Fig. 10.

Fig. 10. Electromagnetic valve

For realizing control of EG current on the level of programming the advanced micro-
controller SIMATIC S7 1200 with central processor unit 1217 C have been used [81].
For solving programming task in this microcontroller advanced original software with
suitable graphic interface for solving the tasks of control systems designing, has been
used [81]. Generally, this software is based on the principle of visual connection the
necessary functional blocks of control system and defining the blocks parameters, and,
after that, microcontroller generated the correct executable code simultaneously by using
existed libraries of control functions. Such approach of system design firstly has been
realized in MATLAB in Simulink software [54-56], and now it is, in fact, recognized
as the standard for software designed to support the development of complex technical
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systems. The advantage of this approach is the simplicity of engineering design of con-
trol systems, but the created program code is not always optimal in terms of the speed
of solving problems of control of mechanical and electrical devices. In most cases, this
disadvantage in modern microcontrollers is compensated by the high clock frequency
of the central processor. From a theoretical point of view, this approach is associated
with the FSM theory and, generally, corresponds to the modern trend of development of
artificial intelligence systems. Solving of control task for EG current using EV has been
realized, generally, has been realized by the arithmetic-logic relation (20) and Moore
FSM diagram, presented in Fig. 7 [68]. The photo of microcontroller SIMATIC S7 1200
is presented in Fig. 11. Correspondingly, photo of assembled ACS with electromagnetic
valve, connected to microcontroller by USB interface, is presented in Fig. 12.

Fig. 11. SIEMENS microcontroller SIMATIC S7 1200 for ACS

It should be noted that the solution of ACS problems using the fuzzy logic functions
described in Subsect. 6.2 is also possible using visual programming at the circuit level. It
is only necessary to implement the corresponding libraries [81]. In this case, the speed of
solving the control problem is always somewhat lower due to more complex calculations;
however, on the other hand, with this approach, current overshoots of the EG are usually
completely eliminated. Therefore, in general, fuzzy logic algorithms, from the point of
view of the quality of solving the control problems, are considered as more optimal,
although they have a lower speed of object regulation.

As for practical realizing the approach of using RPF (25) as membership functions,
considered in Subsect. 6.2, generally it is possible, but only though creation the separates
users’ libraries for calculation RPF coefficients. Really, this approach is appearing quite
recently, therefore, it has still been studied only at the theoretical level for solving a
narrow, separate class of applied problems. From a technical point of view, there are two
possibilities for connecting such libraries to a microcontroller: writing software directly
for the microcontroller using an appropriate compiler or connecting the microcontroller
to a personal computer with the ability to parallelize calculations in a computer network.
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However, as noted in Subsect. 6.2, the use of RPF for solving fuzzy logic problems
mainly makes sense at the stage of preliminary analysis of control systems and finding
optimal parameters of system elements.

Fig. 12. Electromagnetic valve, connected to microcontroller by USB interface

The photo valve driver with digital-analogue transformer control signal and liquid
crystal monitor is presented in Fig. 13. Generally, this component is always included
in the basic set of necessary microcontroller elements, which is supplied by the man-
ufacturer to the customer of electronic equipment. This block also has on the monitor
suitable interface for changing ACS parameters [81].

Oscilogramm of changing EG current with abrupt change of acceleration voltage is
presented in Fig. 14. This result corresponds to such ACS parameters: L, = 1072 Hn, m, =
1072 kg, Vec=5- 102 m3, and Sg =5 102 m3/s. Clear, that 30% overshoot of EG current
is fully corresponds to simulation results, presented in Fig. 4, b. In the case of reducing
of pumping productivity to Sy = 5.1073 m3/s overshoot of EG current is not observed.
Generally, simulation results, obtained by numerical solving the set of Eq. (12), are
similar to the corresponding experiments, and the discrepancy between theoretical and
experimental data is usually smaller than 15%. The measurements have been provided
using digital oscilloscope SIGLENT SDS1042D [82]. Measurement accuracy of this
electronic device, pointed out by the manufacturer, is range of 3% [82].
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Fig. 13. Valve driver with digital-analogue signal transformer and liquid crystal monitor
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B

Fig. 14. Obtained experimental dependences of changing acceleration voltage (blue line) and gun
current (yellow line) on the time
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8 Conclusion

Results of numerical simulation and experimental data, presented un this chapter, shown,
that numerical simulation the regimes of operation aerodynamic control systems of
HVGDEG current give the advanced possibilities to improve the stability of operation
of HVGDEG in a real technological equipment, taking into account the particulari-
ties of realizing technological operation, including operation pressure in technological
chamber. Particularities of using described methods of simulation are as follows.

In the level of preliminary simulation of HVGDEG current control system, designed
by the customer requirement, solving the complete set of Eqs. (12) for estimated val-
ues of necessary HVGDEG current and operation pressure in technological chamber is
provided. The geometrical parameters of EV are changed in this simulation process for
obtaining the optimal, smallest value of time regulation constant without overshoot of
current. The approximative relation (19) in this step of simulation control system is also
used effectively.

On the second step, when the optimal parameters of HVGDEG current aerodynamic
control system are choose, engineering designing of digital control systems, is provided.
In this step, the suitable microcontroller, which can provide the necessary time of cal-
culation in the regime of small deviation of gun current, is choose. The corresponding
calculation algorithm in this step of control system designing is realized by using FSM
theory, taking into account arithmetic-logic relation (20). Corresponding rough estima-
tions of microcontroller operation time can be realized taking into account the basic
conceptions of theory of operation [83—85]. In this case, it is also necessary to consider
the set of elementary commands executed by the microcontroller, as well as the time
required to perform them.

The approach, based of fuzzy logic algorithm, described in the Sect. 6.2, is also
possible to realizing on the hardware level of control system in microcontroller device,
but it has to be taking into account, that such approach is more sophisticated by the
necessary calculations. Therefore, speed of performing the elementary arithmetic and
logic hove to be significantly greater. In contrary, for correct choose of membership
functions, fuzzy logic approach always allows to perform the control with grater accuracy
and without overshoots. Generally, using of arithmetic-logic functions, formed by the
relations (22 —24) is the best way for effective solving of this programming task on high-
speed microcontrollers. But using RPF (25) give the advanced possibilities for finding
optimal time regimes for control system operation.

The accuracy of numerical simulation ACS using the set of Eqs. (12) relatively
to experimental data is very high. Usually, the discrepancy between theoretical and
experimental data is smaller than 15%.

The results of researches, presented in this chapter, are very interesting and important
for the expert in the designing and exploitation of EB technological equipment, as well
as for expert on the basic theory of control systems, which included electromechanical
control elements.
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Abstract. Dynamical behavior of conical thin-walled structure with rings is ana-
lyzed semi-analytically. Kirchhoff- Love theory of shell is used to simulate the
conical thin-walled structure. The beam theory of Euler-Bernoulli is applied to
simulate rings flexural-flexural-torsional-longitudinal oscillations. Rayleigh- Ritz
technique is used to study thin-walled structure linear vibrations. The dynamical
instability of the structure is simulated by ordinary differential equations, which
are obtained by the assumed-mode method.

In order to analyze the dynamic instability, the eigenvalue problem is used to
obtain characteristic exponents. From these characteristic exponents, the critical
frequency of flutter is obtained.

Keywords: thin-walled structure - Kirchhoff- Love theory of shell -
Euler-Bernoulli beam theory - critical eigenfrequency

1 Introduction

The thin-walled fairing is protected pay-loads when ones are carried into orbit. Mostly,
this thin-walled structure is conical shell. Significant aerodynamic loads act on firing
during launch vehicle operation. Therefore, rings are used to reinforce the thin-walled
fairings. Interactions of the shell with gas flow leads to structure instability and flut-
ter. These nonlinear phenomena lead to pay-load fracture. These phenomena are very
dangerous and must be analyzed.

Therefore, many efforts were made to study properties of dynamical instability and
supersonic flutter. Ritz method [1] is applied to study conical shell free oscillations.
Conical shell and angular plate are parts of thin-walled structure [2]. The dynamic of
this structure is studied by transfer matrix method. The forced oscillations of conical
thin-walled structure are studied in [3] by Hamiltonian’s principle. Irie et al. used trans-
fer matrix method to study conical thin-walled structure dynamics [4]. Rayleigh- Ritz
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approach is applied to analyze the linear oscillations of conical panel [S]. Composite
doubly curved shell is considered in [6].

Dynamics of cylindrical shell with reinforcements are considered in [7] by applying
Fourier series. Rings and stringers are used to reinforce conical shell in [8]. Smeared
technique is applied to obtain the equations of stiffened functionally graded cylindrical
thin-walled structure in [9]. Oscillations of conical thin-walled structure with rings and
stringers reinforcements are analyzed numerically in [10].

2 Problem Formulation

Dynamics of launch vehicle fairing is analyzed. The fairing is conical thin-walled struc-
ture with rings reinforcement. This structure interacts with supersonic gas flow. Structure
dynamic instability occurs due to gas/ structure interactions, which leads to flutter of the
structure. Such phenomenon is very dangerous. The dynamical instability of the struc-
ture is the subject of this article. Isotropic conical thin-walled structure with geometrical
parameters, which are shown on Fig. 1a, are considered. The thickness of the structure
h is constant. The bottom edge of the structure is clamped.

AN
Zs
y. =
u.
¢, X
7 w
)
a b.

Fig. 1. a. thin-walled structure; b. ring

N rings reinforcement is applied inside the thin-walled structure. The rings are
located at the same distance between each other in cone longitudinal direction. All
rings are identical. The rings perform vibrations jointly with the conical structure. The
rings perform bending vibrations in two perpendicular surfaces, torsional and longitudi-
nal oscillations. The middle surface of the cone describes by two coordinate s and ¢. The

radiuses of the curvatures are the following: Ry = 00, Ry = Cofa — (C 0’{ i s) tan o,
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where 0 < Ry < structure is studied in the coordinates system (s, ¢, &).
Ax1s & is normal to the middle surface. The longitudinal coordinates of the rings are
;l=1,...,N,; sl = (ZVwLII% The shell response satisfies Kirchhoff- Love theory
[1 1]. The material of the beam is isotropic and elastic. Thus, the Hooke’s law is satisfied.
The coordinate axes (s, ¢, &) is used for displacements projections u(s, ¢, 1), v(s, ¢, 1),
w(s, ¢, t).
The ordinary differential equations are derived to study the shell structure. These
differential equations are obtained from assumed-mode method [11].

The strain energy of the structure has the form:
N .
n=n1+2n;’) (1)
i=1

where I1; is conical shell potential energy; Hg); l =1, ..., N arerings potential energy.
The strain energy of the conical thin-walled structure is

EZnL

/ / [ (o11€11 + 022822 +012812)[ ( S) Sinot:| dsdp d§ ,
cos o
b

@)

where L = g - 1s generatrix line; A is thickness of the structure skin.

The thin-walled structure displacements and strain tensor elements satisfies the
equations:

ou 92w v v ou 1 1 92w ow v v
+ +2 —-— +

Bs s 2T %y dp stana dsdp  sdp | ds s
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The strain energy of the skin has the form:

_ Eh L ) 1, H .
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where, v is ratio of Poisson; E is modulus of Young.
The j ™ ring strain energy is considered. Figure 1b shows this ring. Rings are
attached inside of the conical shell. The coordinate system of the j ™ ring is denoted by
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(Scj, ¥, Zj). The beam performs bending, displacements of which are denoted by u; (¥}, t)
and w;(¥;, ). The ring tension and compression are denoted by v;(§;, 1) and ¢;(§;, 1)
describes twist angle of torsion. Figure 1b shows all components of deformations. The
generalized coordinates and strains satisfy the following equations [12]:
; ) . . 2,. . 2., .
=%—ﬁ, S L R L i/ B B
yio R Ry 05 ay; R L

where t is twist; € is hoop strain; xp, x» are ring middle curve curvature.

The ring strain energy is:
v owi\? };
i L - EjJz, !
(3~ Rj) * jZI<3~ +Rj "

¢ _ 1
) = 5%

2
Rw,  w; du; A\
+EjJ. + L) +Gy; ’ ——’) dyj,
X(a~ R2> <R By, 0, %

J

(6)

where F; is cross section area; Jz;, Jx;, J; are cross section inertia moments.
Displacements compatibility of the rings and skin of the structure takes the form:
ui (3, 1) = u(sj; @, 1) — hjpr 75 0,0, vi(Vj, 0) = =v(sf, ¢, 1) — ,wz(s ®, 1),

N (7
Wj(Vj, t) = _W(S] » @, t)v (p](‘/j’ t) =@ (S;a @, Z‘)

where ﬁj = FI] + g ; I:I] are distances from the ring section center to shell inside surface.
The relations (7) are substituted into (6) and the relations (4) are applied in (1). The
structure strain energy is obtained in the suitable form.

The thin-walled structure kinetic energy is:

N
T=Ti+Y T, (8)

where T2(/ ) is j ™ ring kinetic energy; T7 is kinetic energy of the skin. The skin kinetic
energy is the following:

2 Ll uN\? v\ [aw)? H ,
AN [(5) +(5) (%) }[R‘ (cocq #) snefisae

)
where p is thin-walled structure density. The j ! ring kinetic energy has the form:
) _ P1E; 2 Lo -
T2<’>=Tfy§(u}+vf+w fyquzd 5. (10)

where J; is cross section inertia moments; p; is material density. If the relations (7) are
substltuted into (10), the ring kinetic energy is obtained in simple for analysis form.
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The interactions of supersonic gas flow with shell structure are taken place. The
gas/structure interactions are described by the piston theory. The piston theory takes the
following form [13, 14]:

A ViTow | (M2—2) 0w an
B | oas Vepr ot |

where B = /M? — 1; py is gas density; M is Mach number.

3 Linear Dynamical System

The assumed-mode method [11] is used to derive dynamical system with finite-
degrees-of-freedom, which describes the considered thin-walled structure. The shell
displacements are represented as:

Ny Ny Nw
(s, 0. 0) =Yg OU(s,0): v(s. 0.0 = Y g Vuls, ) i w(s, 0,0 = Y 0" Wa(s, 9); (12)
n=1 n=1 n=1

where U, (s, @), Vi (s, @), Wy(s, ¢) are structure eigenmodes.
In order to calculate the structure eigenmode, the Rayleigh-Ritz method is imple-
mented [11]. The structure eigenmodes take the form:

Ni M N1 N
1 . ..
Un(s, ) = 3 > AP u(s)cosjip, Vils, ) = > > By (s) sinjgo$,
=1 j=1 =1 j=1
N1 N
Wu(s, @) = Z Z Cl;")wl(w) (s) cos jo

=1 j=1

13)

The unknown values Al(."), Bl(j"), Cl(j") are obtained by using Rayleigh-Ritz technique.
The generalized force of the aerodynamic pressure can be presented in the following
matrix form:

Q(W) — K(W)q(W) + C(W)q(W)’ (14)

where K™, C™™) are matrices of aerodynamic stiffness and aerodynamic damping.

The truncated series (12) are used in the structure kinetic energy (8) and the
structure potential energy (6). These energies take the following quadratic forms:
T =T1(q1,....q5), T = T (41, ... dn;;)- Then the structure motions matrix equations
are represented as

M1 + Ki1¢"™ + Ki2g"” + Ki3¢™ = 0; M22g™ + Ka1g™ + Koog™ + Ko3¢g™ = 0; (15)
M332]'(W) + K31q("> + K32q(v) + K33q(w) + K(W)q(W) + C(w)i](w) =0.

The eigenfrequencies of torsional and longitudinal vibrations are consider-
ably higher, than the flexural oscillations eigenfrequencies. Therefore, the terms
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M114™ ,M324™ can be removed from the analysis. Then the first two matrices equations
of the system (15) take the following matrix form:

4™ =Kuywq™; qV =Ky wq™ (16)

The matrices relations (16) are used in the third matrix differential Eq. (15). Thus,
the following ordinary differential equations matrix system is derived as:

M3z §™ + K, q™ + C™g™ =0. (17)

The dynamical system trivial equilibrium (17) instability is analyzed in the phase

variables y = ( (W), ,qj(\}vw), qiw), ,ql(\}v)) are used. Then the dynamical system (17)

is rewritten in the following form:
y =Gy. (18)

The linear dynamical system (18) has the solution in the following form: y =
Ayexp(Art), I =1, ..., 2N,,, where Aj is vector; A; are characteristic exponents. These
values are obtained from the eigenvalue problem. These characteristic exponents are
represented as [15, 16]: Ayj—1 = o + iS5 Ayj = o —i2;; j = 1,..,Ny. If
aj < 0;j = 1,..,N,, the trivial equilibrium is stable. If A; 5 = =£i 2, the Hopf
bifurcation is observed.

4 Numerical Study of Linear Oscillations

The thin-walled structure (Fig. 1) has thickness A = 2 - 1073 m; radius of the base R
= 1.95 m; H = 5.24 m. The structure materials characteristics are: E = 72 - 10° Pa;
p = 2770 kg/m3, v = 0.3. Two thin-walled structures (conical shell without rings;
conical shell with five rings) are considered. The areas of the sections of the rings are
F; =57 10~* m?. The distance between rings and structure edges are the same. The
distances between the rings of thin walled structure with five rings are ds = 0.932 m.

The eigenfrequencies of shell structures are obtained by The Rayleigh-Ritz method.
The eigenfrequencies, which are calculated by the Rayleigh- Ritz technique, are pre-
sented in Table 1. The data of ANSYS calculations are shown in Table 1. These
calculations are performed to verify the data, which are gotten by the Rayleigh-Ritz
technique.

The numerical analysis of the critical frequencies of flutter is carried out with N, =
N, = N,, of the truncated series (12). The dynamical system (17) with 9, 12, 15, 18,
21 degrees-of-freedom is analyzed in order to perform converge analysis of critical
frequency. The critical frequencies of the shell with three, five, seven ribs are published
in Table 2. The unstable trivial equilibrium is taken place in the Mach number range
M € [1;1.414].
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Table 1. Eigenfrequencies (in Hz) of thin-walled structure

The structure without rings

The numbers 1 2 3 4 5 6

of frequencies

Frequencies 27.088 |27.465 |27.973 |28.671 |30.474 | 31.230
obtained by RRM

Frequencies obtained by FEM | 27.1 27.5 28.0 28.7 30.8 31.5
Relative error, % 0.04 0.13 0.1 0.1 1.07 0.86
The structure with five rings

The number 1 2 3 4 5 6

of frequency

Frequencies obtained by RRM | 69.674 | 75.105 |77.557 |85.804 |86.024 |86.306
Frequencies obtained by FEM | 69.5 75.0 71.8 85.9 86.2 86.4
Relative error, % 0.25 0.14 0.31 0.11 0.2 0.11

Table 2. The critical frequencies €21 of the flutter

Ny

12

15

18

The
structure
without
rings

63.180

57.113

56.657

56.392

The
structure
with 3
rings

65.623

58.938

60.007

60.319

The
structure
with 5
rings

57.841

60.113

60.532

61.096

The
structure
with 7
rings

58.256

60.147

60.734

61.045

5 Conclusions

Numerical analysis of oscillations conical thin-walled structures with reinforced rings
shows, that the reinforcement leads to essentially eigenfrequencies increase. Moreover,
the first three eigenfrequencies are not changed essentially, if the ribs numbers are
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increased from five to seven. When rings numbers are changed from three to five, the
eigenmode nodes numbers are not changed along the circumferential coordinate.

As follows from converge analysis of conical thin-walled structure/ gas stream inter-

actions, the mechanical model with 9 =+ 21 degrees of freedom gives closed results
for critical Mach numbers. But, the convergence of critical eigenfrequency of flutter is
observed in 15 degrees of freedom model.
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Abstract. An approach for the analysis of high-temperature creep and damage
accumulation in turbomachine blades, taking into account wear of the part of
surface due to contacts with the casing and stress corrosion cracking is proposed.
The calculation method and algorithms built on the basis of the proposed approach
and the Finite Element Method are described. An updated form of evolution equa-
tions is proposed for assessing damage accumulation due to the action of creep
and corrosion mechanisms. In the considered example of numerical analysis, the
results of modeling the cases of purely static loading, consideration the effects
of interaction with the casing surface and corrosion of parts of the blade with a
destroyed coating are analyzed. It is emphasized that these factors have a signif-
icant influence on the total time before the emergence of the macroscopic defect
and its intensive development. The developed approach and calculation method
can be further applied to the numerical analysis of real blade models.

Keywords: Creep - Damage - Wear - Stress Corrosion Cracking - Fracture -
Blade

1 Introduction and Literature Review

The problems of ensuring the long-term strength of turbomachine blades operating at
high temperatures remain relevant and attract the attention of researchers and engineers.
The requirements for the operating conditions of these structural elements are constantly
changing in the direction of increasing temperatures and loads. Calculation methods for
assessing the influence of such factors, including taking into account their cyclicity, have
been fruitfully developed recently [1-3].

The real operating conditions of blades in turbines and gas turbine engines at high
temperatures are characterized by additional influences of external objects and influ-
ences, among which we will highlight two. The first is the influence of an external
aggressive environment, which leads to surface corrosion [4]. The second is the inter-
action of the upper parts of the blades with other structural elements, for example, the
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casing, in which surface fretting wear occurs [5, 6]. Such influences, additional to the
high-temperature creep of the material, both by themselves and due to the synergy of
action, can significantly limit the resource of the blades [4, 6, 7].

It is emphasized in [8] that fretting wear negatively affects the fatigue life of turbine
blades. The authors experimentally analyzed the wear of surfaces of nickel superalloys.
It is noted that even for a polished surface under conditions of increased load, cracks,
delamination and peeling of materials occur; the wear mechanism changes from severe
oxidative wear to fatigue wear.

Due to the difficulty and cost of conducting experimental studies, computational
approaches to the analysis of the influence of the above factors on the deformation
and strength of turbomachinery elements have been developed recently. Thus, in [9], a
Finite Element (FE) model of the creep wear process of the turbine blade root made of
Inconel 718 alloy is presented, taking into account the redistribution of energy, material
properties, geometry and non-uniform temperature field. It is noted in [10] that turbine
blades during creep are constantly exposed to various forms of damage and destruction,
including hot corrosion, oxidation, erosion, fatigue, damage by external objects and
cracking. The authors used the Finite Element Method in the ABAQUS software to
conduct a numerical analysis of the first-row turbine blade of the C20-250 engine,
including its heat-shielding coatings. Also, it is important to consider the cyclicity of
loading. The effect of creep on nonlinear vibrations of frictionally connected blades was
numerically investigated in [11]. The time-dependent creep behavior under centrifugal
load and high temperatures is determined, and for different values of the holding time,
the deformed configuration and conditions in the contact surfaces are determined. Then,
an analysis of nonlinear blade vibrations is performed. The aim of [12] was to determine
the region of a gas turbine blade that is most susceptible to failure due to various wear
mechanisms. A methodology using numerical analysis by the Finite Element Method for
modeling the creep of turbine blades is proposed in [13]. A review of possible damage
to blade surfaces and methods for their analysis can be found in [4].

An important factor limiting the resource of turbine and gas turbine engines blades
is the corrosion of their surfaces and subsequent corrosion cracking [4, 7]. The results
of experimental analysis of spent nickel alloy blades indicate [14] that their surfaces
show signs of corrosion and erosion. A large number of cracks were found in different
parts of the blades due to operation at high temperatures and stresses for a long period of
time. An intergranular crack was found on the coating of the destroyed blade; there were
some microvoids on the fracture surface, which caused the mechanism of fracture due
to creep. Also, as in the case of surface wear analysis, recently there have been results
of studies devoted to the computational assessment of the joint development of such
processes, but the consideration in numerical analysis the material creep is practically
absent. The cause of corrosion at the tip of an internally cooled blade of a high-pressure
turbine of a turbofan engine is analyzed in [15]. The FEM analysis was used to determine
the temperature and pressure distribution. It was shown that the pressure distribution at
the blade tip could cause erosion in this area in the presence of impurities in the inlet
air and that high temperatures also caused a phase transformation, which increased the
presence of corrosion and led to the formation of cracks in the blade. The authors of [16]
noted that in practice, two adjacent blades of a condensing industrial turbine rotor had



Creep-Damage Modeling of Turbine Blades with Consideration 171

failed. The computational analysis was performed using the Finite Element Method. It
was concluded that the blade destroyed due to corrosion fatigue.

The aim of this paper is to present an approach and method for comprehensive
assessment of long-term high-temperature behaviour of turbomachine blades, taking
into account creep processes, associated hidden damage accumulation, possible wear
fracture due to the interaction of the blade tip with the casing and subsequent corrosion
cracking. To demonstrate the capabilities of the method, a simplified model of the blade
was used, but a real alloy used in Ukrainian turbomachinery was used as its material.

2 Problem Statement and Constitutive Equations

Let us consider the mathematical formulation of the problem, which describes the app-
roach to its solution. It is based on the statement about the possibility of a comprehensive
assessment in a structural element the creep and damage caused by it, also taking into
account damage to other types, primarily caused by the action of an external aggressive
environment, as well as the influence of impacts by contacts with turbine casing, which
is called as fretting wear in some approaches [6].

In this research, we will limit ourselves to considering a two-dimensional formulation
of the problem in the form of a plane stress state, which will allow us to clearly demon-
strate the obtained distributions of unknowns, primarily of the damage parameter [1].
Considering that the planned goal of the investigations is the computational analysis
of the model of a turbomachine blade, the distribution of bending stresses caused by
the action of pressure on the blade will also be taken into account. Let us consider the
two-dimensional object V. We use Cartesian coordinate system x = (x7,x2). Within the
framework of the Lagrangian approach, the stress-strain state will be described by a
displacement vector u with components u;, stress ¢ (6;; = oj;) and strain tensors € (g;;
= gj;), (i,j = 1,2), which are the functions of coordinates x and time ¢. Creep strains are
presented by tensor £¢ with components &7, as well as elastic strains by tensor £¢ with
components 8; The hypothesis of the strain additivity will be used. The tensor connec-
tion for creep strain with the stress tensor and time will be determined by the adopted
constitutive equations. The considered solid V can be subjected to volume forces f(x,7),
which are centrifugal in this approach. Tractions p(x,#) may act on part of the object
surface S, known displacements u; are given on the other part S>.

Under the assumptions formulated above, the mathematical formulation of the
boundary — initial value problem of deformation of solid in time can be represented
by a system of Egs. (1) with boundary and initial conditions (2)-(4) [1, 3]:

1
0ijj =f(x,1), gjj = E(ui’j +uj,,4 +uk’l~uk,j), gjj = Sfj +8ij’ ojj =Dijk1(5kl — gl‘il)’ xi eV, (1)
oijnj = pi(x, 1), x; € S1; ui| =u;x; € 82, ()
£5(x,0) = 0, 05(x, 0) = 0P (x, 0) + o™ (x, 0). (3)

0y (x, 1%) = o (e, 1) + 03 (6, 1%, x; € Vig; “4)
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Here n is the vector of the unit normal to the solid‘s boundary, its components are n;,
Dijji are the components of the tensor D of the material elastic properties, i, j, k, [ = 1,2.
The initial conditions (3) for the creep problem, which are determined by the action of
forces in the plane of the solid V, are supplemented by conditions for the added bending
stresses 6219, Also, in this formulation, it is assumed that when the current length of
the upper edge of the blade model reaches a given value, starting from the moment Xt
in the general stressed state in the Vj. region, the stresses 6, caused by the contact
impact interaction with another surface (in this case, with the turbine casing), begin to
be considered jointly with current stress state ¢°. The LS Dyna software [17] was used
to determine the stresses 6'°.

We will use the creep theory with the hardening law in the modeling, which allows us
to consider processes with additional loading [1]. The equation of state, accompanied by
the evolution equations for the scalar damage parameter w, to describe the creep process
together with other degradation phenomena, are presented as follows:

m
-1
3 ()" (o)
C a vM .. -C __ . .
W= e P Y

d)SCC — C(tSCC)S’ C()SCC(x, tSCC) — O, tSCC =1r—t, (5)

do = do® + do®, w(x,0) =0, w(x, tx) = ws.

The following notations are adopted here: s is the deviator of the stress tensor with
components s;j; OyM,EvM: are von Mises equivalent stress and strain; ceq is the equiv-
alent stress, the expression of which is formulated using the high-temperature strength
criterion obtained for a given material; ® is a scalar parameter that describes the total
accumulation of damage; ©° is a scalar parameter that describes damage accumulation
caused by the creep process; ®°° is a scalar parameter that describes the accumulation
of damage due to the stress corrosion cracking; ¢+ is the value of time in which the
process of hidden damage accumulation finishes; ®+ is a critical value of the damage
parameter, upon reaching which at a point of the body at time ¢+, the process of hidden
damage accumulation finishes and the seed of a macroscopic defect appears; B, D, n, k,
m, [, o are the constants that describe creep and the resulting damage accumulation, C,
s are the constants describing the corrosion cracking process in the region V. adjacent
to the surface Sg., which arose as a result of the destruction of the surface layer; 15
is the variable describing the time of corrosion cracking. We assume that the blade is
covered with a protective coating that does not allow the corrosion process to develop,
and it begins in the main material only after the destruction of a certain part of the blade
during its interaction with the casing.

As it was emphasized, the impact interaction of the blade tip with the inner surface of
the casing begins only after its length reaches a certain value. Starting from this moment,
cyclic loading of the blade occurs. The number of cycles of such loading is determined by
the turbine rotation frequency @ and can be large. Direct solution of the problem taking
into account the load on each cycle is associated with great computational difficulties.
In this regard, to obtain an effective method for solving the problem, as in [3] we apply
methods of many time scales and averaging over the cycle period.
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Let us suppose that the contact interaction occurs for a certain part of the rotation
cycle period T; = %’T during the time interval #; — #, (Fig. 1), which may be possible
due to the oscillating motion of the rotor. Corrosion damage is not yet presented

T 2

P

Fig. 1. Schematic representation of the process of cyclic loading

Let us explain the method using the case of a uniaxial stress state in the form of the
specimen‘s extension by stress 6. We will expand the stress acting in the cycle into a

trigonometric Fourier series:

A o
o(t) = amax<70 + Zk:l [Ag cos(kart) + By sin(kwt)]) (6)

Coefficients in expansion are:

_ t
Z f _ 20 tb), Ap = % / ' cos(kan)dr = #[sin(kwtf) _ sin(kato)].
@)

2 [ 1
By = —/ sin(ket)dt = —k[cos(kwtb) — cos(kwty)].
T

Then the law of stress varying in a cycle can be represented as follows

o(t) = omaxg (D), €]

®) tf_tb+i L sintka ) — sin(ea 1y)] cos (ke 1)+
= —_— a — w w
¢ Ty k=1 wk ' ’

+#[cos(kwtb) — cos(katr)] sin(kwot) }

Since the deformation process lasts much longer than one loading cycle, we introduce
a small parameter u© = tl*f « 1 and two independent time scales: ‘slow’ ¢ and ‘fast’

E=t/T,(0<&<1).
Expanding the functions of creep strain and the damage parameter into asymptotic

series gives:

£°(1, &) = £(1) + pe (1, €) + O(?), (1, €) = wf(1) + pa§(t, ) + 0(u?). (9)
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Let us average these expansions over a period with scaled time from O to 1. Let us
limit ourselves, as in [3], to two terms in expansions (9), as well as to consider that

C

(e5() + ne§(t, £))% ~ (§)” <1 + Wz—i) = (e§)”. (10)

0

Let us consider that the terms &{ and ©; are single-periodic functions in § and have
zero mean value:

1 1
/o £1(1,§)ds =0, /0 wi(t,§)dé =0.

After that, we substitute the obtained expression into the equations for creep strain
rates and the damage parameter from (2). Therefore, the averaged equations take the
form:

n m

o o o
&5(eq)” = Blg")————, @f = D(g")———— @0(0) =0, w(ty) = wy, (11)
ol 0) (g >(1 —wg)" @ (8 >(1 —wg)’ @o @ @
where
1
(g”) = /0 & (T,8)de, (12)
and
1 AO 00 P
(gP) = / <7 + Z[Ak cos(2mk&) + By sin(2nk$)]) dé. (13)
0 k=1

Here in (12)-(13) p = n in the case of the equation for creep strain rates and p = m for
the damage evolution equation.

Generalizing Egs. (11) for the case of a complex stress state and neglecting, as in [3],
the index “0” when describing the ‘slow’ process of creep and damage accumulation,
we obtain:

n—1 m

3 o o,
eglenn)” = EB(gn)ﬁsiﬁ o = D(8m>(1_—eqw), (14)

a-)SCC — C(ISCC)S, (,()SCC(x, tSCC) — 0’ tSCC =1 — t*x, c Vscc;

do = do® + do*, w(x,0) =0, w(x, ) = ws.

Here we considered that in the surfaces under corrosion action both creep and creep
damage is affected by the total accumulated damage values, in other areas the classical
creep-damage equations operate.

In the considered loading process, the cyclic deformation of the blade surface takes
place [18], which is often called fretting fatigue [6]. Under creep conditions, such degra-
dation of the surface of the structural element can be described by taking into account
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local creep deformation at the contact points. This will be done in this approach, but
if experimental data on separate deformation during surface friction are obtained for
real calculations, it will be possible to take them into account in the calculations, for
example, using the Archard model [6].

After the completion of hidden damage accumulation in a certain area adjacent to
the surface S, mathematical modeling of damage accumulation processes in other points
of the solid continues, and the analysis of corrosion processes on a certain surface Sg.c
begins. The completion of the hidden damage accumulation in some region AV means
that it is excluded from the object V. Also, often the parts of the boundary S; and S,
where the boundary conditions in stresses and displacements are given, will also change
to the values AS| and AS> due to the possible fracture of the fixed and loaded boundaries.
This algorithm can be described as follows:

S1=8S1+AS;;85 =5 +ASH; V=V+AV;§ =85+ AS. (15)

In expressions (15) the operator + is understood in an algebraic sense, and the oper-
ator = is an assignment operation. Therefore, for further analysis of the fracture process,
it is necessary to reformulate the boundary-initial value problem with the obtained new
boundary and initial conditions. The last ones are determined by the distribution of the
components of the stress-strain state and the damage parameter obtained at this time.

The FEM Creep Damage Fracture software developed at NTU “KhPI” is used for
the numerical modeling, the used algorithms are described in [19].

3 Numerical Modeling Results

As an example of using the proposed approach and the discussed constitutive equations,
let us consider a 2D model of a turbomachine blade (Fig. 2b a). The model can be
described by a rectangle 0.15 x 0.05 m, the upper part of which is an arc of a circle with
a maximum deviation from the side of the rectangle of 0.0015 m. Centrifugal forces act
on the blade with a frequency @ = 50 s~!. The additional distribution of bending stresses
from the pressure on the blade with a value of 0.3 MPa is also taken into account.

The blade material is high-chromium foundry heat-resistant nickel-based alloy (Ni
57%, Cr 16%, Co 11%,W 5%). Blade is heated evenly to temperature 950 °C. Constants
for the creep-damage equations are: B = 5.26 10727 MPa—"/h, n = 5.508, a = 4.678, D
= 1.18 10717 MPa™"/ h, m = k = [ = 5.569.

The constants for the stress corrosion cracking equation were determined using the
experimental data presented for this alloy at a given temperature in [20] using data
on material loss during corrosion over a certain period of time. The constants for the
equation for the parameter wg in (14) were equal to C = 2. 10°h™s, s =2.

The order of the model was determined using numerical experiments, and a mesh of
15,000 elements was used in the calculations. The initial stress state in the blade model
is presented in Fig. 2b), where the distribution of von Mises equivalent stress is given.

Initially, a numerical analysis was performed for the case of purely static loading. As
always in the case of cantilever objects, the completion of hidden damage accumulation
occurred in the area adjacent to the fixed side at 7+ = 15267.3 h. The distribution of the
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damage parameter for this time is shown in Fig. 3 b). The von Misses stress relaxation
in the element where the damage accumulation finishes is presented in Fig. 3 a).

Next, the cyclic action of stresses arising from the contact of the upper part of the
blade with the casing, which was considered rigid, was taken into account. The value
of the displacement of the upper points of the blade in 0.0005 m, at which contact with
the casing already occurs, was reached in X' = 7502 h. The simulation results showed
that in this case the time to the completion of the hidden damage accumulation was
reduced almost by half and was 7+ = 8472.4 h. At the same time, the location of the
failure changed, it corresponds to the area at the edge of the blade. The distribution of
the damage parameter for this case is given in Fig. 3 c).

o, MPa
m B
117.46
101.23

85.00
68.77

52.55
w0
20.09

a) b)

Fig. 2. a) the sketch of the blade; b) distribution of the von Mises stress, blade model, t = 0.
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Fig. 3. a) von Mises stress versus time; Distribution of the damage parameter through the blade
model before the completion of the damage accumulation b) Static loading, ¢+ = 15267.3 h; c)
Consideration of the loading in the blade tip, 1+ = 8472.4 h.

‘Element corrosion’ is employed when the damage parameter reaches the critical
value of 0.98. As the calculations showed, a number of elements along the upper edge
were removed. Then the algorithm, which detected the presence of finite elements that
were internal in the original model, but now became external, started. This means that
starting from this time ¢+ = 8472.4 h, the total value of the damage parameter began to
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be determined additionally by the corrosion effect. The calculations showed that over
the next approximately 200 h, the process of intensive corrosion began in the area of
the initial macroscopic defect. The current view of the blade fragment in the area of
intensive damage accumulation and corrosion at t = 8652 h is presented in Fig. 4. After
this moment, the simulation was stopped.

.r;"ko %8

Igalmn\’m
Fig. 4. Distribution of the damage parameter in the upper fragment of the blade model, stress
corrosion cracking after the destruction of the upper zone, #+ = 8652 h.

4 Conclusions

This paper proposes an approach for a comprehensive analysis of high-temperature
deformation and failure of turbomachine blades during creep, taking into account sur-
face wear due to contacts with the casing and stress corrosion cracking. To implement
the assessment of deformation and long-term strength of blades, an updated form of
evolution equations, combining creep and corrosion effects, is proposed. As an example
of numerical modeling using this approach and software with new analysis capabilities,
the problem of creep of a turbomachine blade model was considered. Various variants of
creep and fracture modeling were analyzed with the sequential addition to the analysis
the effects of interaction with the casing and corrosion of blade parts with a destroyed
coating. It was demonstrated that the latter factors have a significant impact on the total
time to the appearance of a macroscopic defect, which is reduced almost by half, and its
intensive growth. The developed approach can be further applied to the numerical anal-
ysis of real blade models taking into account their complex geometry, the presence of
cooling and non-uniform temperature distributions, etc. This will require generalization
of existing algorithms for three-dimensional analysis.
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Abstract. Cold-formed steel hollow sections (CES) with hot-dip galvanized coat-
ings (e.g., DX51D + Z140) are widely used in window and fagade systems, espe-
cially in urgent restoration contexts. However, premature degradation—despite
conformity to EN 10346—raises concerns about long-term performance. This
study examines early-stage corrosion risks of such sections, integrating coating
thickness measurements, chemical surface analysis, and production history. Spec-
imens were extracted from strip blanks and finished CFS. Coating thickness was
measured using electromagnetic and gravimetric methods, while chloride, sul-
phate, and chromate residues were assessed via ISO-based chemical tests. Vari-
ability in coating thickness and the presence of chlorides and iron oxides were
linked to sharp bending radii, excessive roll pressure, and lack of post-forming
passivation. Key findings show that compliance with nominal Z140 specifications
is insufficient to prevent early white rust or undercoating corrosion. A structured
risk map was developed to identify root causes of degradation in sections with
non-uniform coating, microcracks, and surface contamination, enabling targeted
preventive measures. The study emphasizes the need for integrated process—logis-
tics control: optimized forming parameters, systematic passivation, and ventilated
packaging. These actions are critical to ensuring reliable corrosion protection in
CFS, especially under accelerated post-conflict recovery conditions.

Keywords: Cold-Formed Steel - Galvanized Coating - White Rust - Coating
Thickness - Passivation - Corrosion Resistance - Storage Conditions

1 Introduction

Cold-formed steel hollow sections (CFS) with hot-dip galvanized coatings (e.g.,
DX51D+Z140) are widely used in window and facade systems, greenhouse and agricul-
tural frames, and other lightweight structures [ 1], where they offer stiffness, dimensional

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2026
H. Altenbach et al. (Eds.): CAMPE 2025, LNME, pp. 179-189, 2026.
https://doi.org/10.1007/978-3-032-16381-3_17


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-032-16381-3_17&domain=pdf
http://orcid.org/0000-0002-4863-7233
http://orcid.org/0000-0002-9046-4268
http://orcid.org/0000-0002-3022-8749
http://orcid.org/0000-0002-0914-8875
http://orcid.org/0000-0002-6296-2075
https://doi.org/10.1007/978-3-032-16381-3_17

180 V. V. Kukhar et al.

stability, and ease of installation (see Fig. 1). Among these, Rectangular Hollow Sec-
tions (RHS) — a common type of CFS with rectangular cross-section —are particularly
favored for their optimal strength-to-weight ratio and aesthetic integration in facade
designs. However, premature degradation of galvanized coatings may still occur and
should be considered at both the design and manufacturing stages.

f “ b ' b
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Fig. 1. CFS in window design: left — cross-section of a typical window frame with inserted
elements (red); right — schematic geometry with dimensions w and f — width and flange height; a
and b — RHS width and height. Original drawing prepared by the authors.

In practice, Z140 is treated as a baseline protection level; guidance specifies a nomi-
nal coating thickness of —10 pm per side and a working range of 7—15 pm for conformity
under EN 10346 [2]. While such conformity is necessary, long-term performance also
depends on coating uniformity [3], surface integrity after forming [4], adequacy of passi-
vation/oiling, and proper transport/storage [5]. A common field issue is white rust—early
atmospheric corrosion caused by humidity, poor ventilation, and inadequate passivation,
compromising protection before carbonate film stabilizes [5, 6].

The broader context underscores the need for material-efficient, rapid structural solu-
tions in building rehabilitation. In Ukraine this is acute—windows and fagcade elements
require constant replacement after shelling and will intensify post-war; hence buffer
stocks of standardized cold-formed sections (CFS) are critical. Risks include micro-
cracking and local thinning of the zinc layer at small bending radii or excessive roll
pressure/misaligned guides, as well as corrosion from poor storage. These require inte-
grated process controls (radius/pressure/guide settings, passivation/oiling) and handling
protocols (ventilated, dry packaging; controlled logistics), not isolated checks.

Practice shows that CFS from coils of the same grade but different production his-
tories suffered coating damage after routine transport and short storage, confirming that
vulnerability results from both forming technology and logistics. This underlines the
need for research to mitigate degradation risks along the production—logistics chain.

Against this backdrop, the present work addresses durable corrosion protection for
CFS beyond nominal compliance. Within EN 10346 [2] (delivery of hot-dip coated flat
products) and EN 10143 [7] (dimensional/surface tolerances and responsibilities during
transport/storage), the study examines how forming routes, passivation, and packaging
conditions influence early degradation—and how these risks can be reduced by process-
integrated controls and logistical best practices.
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2 Literature Review

Corrosion of metal structures is a large-scale problem, leading to loss of material, reduced
structural strength, and shortened service life. According to the World Corrosion Orga-
nization, global direct corrosion costs amount to 1.3—1.4 trillion EUR annually, corre-
sponding to 3.1-3.5% of GDP [8, 9]. This multifactorial process depends on material
properties, environmental conditions, and operational factors [10, 11]. Difficulties in
accurately predicting corrosion losses often result in the application of excessive safety
factors, which in turn leads to overuse of structural materials [6]. For cold-forming tech-
nologies, product quality and durability are sensitive to both manufacturing-induced
damage and environmental exposure. Research has shown that optimizing deformation
parameters in preliminary forming passes can reduce energy and force requirements
more than fourfold and lower trim loss to 22% [10].

White rust, a common form of atmospheric corrosion on galvanized products, devel-
ops under high humidity, aggressive aerosols, and insufficient passivation [11]. It gradu-
ally destroys the zinc layer, exposes the steel substrate, and reduces in-service reliability.
These risks are intensified by climate change, which is accompanied by abrupt tem-
perature fluctuations, increased humidity, and more aggressive atmospheric conditions
[12].

Beyond compliance with nominal zinc coating mass, long-term performance is influ-
enced by the residual stress, microcrack formation, and the presence or absence of effec-
tive passivation layers [13, 14]. While many studies address these factors individually,
fewer works consider them in an integrated framework combining process monitoring
with logistics controls under variable climate conditions—an approach directly relevant
to improving the reliability of cold-formed galvanized sections in service.

The study aims to determine the key technological and environmental factors that
cause degradation of zinc coatings on cold-formed steel sections made from DX51D
+ Z140. This is achieved through an integrated assessment of production processes,
coating thickness measurements, chemical surface analysis, and statistical evaluation,
with the goal of developing targeted measures to prevent premature corrosion.

3 Research Methodology

3.1 General Concept

The research methodology was developed to enable a comprehensive analysis of the

technological process for manufacturing cold-formed sections from galvanized steel.

It focused on identifying critical production stages, selecting representative specimens,

and applying physicochemical and instrumental methods to evaluate the zinc coating.
The logical and structural framework of the study is presented in Fig. 2.
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Fig. 2. Logical and structural framework of the research methodology.

3.2 Materials and Methods

Sampling and Specimen Preparation. Specimens (30 x 20 mm) were obtained from
both strip blanks and finished CFS made from DX51D + Z140 galvanized coils (see
Fig. 3 for sampling). The set included three strip and three CFS series, with dimensions
and strip/wall thickness (t) recorded. Strip specimens (Fig. 4): (I) t = 1.03 mm (Poland),
(D) t = 1.35 mm and (IIT) t = 1.5 mm (same Ukrainian supplier, certified separately).
CFS specimens (Fig. 5) were cut with preserved bend and corner geometry: (IV) 30
x 50 mm, t = 1.48-1.5 mm; (V) 30 x 50 mm, t = 1.5 mm; (VI) 35 x 49.5 mm, t =
1.5 mm. Each specimen was marked by location (web, edge, or bend).

Fig. 3. Diagram of specimen extraction from strip (a) and CFS (b).

Coating Thickness Measurement. Zinc coating thickness was measured using a
NOVOTEST TP-1 electromagnetic thickness gauge, calibrated with certified standards.
For each specimen, multiple measurements were taken in predefined zones to evalu-
ate local variation. Data processing included calculation of mean values, measurement
errors, variance, and relative error. Statistical evaluation of homogeneity and variance
equality between series was performed using Cochran’s criterion, and significance of
differences between means was assessed using Fisher’s criterion at a 95% confidence
level.

Chemical Surface Analysis. Chemical tests were conducted to detect corrosion-related
surface contaminants and passivation indicators:
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Fig. 4. Test specimens from strip blanks: Fig. 5. Specimens from the CFS: (a) 30 x

(a) “Poland” (I); (b), (c) strips (ID), (II) from 50 mm, t = 1.48-1.5 mm (IV); (b) 30 x

same Ukrainian supplier, separately certified. 50 mm, t = 1.5 mm (V); (c) 35 x 49.5 mm, t
= 1.5 mm (VI); t — strip/wall thickness.

— chloride ions (CI"): AgNOs test (white precipitate of AgCl) following

— ISO 8502-5 [15];

— sulphate ions (SO427): BaCl, test (white precipitate of BaSOy);

— hexavalent chromium (Cr(VI)): Diphenylcarbazide colorimetric test (violet col-
oration) to identify chromate passivation layers;

— iron oxides (FexOY): optical microscopy at x 50 magnification for corrosion products
beneath the zinc layer;

— residual rolling emulsions: visual inspection and solvent test for organic films.

Gravimetric Determination of Coating Mass. Coating mass was evaluated according
to EN ISO 1460 [16], involving chemical stripping of zinc using inhibited acid solutions,
followed by gravimetric mass difference calculation. Results were converted to coating
thickness assuming a zinc density of 7.14 g/cm?3.

Data Integration and Compliance Assessment. All measurement and test results were
compiled and assessed for compliance with EN 10346:2015 [2] requirements for Z140
coating class. Coating uniformity, defect occurrence, and chemical contamination were
analyzed in correlation with production stage and coil origin to identify high-risk process
steps.

4 Results and Discussion

4.1 Main Results and Interpretation

Coating Thickness and Uniformity. The measured coating thickness (h) values for
strip blanks and cold-formed sections are summarized in Table 1 and graphically illus-
trated in Fig. 6 and Fig. 7. Strip I (h = 10.8 &£ 2.3 um) and Strip I (h = 12.4 £ 1.5 pm)
fully complied with the EN 10346:2015 Z140 requirement of 7-15 um, with relative
errors of 7.7% and 4.4%, respectively. In contrast, Strip III (h =21.4 4= 3.2 pum) exceeded
the upper limit, indicating excessive coating application, which may reflect deviations
in bath chemistry or withdrawal speed during galvanizing.

For the CFS, average coating thickness falls within the normative range, but series
CFS 30 x 50 x (1.48-1.50) mm exhibited the lowest value (h = 8.6 & 3.7 pm) and the
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highest relative error (15.6%), highlighting reduced uniformity and increased variability.
CFS 30 x 50 x 1.50 mm and CFS 35 x 49.5 x 1.50 mm achieved averages of h =
10.4 & 3.7 um and h = 11.0 £ 3.4 um, respectively, both within the acceptable interval.
Statistical evaluation confirmed significant variance inhomogeneity between strip and
CFS series (Cochran’s criterion, Ceyic < Cap = 0.544) and notable differences in mean
values (Fisher’s criterion, Feqc < Fer = 14.02), pointing to induced thickness variations.

Table 1. Coating thickness measurement results.

Series | h & Ah, Relative | Variance | Cochran’s | Fisher’s | Compliance with
nwm error, (Sz) criterion, criterion, |Z140 standard
% Ceale Fealc (EN 10346:2015)

Nominal | Range
h= 7-15 pm
10 wm

Strip 10.8 +£2.3 7.7 3.50 0.315 2.31 Yes Yes

O

Strip 124415 4.4 1.50 0.399 3.06 Yes Yes

(In

Strip 214 +3.2 7.6 3.96 0.327 3.17 Yes No

(1)

CFS 8.6+3.7 |15.6 13.69 0.538 3.291 No Yes

Iv)

CFS 104 +£3.7 |12.1 13.69 0.538 3.29 Yes Yes

%

CFS 11.0£+£34 |10.2 11.56 0.487 3.232 Yes Yes

(VD

Table 2. Chemical surface analysis results (‘ 4+’ — detected; ‘—” — not detected; numerator — on

surface, denominator — beneath zinc coating).

Series CI SO42' Cr(VD) Fe-oxides under Zn Organics (emulsion)
Strip (I) —/- —/- —/+ - +
Strip (II) /- —/- —/+ - +
Strip (II) —/- —/- —/+ - +
CES (V) +— - —/+ + +
CFS (V) +- |- I+ + +
CFS (VD) - - I+ + +
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Fig. 6. Boxplot of mean and spread of zinc coating thickness for strip and CFS specimens.
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Fig. 7. Assessment of zinc coating stability using thickness—error bubble chart.

Chemical Surface Analysis. The results of chemical testing are presented in Table 2.
Chloride contamination (CI") was detected on the external surfaces of all CFS but was
absent on strip blanks, indicating contamination introduced during forming or post-
forming handling. Sulphates (SO42°) were not found in significant concentrations. Hex-
avalent chromium (Cr(VI))—a marker of chromate passivation—was detected only
beneath the zinc layer, implying the absence of external passivation, which would
otherwise enhance short-term atmospheric resistance.

Optical microscopy revealed localized Fe-oxide formation beneath the zinc layer in
CFS specimens, particularly in bends, suggesting microcrack penetration, though local
thinning, roll-forming stresses or contamination could also contribute to undercoating
corrosion. Residual rolling emulsions were occasionally observed in concave areas,
potentially promoting localized corrosion under humid storage.

Gravimetric Coating Mass Determination. Gravimetric analysis according to EN
ISO 1460 yielded coating masses consistent with thickness measurements. Strip I and
IT corresponded to calculated thicknesses of 10—12 um per side, while CFS 30 x 50



186 V. V. Kukhar et al.

X (1.48-1.50) mm approached the lower conformity limit (8 pum). Excessive coat-
ing mass in Strip III confirmed the over-thickness observed in direct measurements.
This convergence of methods (electromagnetic gauge and gravimetry) reinforces the
reliability of the measurement dataset (Table 1).

Correlation of Technological Deviations with Observed Defects. Analysis of thick-
ness and chemical data shows that reduced coating uniformity in certain CFS correlates
with roll-forming geometry and parameters. Sharp bending radii and high roll pressure
can cause microcracks, enabling chloride ingress and undercoating oxidation during
storage. Lack of external passivation increases susceptibility to white rust under tight,
humid packaging.

The industrial case behind this study confirms these patterns: sections with non-
uniform coating and activated surfaces developed white rust and brown corrosion after
short-term storage, despite meeting Z140 thickness specifications. This demonstrates
that coating conformity alone does not ensure durability.

Implications for Production and Logistics. Maintaining uniform zinc coating after
forming requires precise control of roll-forming parameters—particularly bending
radius, roll alignment, and contact pressure. In-line monitoring (e.g., NOVOTEST TP-1)
could detect deviations in real time. Logistically, immediate passivation or light oiling,
along with ventilated, moisture-resistant packaging, is essential to prevent early atmo-
spheric corrosion. The findings confirm that both technological and logistical factors
significantly affect protective layer performance.

4.2 Discussion

Table 3 summarizes the risk map linking each process stage to its dominant degradation
mechanism and corresponding countermeasures, derived from the experimental results
of coating thickness (Table 1), chemical surface analysis (Table 2), and microscopic
observations (Sect. 4.1).

Table 3. Risk map and corresponding technological interventions.

Zone/Stage Defect Cause Risk Mitigation

Section bend | Microcracks in Low-plasticity Zn + | High Larger radius +

zone the coating tight bends ZnAlMg coating

Roller stands | Contact damage | Impurities / Medium | Roll cleaning & auto
to the coating contamination / high pressure control

pressure

Coil surface Residual acids / | Poor cleaning and High Control drying,
emulsions drying degreasing & pickling

Section edges | Local thinning of | Storage humidity and | Medium | Perforated/open-end
zinc coating low ventilation packaging

Strip width Uneven coating | Unbalanced air Medium | Control air knives
thickness knives, spot cooling and cooling

(continued)
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Table 3. (continued)

Zone/Stage Defect Cause Risk Mitigation

Outer Lack of Missing passivation | High EN 10346

surface passivation, passivation/oil; side
moisture check

Storage/ White rust, Humidity and High Ventilation + sloped

logistics no protective confined packaging packing + spacers
ability

Post-forming | Local zinc Forming-induced Medium | Reduce friction +

surface layer loss wear optimize lube +

control strain zones
Section CI'/Fe-oxide Deposition, pickling | High Controlled transport
surface inclusions defects, poor storage & packaging

The results show that coating thickness conformity alone does not guarantee corro-
sion resistance in galvanized CFS. Although strip blanks retain uniform Z140 coatings,
forming causes localized thinning—especially at tight bends and under high roll pres-
sure—leading to microcracks and early corrosion initiation. Chloride ions were detected
only on finished CFS, confirming contamination during post-forming handling and stor-
age. This is aggravated in coastal or industrial environments and by the absence of
chromate passivation, leaving zinc active until natural passivation occurs. Even short-
term exposure to humid, poorly ventilated packaging can trigger white rust. Fe-oxides
beneath the zinc in bend areas confirm subsurface breaches undetectable visually. This
hidden corrosion may begin during storage and transport, shortening service life. Effec-
tive mitigation includes non-destructive testing and thorough washing and drying to
remove emulsions.

A dual strategy is needed: (i) process control—optimizing bend geometry, roll pres-
sure, and tooling finish; (ii) logistics control—preventing contamination and moisture
ingress before installation. Table 3 links microcracks at bends to excessive deforma-
tion and rough tooling, which can be mitigated by controlled forming pressure and
guided rollers. Chlorides and emulsions—confirmed via AgNO3 and diphenylcarbazide
tests—indicate insufficient drying and highlight the need for ventilated packaging. Espe-
cially vulnerable zones include section ends and internal corners, where stress and mois-
ture accumulate. These showed greater coating variation and more frequent corrosion.
Countermeasures include local inhibitors or improved coil passivation.

The risk map underscores the gap between nominal EN 10346 compliance and
actual performance. Even within-spec coatings may fail under uncontrolled conditions.
Diagnostic data structured into a risk matrix enables targeted corrective and preventive
actions aligned with service demands.
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5 Conclusions

This study examined early-stage degradation risks of hot-dip galvanized coatings on
cold-formed steel sections, emphasizing both technological and logistical factors influ-
encing corrosion resistance. Despite conformity to Z140 specs, measurements and chem-
ical analyses revealed that such compliance alone does not ensure reliable performance.
Key issues included microcracks and thinning at bends, oxidation from residual emul-
sions, and early white rust due to insufficient packaging and lack of passivation. These
problems often stem not from steel quality but from uncontrolled forming, handling, and
storage conditions.

To address these risks, the following measures are recommended: (a) forming con-
trol: use appropriate bending radii, optimize roll pressure and alignment, regularly clean
tooling surfaces; (b) surface protection: apply passivation or light oiling after forming
to stabilize the zinc layer and delay corrosion; (c) packaging/logistics: use ventilated,
moisture-resistant packaging; avoid tight bundling without airflow gaps; (d) quality con-
trol: perform coil acceptance checks and monitor coating thickness and uniformity using
portable gauges; (e) integrated strategy: merge technological and logistical measures into
a unified protocol covering production, delivery, and installation stages.

These measures define a “risk-to-action” framework that guides future research and
supports practical implementation, particularly under demanding conditions of preparing
and restoring window and fagade systems.
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Abstract. The objective of this study is to propose a robust methodology for pre-
dicting the fatigue life of structural components subjected to cyclic tension—com-
pression loading. The stress—strain distribution is determined using a coupled finite
and boundary element approach, enabling accurate identification of critical high-
stress regions where model cracks are introduced for subsequent analysis. Crack
propagation is evaluated by computing stress intensity factors within a hyper-
singular integral equation framework. The proposed methodology is validated by
benchmark problems involving flat cracks of elliptical and rectangular geometries,
demonstrating both accuracy and effectiveness. The novelty of this research is in
the application of hypersingular integral formulations to fatigue assessment in
both simplified test cases and practical engineering problems, including a steam
turbine blade. The results indicate that crack-free structures exhibit high resis-
tance to cyclic loading, whereas the presence of cracks in stress-critical regions
sufficiently reduces fatigue life. The cycles number to failure is quantified for the
cracked turbine blade, providing a reliable computational tool for evaluating the
residual life of structural components under cyclic loading conditions.

Keywords: Crack Propagation - Hypersingular Integral Equations - Boundary
and Finite Element Methods

1 Introduction

Modern engineering materials invariably contain microdefects that may propagate under
service loading, potentially resulting in component failure or catastrophic structural col-
lapse. In Ukraine’s petrochemical and energy sectors, a significant part of the equipment
has exceeded its design service life or has incurred damage from military actions, under-
scoring the urgent need for reliable residual life assessment methodologies. A critical
component of such evaluations is the estimation of structural durability in the presence
and evolution of fatigue cracks under cyclic loading. As incipient cracks are typically
too small for visual detection, representative model cracks are introduced at areas of
maximum stress concentration. Since the actual crack geometry is generally unknown,

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2026
H. Altenbach et al. (Eds.): CAMPE 2025, LNME, pp. 190-199, 2026.
https://doi.org/10.1007/978-3-032-16381-3_18


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-032-16381-3_18&domain=pdf
http://orcid.org/0000-0002-4486-2468
http://orcid.org/0009-0004-0010-2995
http://orcid.org/0000-0002-5813-0321
http://orcid.org/0000-0002-0696-4527
https://doi.org/10.1007/978-3-032-16381-3_18

Fatigue Life Assessment of Power Machinery Components 191

systematic analysis of different crack configurations under identical loading conditions
enables identification of the most critical cases, thereby supporting targeted durability
assessments. Accordingly, the evaluation of structural integrity and the prediction of
safe service life remain pressing and technically significant challenges in contemporary
engineering practice.

2 Literature Review

Experimental studies of dynamic processes in structural components are often limited by
cost, safety, and hazard concerns, particularly in crack initiation and propagation. As a
result, computational modeling has become essential for assessing structural durability.
Theoretical and numerical methods for crack growth have been well documented in [1-
3]. Fatigue crack growth is crucial for the safety and durability of structures such as steam
turbines [4], hydro-turbines [5], wind turbine blades [6], and aerospace components [7].
Various predictive approaches under cyclic loading have been proposed, identifying
regions of maximum stress concentration [8]. Advanced numerical methods, including
Finite Element Method (FEM) [9], Boundary Element Method ([10]), coupled FEM and
BEM [11], Finite volume method (FVM) [12], and the Immersed Boundary Method [13],
have been employed to characterize local stress fields and predict fatigue crack initiation
and growth. Model cracks are introduced at regions of maximum stress concentration,
where the stress intensity factors (SIFs) serve as the principal parameters governing crack
behavior and structural response. Extensive research has addressed SIFs in plates with
cracks and holes [14], welded beams [15], 3D structure elements [16], and brittle rock
under complex loading [17], with hypersingular integral equations (HIEs) applied for SIF
evaluation [18]. Crack propagation and fatigue life assessment have been further studied
in [19, 20]. Despite this research, accurate prediction of crack growth and fatigue life
remains challenging, requiring advanced, robust numerical techniques. The present study
develops an efficient approach integrating BEM and FEM with hypersingular integral
equations to provide reliable predictions of both crack propagation and structural fatigue
life.

3 Research Methodology

3.1 Basic Equations for Crack Propagation Analysis

Stress concentrations can initiate cracks in highly loaded regions of a structural element.
A two-stage methodology is employed to assess their effects. First, the stress—strain
state of the intact structure is estimated to identify regions of peak stress. Next, cracks of
various geometries, such as circular or rectangular, are introduced at these critical zones,
with equivalent boundary conditions derived from the undamaged stress distribution
applied to the crack faces. This procedure enables rigorous evaluation of the influence
of localized defects on structural integrity, strength, and stability [1, 8].
The displacement vector U(x) of the cracked element is then expressed as a sum.

U(x) = up(x) + u(x), (D
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where ug(x) denotes the displacement field that would arise in a crack-free structural
element subjected to the same external loads. This field is obtained by solving the
following mixed boundary value problem:

V.owyx))+£f(x) =0,x € Q,up(x) = u1(x),x € I'1, o(up(x)) -n=tr(x),x € I'y,
(2)

where Q is the crack-free body, I'y and I' are the displacement- and traction-
prescribed parts of the boundary I' = ' UT», ' N ', = &, £(x) is the body force
density, uj(x) and tp(x), are the prescribed boundary data, and n is the unit outward
normal vector. In (2), s(up(x)) is the stress tensor, defined for the displacement field
ug(x) via Hooke’s law.

1
o) = € - e(uo(x). e(uo(x)) = 3(Vuo(0) + (Vuox)'). ()

where C is the fourth-order elasticity tensor, and +(ug(x)) is the deformation tensor.
Similarly, the perturbation displacement field u(x), induced by the crack presence,
satisfies the equilibrium equations

V.o@ux) =0, xe Q\I, 4)

where I'c denotes the crack surface. No body forces are considered in this auxiliary
problem. The associated boundary conditions are following:

ux) =0,xerl, cux) - n=0,x €', cux)) -n=—c(up(x)) -n, x € I'c.

(&)

The last condition in (5) enforces the application of the corrective tractions
—s(up(x)) - n-along the crack faces, which precisely cancel the stresses that would
have existed there in the crack-free solution. So, the resulting total displacement
U(x) = up(x) + u(x) satisfies the traction-free condition on the crack surfaces while
preserving equilibrium throughout the remaining domain.

3.2 Hypersingular Integral Equations in Model Crack Analysis

For an unbounded body, the boundary value problem defined by Egs. (4-5), can be
reformulated as a hypersingular boundary integral equation [18], expressed as.

%T"(‘) // T (I (x — y)a(§)dSy = —o (p(x)) - m, x € . (6)
re

Here a(x) denotes the unknown density function representing the discontinuity in the
normal component of the displacement field across the crack surface,

Ad+p A+3p 5
ru+2u1) A+p Ix—yl

rx -y =My - o), T —y) =

N (xi - yl‘)<xj - yj) 1

Ix -y
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Fig. 1. Model elliptic crack in 3D body: a) BEM discretization, b) FEM discretization.
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X and p are the Lame coefficients. Figure 1 shows a model elliptical crack.

For a planar isolated crack, subjected to normal separation, the traction operator
T2® U reduces to differentiation in the normal direction to the crack surface, and Eq. (6)
accordingly takes the form

1—v

32 1
// 053(y)8——dSy = —0(up(x)) -n=Mg(x),M = (7)
Te nyong X —y|

where v denotes Poisson’s ratio, and g(x) represents the applied load. Integrals in Egs. (6)
and (7) are interpreted in the sense of the following limiting value [18]

9* 1
li dsy, 8
SIILHO//FCOB(Y) ongong |x/ —y| Y ®)

where X’ = x + ¢/n.

In fracture mechanics, stress intensity factors are describing stress and displacement
fields near a crack tip. They are essential for predicting crack propagation and structural
failure. For mode I (opening) cracks, only the stress intensity factor K is relevant. Its
determination reduces to evaluating the displacement discontinuity u3(y) as follows:

I
1—v

Ki(x) = lim+/7t/2r uz(y). ©)]
r—0

Here r = |x — y| denotes the distance between the point y, located in the vicinity of

the crack, and the point x on the crack contour. Within the BEM framework, we have

limu3(y) = @3(x)/2, with @3(x) defined as the solution of Eq. (7).

y—X

Let the domain I, be an ellipse x% / a% + x% / a% = 1, Fig. 1a). An analytical solution
is obtained below for the hypersingular integral Eq. (7) with unit right-hand side. As
shown in [21], if the density vanishes at the boundary of the integration domain and
its derivatives satisfy the Holder condition throughout the domain I';, Eq. (7) can be
rewritten in the following form:

1 Vas(y) -
I(x):E//ﬂ%d&:l,r:x—y,rzm (10)
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The solution to Eq. (10) will be sought as

iy
a3(y) = Cg(1. )81 y2) = |1 — = — = (11)
a 4

with partial derivatives obtained as —C/g((y1,y2). Substituting these expres-
sions into Eq. (10) and transforming to the polar coordinate system y; — x; =
pCosQ, Y1 — X| = psing, we receive
az(p, ) = Cx/l?\/ré +M — (p+10)%r= 0,10 =P/K,
2 2 2
P = cos¢+ zsmtp,K:C";—z‘p—}—Slzz‘p,M: _;i__ /K.
1 2 1
Note that K > 0Vgp, and M > 0 inside the ellipse. Introduce the following notation

= /13 +M.Since P(p) = —P(p +1); K(p) =K(p+ 1), 10(¢) = —T0(¢ + )

we obtain.

I(rp) = — [f g | = J,z—duﬂPdw ﬁdu]

daz(y) _
y;

-1
Using the Cauchy principal value integral with Chebyshev s weight [22], we arrive

at.

I(zg) = —2{5“2 3/2\/a2sm @ +ajcos?pdg.

Determining the constant C, the analytical solution to Eq. (10) is obtained as

2a>
@3(x) = —%g(xwfz) k=,\/1-a3/al,a > a» (12)

where E(k) is second kind complete elliptic integral.

After evaluating the limit and performing the necessary algebraic transformations,
and using (9) with q(x) = o, together with (12), the following expression for the stress
intensity factor was obtained

1

Ki(p) = o/ (a%

7
B a—zcosz(p + sin2g0> (13)
1

This analytical value will be used below at benchmark testing evaluations.

4 Numerical Results and Discussion

4.1 Benchmark Tests

After determining the zones of maximum stress concentration from the stress—strain
analysis of the structural element, representative model cracks are introduced into these
regions. In this study, the planar cracks with elliptical and rectangular shapes are adopted
as model cracks.

An elliptical crack in 3D body, shown in Fig. 1, subjected to uniaxial tensile stress
o, is analyzed first. Both BEM and FEM are employed for the SIF numerical estimation.
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In the FEM analysis, the crack is modeled in a prismatic specimen of characteristic
dimension L, with semi-axes a; = 3 mm, and a» = 1 mm, where ay/L = 0.005. In
the BEM analysis, the elliptical crack is considered in an unbounded body. Table 1
presents a comparative overview of the stress intensity factor (SIF) data obtained using
the BEM and FEM with the analytical solution given by Eq. (13). For the FEM analysis,
45600 finite elements were used, whereas the BEM employed 4450 and 9450 boundary
elements. The corresponding meshes are schematically shown in Figs. 1a) and 1b).

Table 1. Comparison of dimensionless K1 /(20 ,/a>) numerical evaluations.

Degrees Analytical value, BEM, HIE, (7), BEM, HIE, (7), FEM

® (13) 4450 elements 9450 elements)

0 0.918819 0.9194332 0.918820 0.919006
30 1.2092340 1.2100740 1.20925631 1.2100023
60 1.4945297 1.4947027 1.49453001 1.4947897
90 1.5914415 1.5915562 1.59144230 1.5914547

The findings are of notable practical importance, offering a quantitative basis for
selecting the appropriate number of finite elements and defining the optimal mesh density
in both BEM and FEM.

We now turn to the case of an infinite body containing a flat crack shaped as a square
region § (Fig. 2a).

ﬁ ﬁ ﬂ 1\']1 (lx) * B

= -c(uo(x))n ,
TENSION . 1 o a

08 |/ \

TENSION |/ \
~c(uo(x))-n X )

L I : I . 1 —
0.40 0.80 1.20 P

a b

Fig. 2. Modal rectangular crack: a) BEM discretization, b) comparison of the computed K (x)
with data from [2].

The determination of the SIF is reduced to solving the hypersingular integral Eq. (7).
This problem was earlier addressed in [2], where an affine transformation was used to
map the domain S onto the interior of a unit circle. The square crack was defined as
S=1{0<x <1;0 <xp <1}. It was assumed that g(x) = o. Figure 2b presents
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K1 (x) computed using the proposed BEM, with the rectangular domain discretized into
9409 boundary elements based on prior elliptical crack results. The solid curve shows
K1 (x) from [2], while points represent the present BEM results, demonstrating good
agreement.

For the rectangular crack, the maximum dimensionless SIF is 1.091, varying along
the crack front, whereas for the elliptical crack it reaches 1.591. Therefore, the elliptical
crack is used in subsequent fatigue life evaluations.

4.2 Crack Propagation in Power Machine Units

This analysis focuses on evaluating the structural strength and remaining service life
of a steam turbine engine blade operating under steady rotational conditions at 3450
RPM. The blade is subjected to substantial centrifugal loading resulting from high-speed
rotation. It is rigidly secured to a disk of 1 m radius via a precision locking mechanism,
as depicted in Fig. 3a.

“ w____ﬂ Sl {‘constant amplitude load, m
\ A 050 |
\ — 050 \ ,

0.000 0.100 '1'001

I I -1.50
0.030 0.150 1

- time,s|
2 3 4 5 6 1 8 9

a) b)

Fig. 3. Stream turbine blade: a) geometrical model, b) loading distribution

Figure 3a presents a simplified model of a steam turbine blade with a locking mech-
anism and a root fillet. The blade, made of 12X13 steel (p = 7720 kg/m3, E = 209
GPa, v = 0.3, yield strength 580—-620 MPa), has a height of 120 mm, length of 50 mm,
maximum thickness of 10 mm, and with a total height of 175 mm including the locking
mechanism. Rotating at 3450 RPM, it is rigidly attached to a 1 m radius disk, producing
centrifugal forces. A stationary cyclic load (Fig. 3b) was applied, and the stress—strain
state of the uncracked blade was analyzed using FEM with a tetrahedral mesh comprising
approximately 124000 elements (Fig. 4a). The maximum stress, 206 MPa, occurred at
the blade root near the fillet (Fig. 4b), remaining below the yield strength and indicating
long service life and sufficient strength. Fatigue analysis under cyclic loading (stress
ratio —1 to 1) predicted a life exceeding 10° cycles.

To assess the reliability of the results, a model crack in the form of a flat elliptical flaw,
with radii of 0.0001 mm and 0.0003 mm, was introduced in the region of maximum stress.
This results in the boundary value problem described by Egs. (4)-(5), corresponding to
the crack analysis in an infinite body. The HIE (7), was then employed, with the right-
hand side defined as g(x) = 206.0. Subsequently, after determining the stress intensity
factors, Paris’ law was applied to calculate the number of cycles to failure

1
N =Z(AK - AKy) "das, AKy, < AK < K¢ (14)
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Fig. 4. Finite element mesh (a) and equivalent stress distribution (b)

Here, AK = 2max K| (x), C = 3.2-10'! MPa /m, n = 3.09, K{c= 31MPa /m, AK;,=
7.4MPa /m. We integrate Eq. (14), supposing Z—g = 3, from the initial crack radius
a>=0.0003 mm to the final value a,=3 mm, which is considered unacceptable according
to standard inspection criteria. Accordingly, the number of cycles to failure was found
tobe N =5 10°.

L0

a b

Fig. 5. Finite element mesh of gas turbine blade with the elliptical crack (a) and von Mises
equivalent stress distribution (b).

Next, an elliptical crack with semi-axes a; = 3 mm and a; = 1 mm is introduced
into the region of near-maximum stresses using FEM (Fig. 5a), and the corresponding
blade response is analyzed (Fig. 5b). The computed von Mises equivalent stress field
in the cracked model closely resembles that of the intact blade. However, a pronounced
local stress concentration develops near the crack, reaching a maximum of 896 MPa,
while the minimum stress preserves both its magnitude and location (Fig. 5b).

Under cyclic loading with an amplitude of —1 to 1, fatigue analysis showed that
the blade material outside the crack maintained a service life exceeding 10° cycles. In
contrast, a pronounced reduction in fatigue life was observed within the crack-affected
zone (Fig. 6). The minimum number of cycles to failure, as few as 315, occurred in
the regions of highest stress concentration along the crack front. Although the applied
loading was uniform and cyclic, real non-stationary loads can exert an even stronger
influence on residual strength and fatigue life. A single overload may cause significant
damage, whereas operation under realistic conditions with smaller load fluctuations can
help preserve structural integrity.



198

5

K. Degtyariov et al.

Type: Life

22.00.2024 15:5.
1e6 Max
4,083e5
1.6671e5
68068
27702
11348
a633,2
1891,8
772,41
315,37 Min

a b

Fig. 6. Fatigue life distribution across the blade: (a) entire blade, (b) crack vicinity.

Conclusion and Future Research

The methodology for predicting the fatigue life of structures with stress concentrators
has been developed and validated through benchmark simulations of planar cracks. Test
calculations established the necessary number of both boundary and finite elements to
ensure accurate evaluation of stress intensity factors and the stress—strain state. Appli-
cation to the turbine blade demonstrated a pronounced reduction in fatigue life in highly
stressed regions with cracks. The approach will be further extended to a wider range of
structural components and more complex crack geometries.
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Abstract. This study investigates the stability of liquid movement in tanks sub-
jected to combined horizontal and vertical periodic loads, with particular emphasis
on damping effects. The liquid is modeled as incompressible, inviscid, and irro-
tational, reducing the governing equations to the Laplace formulation with kine-
matic and dynamic free-surface conditions. By exploiting rotational symmetry,
the problem is simplified to one-dimensional singular equations, which are solved
using a boundary element method combined with the normal mode approach.
Spectral analysis yields natural frequencies and vibration modes of the liquid in
a rigid shell, forming the basis for equations that describe free-surface dynamics.
Since in-flight loads cannot be precisely defined, fuzzy logic is employed to cap-
ture uncertainty, and stability regimes are determined under vertical and combined
excitations. The modeling approach neglects the influence of internal baffles, com-
pressibility of the gas above the liquid, and capillary effects, which are left for
future research. Rayleigh damping is incorporated, demonstrating that even minor
damping coefficients significantly reduce surface oscillations. The analysis under-
lines that damping plays a decisive role in suppressing sloshing instabilities and
ensuring the structural reliability of launch vehicle fuel tanks.

Keywords: Sloshing - Stability - Damping Effects - Internal Liquid

1 Introduction and Literature Review

Fuel tanks in aerospace structures are usually subjected to impact loads from collisions or
rapid acceleration. Owing to their stochastic nature, these loads are better modeled with
probabilistic methods than with purely deterministic approaches [1]. Since full-scale
testing is costly and hazardous, computational simulations have become the primary
tool for analyzing tanks, typically designed as shells of rotation partially filled with lig-
uids [2, 3]. Numerical methods such as the finite element method [4], boundary element
method (BEM) [5], R-functions [6], mesh-free methods [7], and series expansions [§]
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are widely used to study sloshing and fluid-structure interaction, providing essential
insights into vibrational characteristics that affect structural integrity and flight stabil-
ity. Mitigation strategies, including baffles, partitions, and covers, have been explored
extensively, with numerical and analytical methods presented in [9-11]. Sloshing in
prismatic tanks was investigated in [12], elliptical geometries were examined in [5], and
the effectiveness of baffles in suppressing sloshing-induced instabilities was evaluated
in [7]. Experimental insights into liquid damping effects under vertical excitation are
provided in [13], which studied a single-degree-of-freedom (SDOF) vertical sloshing
tank, highlighting the role of damping in stabilizing dynamic responses. Additionally,
[14] employed 8-SPH with pressure correction algorithms to simulate intense sloshing
flows in rectangular tanks, offering a robust numerical approach for modeling nonlinear
sloshing under high-intensity loads. Broader investigations into shell stability, combining
theoretical and experimental approaches, are detailed in [15]. A comprehensive analy-
sis of linear dynamics in elastic containers filled with compressible (acoustic) liquids,
including sloshing and capillary effects at the free surface, was presented in [16]. A piv-
otal contribution to the field comes from Roger Ohayon, whose works have significantly
advanced the understanding of fluid-structure interactions under high-intensity loads. In
[16], a groundbreaking framework for reduced-order modeling of vibroacoustic systems
was introduced, providing efficient computational strategies for analyzing sloshing in
fuel tanks subjected to short-duration, high-intensity loads. This work emphasized the
coupling between liquid sloshing and structural vibrations, offering robust methodolo-
gies for aerospace applications. Further, in [17] this framework was extended to incor-
porate uncertainty quantification, addressing variability in loading conditions through
advanced numerical techniques, which aligns closely with the fuzzy logic approach
adopted in the present study. These contributions provide a foundation for modeling
complex sloshing dynamics while highlighting the need for computational efficiency in
practical engineering scenarios.

The present study builds upon these advancements by analyzing liquid oscillations
in fuel tanks with Rayleigh damping incorporated, a factor underexplored in prior works.
By demonstrating that even small damping coefficients can stabilize regimes near para-
metric resonance, this work introduces a novel perspective on achieving stability under
dynamic loading. Furthermore, the study integrates fuzzy logic to assess the probabil-
ity of instability when uncertainties in initial conditions and loading parameters are
considered, extending the uncertainty quantification approaches of [18]. This finding
underscores the critical role of damping devices, such as baffles and floating covers,
in enhancing tank stability, offering a practical contribution to fuel tank design that
complements and extends the previous foundational works in the area.

2 Research Methodology

2.1 Crisp Boundary Value Problem Formulation

An analysis is conducted for rigid rotational shells partially occupied by liquid (Fig. 1).
Let S denote the shell wetted surfaces, and Sg is the liquid free surface. It is assumed that
the liquid behaves as an inviscid, incompressible fluid, with irrotational movement inside
the shell. Surface tension effects are neglected, as confirmed by the Bond number Bo
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= plng/G. For L ~ 1 m, p; ~ 1000 kg/m3, g=9.8l m/s2, and 6 ~ 0.07 N/m, taken here
as representative values, Bo ~ 10° is obtained, indicating that gravity overwhelmingly
governs the free-surface dynamics. Low-gravity effects are beyond the scope of this
study. Owing to the absence of vorticity, a scalar velocity potential @ exists such that V
= V. This potential satisfies the Laplace equation within the domain Q containing the
liquid. The liquid pressure p is then determined as [10]:

£ _ _e —(g+av(t))z+ah(t)x+@. (1)

o1 ot o1
Here, x and z coordinates of a point within the liquid domain Q. The functions ajy,(¢)
and a,(f) represent the lateral and longitudinal terms of the external forcing acceler-
ation, typically defined with inherent uncertainties, their characterization requires the
application of fuzzy mathematical concepts. An important aspect of the problem is the
interaction between vertical and horizontal loading.

2
O

Fig. 1. Fluid-filled shell of rotation (a) and its draft (b)

The conditions prescribed on the boundary of Q for Laplace’s equation are specified
as detailed below: on the wetted surface S, the no-slip condition is imposed, while on
the free surface Sy, conditions of a kinematic as well as a dynamic nature need to be
met.

Under these assumptions, the following problem is expressed as a boundary value
problem (BVP) governed by the Laplace’s equation for the velocity potential ®, which
is coupled with the elevation function { through the kinematic boundary condition:

0P 0P 0

V2p =0, — —| ==,p— =0. 2
on |, TP Ta pols, @

Here, po is the atmospheric pressure, and n is the unit outward normal to the corre-
sponding surface. The function { = {(¢, x, y), which is to be determined, characterizes
the time-dependent displacement and shape of the free surface.

2.2 The Method of Defined Normal Modes

Within the framework of the normal mode method, the unknown functions ® and { for
shells of revolution are represented in the cylindrical system (r, 0, z), as

S0, =y ZJ’,":O dii (D) @i (r, 2) cos(j6), 3)
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6 n=y Z;":O dig (1) (r) cos (j6). )

Here, j denotes the wave number, and the time-dependent coefficients dy;(f) remain
unknown. The basis functions ¢;(r) and ¢;(r, z) are obtained as results of solving the
linear spectral BVP, as described in [18]

2 ok Ao 0%y
Vi =0, 90 =0| 5 =5 . )
S So
In the linear formulation, one obtains
2
Ok (5 2) Xy .

() = =1 = —Lokj(r, H), (6)

0z So g

where Yy, are the fundamental frequencies, and H denotes the equilibrium free-surface
level. Consequently, the function ¢(r, 6, ¢) can be represented as follows:

1 n m
¢(r,0,1) = . Zk:l Z,-zl cos(j0) Xz ki (r, H )i (1). (7)

Thus, problem (5) is reduced to the basis functions @y (r, z) calculation.

Green’s third identity is used to represent the potentials ;. For brevity, the indices
kl are omitted. In combination with the boundary conditions of the Laplace Eq. (5), this
results in a system of singular integral equations [18]

2 (R
2m(z0) + /r ¢(2)0(z, 20)r(2)dT — X?/O (P E(P, Po)pdp =0,Pp € S1, (8)

2 R
27(po) + f 020z, 20)r()dT — X? /O o(E(P. Po)pdp = 0, Py € So.
I

2 .2 2 _
Oz, 20) = 4/va + b{i[r OIS F,(k)]n, + ZEl(k)nz},
2r a—>b a—>b

E(PaPO) =4/«/a+bF1(k),a = r2+r(2)+(Z—Zo)2,b=2rr0_

For the numerical evaluation of the generalized elliptic integrals E;(k), F;(k) in Egs. (8),
an efficient computational procedure is employed [18].

Let the basis functions ¢ (7, z) be determined. Substituting them into expressions
(3) and (4) and subsequently into the dynamic condition on Sy, yields the following sys-
tem of second-order ordinary differential equations, supposing that an artificial damping,
as proposed in [19], is incorporated

ay(t)

dro(t) + 20kocdio (1) + ‘*’1%0(1 + )dko(t) =0, )

. . a, (1
di1 (1) + 2wp Ledi (1) + oail(l + Vg( )

)dkl(l) +ap(t)Fr1 =0,
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- : 2 ay (1)
dra (1) + 20cdp (1) + ojg | 1+ P

)dkz(t) =0,l=2,m.

In Egs. 9), k = 1, n, the parameter ¢ denotes the damping coefficient, and Fy| =
(r, ©k1)/(@r1, ©k1)- In this study, c is chosen to represent a low damping regime [20].
To ensure a unique solution of system (9), the initial conditions are specified as

du(t) = dy), du(t) =djy = g1,k =1,n,1 =0, m. (10)

Following [18], the accelerations, a,(¢) and a,(t), are expressed as ay(f) =
apcos(wp), a;(t) = aj cos(wyt). In the fuzzy formulation, we assume w; = w, = fo.
Consequently, the deterministic problem is reformulated as the system of differen-
tial Eqgs. (9) subject to boundary conditions (10), parameterized by fy, g1, ao, ai,
(a1 = a1/g), and the damping coefficient c.

2.3 Simulation of Liquid Vibrations in Reservoirs by Fuzzy Techniques

To move from a crisp to a deterministic formulation for rigid shells with liquid under
horizontal and vertical loading, exact values are assigned to all governing parameters:
load magnitudes, frequencies, and boundary conditions, eliminating uncertainty. In this
crisp formulation, parameters are fixed and precisely known, and the system’s response
is obtained from deterministic Egs. (9). In contrast, the fuzzy formulation treats the
loading parameters as fuzzy sets with triangular membership functions, introducing
uncertainty and requiring fuzzy arithmetic and interval analysis [18, 21]. Instead of a
single deterministic result, this approach yields a bounded range of possible responses.
The deterministic parameters fy, q1, ag, a1, aj and c are fuzzified and represented as tri-
angular fuzzy numbers D = (d1, da, d3) with non-axisymmetric membership functions
p(x) defined as

x—d)/(da—dy), di <x <dy
MD(X)Z (d3—x)/(d3—d2),d2 <X §d3
0, x<di, x>dj

The corresponding crisp intervals B, obtained via the a-cut operation, are expressed
as Do = [d*.d{"], d* = (2 —dva + di.d = (@& —dpa + ds. This
formulation enables the fuzzification of the crisp parameters as follows:

Jo < Fo = (for, fo2.f03), 91 < 01 = (q11, 912, q13), ¢ < C =(c1,¢2,¢3), (11)

ap <> Ag = (ao1, anz, ap3), ai < A; = (an, a2, ai3).

Using these fuzzified parameters, system (9) is solved numerically as in [21]. Conse-
quently, the a-cut intervals of the function { are computed for various a values, facilitating
the analysis of uncertainties in estimating the free surface elevation.
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3 Numerical Results and Discussion

3.1 Spectral Boundary Value Problem

The spectral BVP for a truncated conical rigid shell (Fig. 1b) is solved using BEM [18]
to obtain fundamental mode shapes and frequencies of the contained liquid. The liquid
domain is characterized by a cone angle 6 = n/6, a top radius R; = 1, and various base
radii Ry (see Table 1), with liquid height defined as H = (R} — R3) cot(0), (Fig. 1b).
Numerical results are validated against reference data from [22] (Table 1).

Table 1. Frequency parameter oo% = xi /8

Frequency parameter u)]% = x]% /g

R» 0.2 06 038 09
j=0k=1

[22] 33868 33821 3.1392 | 2.1871
BEM 33871 33870 | 3.1411 | 2.1832
j=lk=1
221 13042 12546 09342 | 0.5429
BEM 13051 | 12581 09413 | 0.5641
j=2k=1
221 22639 22558 |2.0157 | 13613
BEM 22651 22592 20280 | 1.3950

Numerical simulations used 150 boundary elements on the conical surface and 120
on the free surface and bottom radii. Further refinement had negligible effect, confirming
convergence. Simulations for vibration modes j =0, 1, 2 across various R, values showed
close agreement with reference data, validating the method. These modes, corresponding
to the lowest natural frequencies, dominate the dynamic response under forced excitation
[22].

3.2 Forced Vibrations of Liquid: Deterministic Formulation

The free-surface response was computed for arange of parameters a,, a,, and oy, ®,. The
analysis first addresses vertical excitation with R, = 0.6 m, and with the damping ratio ¢
= 0. The resulting phase trajectories in the (, {) plane are depicted in Fig. 2. Figure 2a
corresponds to the case ap = 0,a; = 1 m/ sec?, w, = 1 Hz. Figures 2b and 2c illustrate
the response for ap = 0,a; = lm/sec2 with w, = 1.254 Hz and w, = 2.508 Hz,
respectively. The results demonstrate that the motion remains stable in the first two
cases; however, at w, = 2.508 Hz, the system exhibits unbounded growth in amplitude,
denoting the initiation of parametric resonance, when the excitation frequency is twice
the liquid fundamental frequency.
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002 oot .

Fig. 2. Phase portraits of the free-surface elevation response to vertical excitation

We then extend the analysis to the case of combined vertical and horizontal excitation.
The corresponding phase portraits are presented in Fig. 3 in the (C, ') phase space.

Fig. 3. Phase portraits of liquid motion subjected to lateral and longitudinal excitations

The parameters of the combined load corresponding to the phase portraits in Fig. 3
are as follows: (a) a9 = O.Im/secz,al = lm/secz, wp, = o, = 1Hz, (b) ag =
0.1m/sec?,a; = 1m/sec?, w, = w, = 1.254Hz, and (c) ag = 0.1,a; = 1, wp =
w, = 2.508 Hz. Notably, in these cases an additional resonance phenomenon emerges,
caused by the horizontal excitation.

3.3 Damping Effects

Next, we analyze the fluid motion under combined vertical and horizontal loads with
non-zero damping.

Fig. 4. Time history of the free-surface elevation for case (b)

Syste_m 9) is splved under the following initial conditions: dj;(f) = 0, dy(t) =
0,k =2,n,1+#1,d11(t) = 0.05. The damping coefficient is specified as ¢ = 0.075.
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Fig. 5. Time history of the free-surface elevation for case (c)

Figures 4 and 5 present the temporal variations of the free surface at the point
(6 = 0, r = R). The gray curves correspond to solutions of the undamped system of
differential Eqs. (9), whereas the black curves represent solutions of the damped system
with Rayleigh damping ¢ = 0.075. Although this damping coefficient corresponds to a
low damping level, a pronounced reduction in oscillation amplitude is observed in all
cases.

3.4 Numerical Solution of Fuzzy Initial Value Problem

Let the fuzzy numbers corresponding to the parameters fo, g1, ao, and, a; be defined as
following triangular numbers:

fo< Fo=(1,25,3), c¢< C=0.050.075,0.1),

agp < Ag = (0.05,0.1,0.5), a; < A; =(0.05,0.1, 1.0).
Here, short-term loads are considered in the form:

ajcos(wy), t <T
0, t>T

apgcos(wp), t <T

ah(t)z{(), t>T°

ay(t) = {

In the numerical simulations, the load duration was setto 7' = 10 s.

The choice of triangular fuzzy numbers is motivated by the following considera-
tions. The driving-force frequency becomes particularly critical when it approaches the
first natural frequency or its double. Moreover, the amplitudes of the driving force are
increased by an order of magnitude relative to those used in standard calculations, allow-
ing for an assessment of the most hazardous conditions during flight. Additionally, the
initial velocity g is considered. In most cases, the free-surface motion is assumed to start
from rest. However, since small disturbances are always possible, the initial velocity g1
is represented as a fuzzy number, defined as Q1 = (0.01, 0.05, 0.075).

To account for uncertainties in loading, system (9) is modeled with fuzzy parame-
ters in its right-hand side, representing the forcing terms, and fuzzy initial conditions,
reflecting imprecise initial states. These fuzzy parameters are expressed as fuzzy sets,
capturing the range of possible values with associated membership degrees. The system
is solved using advanced numerical methods, including finite difference schemes and
iterative solvers, as developed in [18, 21], which are adapted to handle interval arithmetic
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for a-cut representations. These methods ensure robust convergence and high accuracy
despite the system’s nonlinearities and uncertainties. This procedure yields the a-cut
intervals for the function ( at different o levels, enabling a comprehensive assessment
of the uncertainties introduced by wind loading in estimating the free-surface rise.

The analysis shows that the most critical sloshing occurs at a probability level of 0.5
(a = 0.5), even with substantial artificial damping. This hazardous behavior arises at an
external load frequency of 2.55 Hz, roughly twice the first natural frequency.

Fig. 6. Lower and upper time-dependent a-cut bounds for the function {

While damping reduces oscillation amplitude, increased load amplitudes can still
induce abrupt, unstable free-surface dynamics. As illustrated in Fig. 6, the upper bound
of the elevation at o = 0.5 remains unsteady, highlighting the need to account for loading
uncertainties. To suppress such vibrations in launch vehicle fuel tanks, damping strategies
like baffles, floating covers, or advanced materials should be explored.

4 Conclusion and Future Research

This study presented a computational technique for modeling free-surface disturbances
in containers under horizontal and vertical external loads, incorporating fuzzy logic
to capture uncertainties in load parameters and initial conditions. Rayleigh damping
was examined in detail, demonstrating its influence on the system’s dynamic response.
The study of fuzzy load parameters and initial conditions, utilizing a-cuts, provided
valuable interval-based results that reflect the range of possible system behaviors under
uncertainty, thereby enhancing the robustness and reliability of the proposed model.
Future work will extend the analysis to include baffles, floating covers, and other damping
devices, as well as the role of capillary effects, particularly under low gravity. Overall,
the findings advance the understanding of liquid sloshing dynamics and support the
development of strategies to mitigate hazardous responses in engineering applications.

Acknowledgments. We are deeply grateful to our foreign colleagues, Professors Alexander
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Abstract. This paper deals with the problem of packing elongated cylindri-
cal nanostructures, such as carbon nanotubes (CNTs), into a bounded three-
dimensional domain, taking into account their spatial positions and orientations.
The motivation is forced by experiments that demonstrate that the orientation
of carbon nanotubes influences the material’s mechanical, electrical, and thermal
properties. To consider these peculiarities, we introduce a geometric mathematical
model that extends standard non-overlap conditions by adding angular constraints
depending on orientation. The formulation is a mixed-integer nonlinear program-
ming (MINLP) problem, where continuous and binary variables are used. It makes
it possible to adjust the number of cylinders and rotation angles with respect to axis
directions and manage how cylinders are oriented to each other. The solving app-
roach uses decomposition into subsets, starts with block-coordinate initialization,
and then applies continuous optimization using the IPOPT solver. Two numerical
examples are given, one considering almost parallel alignment, which is essential
for conductive composites, and another showing random orientations, typical for
porous or entangled structures.

Keywords: cylinder - carbon nanotube - orientation angle - mixed-integer
optimization - porous media - anisotropic materials

1 Introduction

Packing problems involving geometric objects within bounded domains have broad
applications in materials science [1], biophysics [2], chemistry [3], and nanotechnology
[4]. Problems involving the packing of cylindrical objects are of particular interest,
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which arise in the modeling of carbon nanotubes (CNTs), fibers, nanowires, and other
elongated nanostructures [5]. In such problems, not only are the size and position of the
objects important, but also their spatial orientation, which can significantly affect the
physical properties of the system, from mechanical strength to electrical conductivity.

The last papers have emphasized the importance of controlling the orientation of
nanostructured systems. For instance, research has demonstrated that the mechanical
behavior of carbon nanotube arrays is heavily influenced by the angle between neigh-
boring tubes, impacting both adhesion and mechanical coupling [6]. This is important
for the stability of CNT arrays, especially under mechanical stress. Even in the absence
of an explicit packing formulation, the physical model implies that very small angles
between tubes are undesirable, which can be formalized as a minimum allowable angle
in a mathematical model.

In [7], the behavior of CNT bundles is modeled using molecular mechanics. The
model takes into account the relative position, length, and orientation of the tubes, as
well as the forces described by the Lennard-Jones potential. The results show that the
orientation of the tubes within the bundle significantly affects the mechanical response
of the system.

Paper [8] emphasizes the importance of orientation control in composites. Random
orientation can reduce electrical and thermal conductivity, whereas alignment at specific
angles to the substrate or to each other enables desirable anisotropic properties.

Further evidence of the importance of orientation control comes from studies in
nanoelectromechanical systems, particularly nano-oscillators used in high-frequency
sensing, energy conversion, and actuation. For example, orientation-dependent van der
Waals interactions and geometric configurations have been shown to influence oscillation
stability and frequency tuning [9]. In such systems, the angle between adjacent nanotubes
or between a nanotube and the substrate directly affects the mechanical and dynamic
behavior, reinforcing the need for angular constraints in modeling.

In the context of composite materials, the orientation of carbon nanotubes (CNTSs)
in the matrix has been shown to have a significant impact on mechanical properties
such as tensile strength and elastic modulus. Load transfer occurs most efficiently along
the nanotube axis, making the angle between the tube and the load direction a key
factor influencing mechanical properties. This has been demonstrated in recent studies
on carbon nanotube (CNT)-reinforced composites and mechanical metamaterials [10].

These examples show that orientation control of CNTs is a key factor determining
the performance of nanomaterials and devices. Accordingly, mathematical models that
take into account angular constraints in packing problems can serve as universal tools
for describing and optimizing such systems.

These problems come from different fields, but they all share a common geometric
setup where elongated cylinders interact inside a confined space with constraints based
on their orientation. This means they can be studied using a single mathematical model
focused on cylinder packing with orientation restrictions. This approach is valuable
because it covers many physical situations within one framework. It is also adaptable, so
it can handle specific conditions like preventing cylinders from being parallel, limiting
how much they tilt, or maintaining a minimum distance between them. Additionally, the
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model can be used to find the best configurations, such as maximizing packing density,
minimizing interaction energy, or optimizing orientation for a particular purpose.

Depending on the target application, either nearly parallel or random (isotropic)
orientation of the nanotubes may be optimal. For example, to achieve high electrical
or thermal conductivity in a specific direction, dense alignment of the tubes with min-
imal angular deviation (2.5-10°) is required [11]. In contrast, in applications where
isotropy, porosity, or maximum surface area are important (such as in filters, sensors, or
supercapacitors), a random orientation with a wide range of angles is preferred [12].

In the context of cylinder packing, two recent studies are particularly relevant. The
first, paper [13] proposes an algorithm for packing cylinders into a cylindrical domain
with a focus on global optimization. While the approach is mathematically rigorous
and efficient, it is limited to cylinders without rotational degrees of freedom, i.e., fixed
orientations. This restricts its applicability to systems where orientation plays a critical
role, such as CNT arrays or fibrous composites.

The second study [14] investigates packing behavior using adaptive shrinking
cell (ASC) and inverse Monte Carlo methods. It provides valuable insights into the
relationship between packing density, aspect ratio, and structural order.

2 Problem Statement and Mathematical Model

We consider a collection of cylinders C;, each with radius r; and height 2h,, i € Iy =
{1,2,...,N}. Letu = (ug, uy, ..., uy) where u; = (v;, ®;) consists of the center coor-
dinates v; = (xj, yi, ;) and orientation angles ®; = (¢;, w;) of cylinder C;. Here,
¢; € [0, 27) denotes the azimuthal angle and w; = [0, /2] is the inclination angle.

The direction of the axis of each cylinder is represented by a unit vector n; € R>,
derived from its orientation angles as follows:

sin(w;) cos(¢;)
n; = | sin(w;) sin(¢;)

cos(w;)

A cuboidal container C with specified dimensions W x L x H is given. The objective
is to pack a given set of cylinders into this container in such a way that no cylinders
overlap, the angles between the axes of the cylinders as well as between each cylinder
axis and the vertical direction (e; = (0, 0, 1) aligned with the z-axis) satisfy prescribed
constraints, and the packing density is maximized.

The mathematical model of the problem has the following form:

N
max27 Zb,-rizh,- subject to U= (u,b) € W C R™ x BY, 1)
i=1
where R™ is the Euclidean space, m = 5n + 1.5n(n — 1), B" is the binary space,
b= (bl, bz, veey bN) (S B", b,‘ € {0, 1}.
The feasible set W is described by the following system of inequalities:

bi®i(w;) > 0,7 € ly, ()
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bibj®ji(u;,w5) > 0,i,jely, i <}, 3)
n; -e; .
bjotmin < b; arccos ol < biomax, I € Iy, 4
n;
n; - ny
bib;jBmin < bib; arccos < b;b; Bmax- )
ni| - [n|

The model is MINLP [15] and aims to maximize the total volume of selected cylinders
placed within the cuboidal container C. Each cylinder is defined by its radius and height,
and its inclusion in the packing is controlled by a binary variable. If »; = 1 then cylinder
C; is included in the packing.

If b; = 0, then cylinder C; is excluded, and all constraints related to it are deactivated.

The objective function maximizes the sum of the volumes of the included cylinders.

The decision variables include the spatial coordinates and orientation angles of each
cylinder, as well as binary variables indicating whether a cylinder is included. The
feasible set W is defined by the system of constraints:

1. Each cylinder must be fully contained within the container. This is enforced by a
geometric constraint ®;(u;) (see (2)), based on ®-functions.

2. No two cylinders may overlap. This is ensured by pairwise non-overlap constraints
®;i(u;, u;) > 0 (see (3)), activated only when both cylinders are included.

3. The orientation of each cylinder must satisfy angular constraints (4) with respect to
the vertical axis (aligned with the z-axis). The angle between the cylinder axis and the
vertical must lie within a specified segment [o/pin, ¢max]- This constraint is enforced
only when b; = 1.

4. The angle between the axes of any two included cylinders must also lie within a
prescribed segment [Bmin, Bmax], ensuring controlled mutual orientation (see (5)).
This constraint is active only when both b; = 1 and b; = 1.

The total number of variables in the model is given by the expression m =
5n 4 1.5a(n — 1), which reflects the geometric and combinatorial complexity of the
packing problem. Each of the N cylinders is described by five continuous variables:
three coordinates for the center of the cylinder and two angles that define its orientation
in space. In addition, for every pair of cylinders, the model introduces three auxiliary
variables that define a separating plane between the two cylinders. These planes are used
to construct the ®-functions, which are known from the literature and are used to model
non-overlap conditions between convex polyhedral. Since cylinders can be approximated
with arbitrary precision by convex polyhedra, this approach allows the model to enforce
non-overlapping constraints with high geometric accuracy. The number of such pairs is
n(n —1)/2, and with three variables per pair, this gives additional 1.5z(n — 1) variables.

In the context of modeling nanotube packing, the orientation of each nanotube (rep-
resented as a cylinder) plays a critical role in determining the physical properties of the
resulting material, such as anisotropy, conductivity, or mechanical strength. The angular
constraints in the model serve to control and regulate this orientation:

Constraint (4) limits the angle between the axis of a nanotube and the vertical direc-
tion (typically aligned with the z-axis). By bounding this angle within a specified range,
the model can:
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e simulate vertically aligned nanotube arrays (e.g., forests or brushes) when the angle
is close to 0;

e allow tilted or randomly oriented nanotubes when the range is wider;

e enforce fabrication constraints where nanotubes must grow or be deposited within a
certain angular tolerance.

Constraint (5) bounds the angle between the axes of any two included cylinders. It
helps:

e prevent entanglement or excessive misalignment,

e promote parallel alignment for applications requiring directional properties (e.g.,
thermal or electrical conductivity),

e model inter-nanotube interactions that depend on relative orientation.

3 Solution Method

3.1 Construction of a Starting Point

Once a subset of cylinders has been selected (that is the binary variables have been fixed)
the next step is to construct a feasible starting point. For this purpose, we employ a block-
coordinate descent method (see, e.g., [17]). According to this method, we sequentially
optimize the position of each cylinder Cy such that by = 1.

At each step, a group of variables corresponding to the position of a single cylinder
Cr (with by = 1) is selected for optimization, while all other variables remain fixed.
The height of the cuboidal container along the z-axis is chosen to be significantly larger
than the original height H% > H , allowing more flexibility in vertical placement.

To simplify the optimization problem, we treat only the z; coordinate as a variable.

Its initial value is chosen as H? — ./ r]% + h2, ensuring that the cylinder is placed below

the top boundary of the container. Angles ¢y, wy are set so that o, = arccos n‘ e . The
remaining variables (xi, yx) are initialized randomly, but in such a way that constramts
(2)—(4) are satisfied.

This simplified approach is intentionally coarse, as the primary goal at this stage is
not to find an optimal configuration, but rather to quickly obtain a feasible point that
satisfies all geometric and angular constraints.

We then solve a one-dimensional optimization problem of the form:

minz; subjecttoz; € Dy C R', (6)
where the feasible set Dy is defined by the following system of inequalities:

bi®i(zx) = 0,i € ly, @)
bj®i(zx) = 0,j € Iy, )

bibjBmin < bibj arccos < bibjBmax- )

|J|_

The minimum of problem (6)—(9) can be efﬁ01ently found using the bisection method,
which iteratively halves the search interval for the variable z; until convergence.

Once such a point is found, a full optimization over all variables is performed in the
next stage.
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3.2 Iterative Improvement via Subset-Based Height Optimization
Now we solve the following problem based on the problem (1)—(5):
minh subject to (u, h) € G ¢ R" x BY (10)

where the feasible set G is described by the inequalities:

bi®i(u;, h) > 0,i €Iy, an
b,‘bjcbij(lli, llj) >0,i,jely, i<}, (12)

n; -e; .
biamin < b; arccos < bjotmax, I € Iy, (13)

n;|

n; - nj
bibjPBmin < b;bj arccos ————

=< bibjﬂmax~ (14)
;| - ]

If the result of the height minimization yields a value 4* < H, this indicates that
the selected subset of cylinders can be successfully packed within the original container
dimensions. In this case, the corresponding configuration is considered feasible and valid
for the original cuboid. Moreover, if the value of the objective function from the initial
problem (1), i.e., the total packed volume, is improved compared to the best previously
found configuration, it is updated and used as a reference for evaluating future subsets.

This process is embedded within a broader iterative framework, where multiple
subsets of cylinders are explored. The selection of subsets is guided by a tree strategy
inspired by the approach of [14, 15], which prioritizes combinations with high estimated
packing potential.

It is worth noting that in the case where all cylinders are identical, the subsets are
selected by gradually increasing the number of cylinders.

The solution scheme involves some basic steps:

— select a promising subset of cylinders based on estimated density or geometric
compatibility;

— construct a feasible starting point using the block-coordinate descent method;

— perform full nonlinear optimization, including orientation angles and container
height;

— evaluate the result, namely if the configuration fits within the original container and
improves the objective, update the best-known solution;

— repeat the process for other subsets until a target packing density is achieved, or all
relevant subsets have been exhausted.

An iterative algorithm combines combinatorial subset selection with continuous
nonlinear optimization. The goal is to efficiently explore the space of feasible cylinder
configurations while satisfying all geometric and orientation constraints.

Decomposition approaches can significantly reduce computational time and permit
considering large-scale problems. See, e.g.1 [16].

General solution algorithm.
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Step 1. Set count := 0, Vs, := 0 (initialize the subset counter and best total volume).
Step 2. Set count := count + 1 and select a subset of n.,,; cylinders according to the
method proposed by [15].

Step 3. Set k := 1;

Step 4. Solve the one-dimensional placement problem (6) — (9) for the k-th cylinder.
Step 5. If k := ncouns, then go to Step 7.

Step 6. Set k := k + 1 and go to Step 4.

Step 7. Solve the full optimization problem (9)—(13), and compute the resulting height
h* and ux.

Step 8. If h* > HY, then go to Step 2. Otherwise go to Step 9.

Step 9. If V* > Vjey, then set Viey = V', Upesy = u™.

Step 10. Go to Step 2.

4 Numerical Experiments and Discussion

4.1 Modeling Nearly Parallel Cylinders with Small Tilt Angles

This specific arrangement is crucial for uses that emphasize directionality, specifically
in areas like electrical behavior, heat transfer, and structural strengthening. Take aligned
Carbon Nanotube (CNT) arrangements, for example; they demonstrate electron move-
ment capabilities significantly exceeding randomly organized networks. This advan-
tage is especially beneficial in advanced nanoelectronics and biosensing technologies.
Research into vertically aligned CNT formations created using chemical vapor deposi-
tion reveals that this orientation can be managed with external electric fields or strategic
catalyst placement [10]. These systems typically impose angular constraints such that
the angle between adjacent CNTs lies within 2°-15°, and the tilt angle relative to the
substrate normal (Z-axis) is limited to 2°-10°.

To simulate such conditions, we consider a representative test case involving the
packing of 30 cylinders within a cuboidal domain with base 7x7. Angular constraints
are as follows: &min = Bmin = 2°, ¥max = 10°, Bmax = 15°. Anillustration of placement
is shown in Fig. la. A local optimum is 2* = 39.7721. As seen in Fig. 1, the resulting
configuration exhibits nearly parallel alignment of the cylinders, oriented along the
Z-axis.

4.2 Statistically Random or Semi-Random Orientations

Random or isotropic orientation of CNTs is particularly true for systems where porosity,
surface area, or isotropic mechanical response is desired, such as in filters, supercapaci-
tors, and catalytic supports. In these cases, a wide distribution of orientations enhances
the accessible surface area and promotes uniform interaction with surrounding media
[12].

Rather than enforcing strict pairwise angular constraints, which may be geometrically
infeasible in dense packings, random orientations are modeled using angular distribu-
tions centered around a mean direction (typically the z-axis), with a standard deviation of
15°-20°. This approach reflects the statistical nature of orientation in real materials and
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is supported by modeling studies of CNT-reinforced composites and fibrous networks
[5].

Based on experimental and modeling data, a realistic tilt angle range for such systems
is from 20° to 60° relative to the Z-axis. This avoids both near-vertical alignment (which
would resemble aligned arrays) and extreme horizontal orientations (which are difficult
to pack densely and may lead to mechanical instability). A practical test case, each of
cylinders with a tilt angle being within the 20°-60° range. This configuration mimics
the structure of porous or entangled CNT networks used in energy storage, sensing, and
filtration applications. To this end, we generate a test case with 30 identical cylinders
(ri = 0.5, h; = 4) in a container with a square base and angular constraints: apj, = 20°
and amax = 60°. An illustration of the obtained configuration is shown in Fig. 1b.

a b

Fig. 1. Packing cylinders with different limitations. a) modeling of packing nearly parallel
cylinders with small tilt angles; b) modeling of packing semi-random orientations of cylinders.

For both configurations, the model employs an iterative optimization approach that
combines subset selection with nonlinear programming. For each subset, a feasible
starting point is constructed using a block-coordinate descent method [16, 17], followed
by full optimization using the IPOPT solver [20].

5 Conclusion

This study introduces a singular geometric model, designed for the arrangement of cylin-
drical nanostructures, accommodating orientation limitations. This model encompasses
a wide spectrum of applications pertinent to nanotechnology, materials science, and
the creation of devices. The presented method builds upon established packing mod-
els, enhancing them with angular constraints. These constraints are both grounded in
physical principles and supported by experimental observations. These constraints are
essential for accurately modeling systems in which the spatial orientation of elongated
objects (for example, carbon nanotubes (CNTs), nanowires, or fibers) directly influ-
ences key functional properties, including mechanical strength, electrical conductivity,
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and thermal transport. The model is formulated as a nonlinear optimization problem that
combines geometric non-overlap conditions with orientation-dependent constraints. It
allows for the inclusion or exclusion of individual cylinders via binary variables and sup-
ports a wide range of angular configurations, from highly aligned arrays to statistically
disordered networks. The mathematical formulation is general and flexible, enabling
adaptation to various physical scenarios by adjusting the angular bounds and container
geometry. To solve the problem efficiently, a two-stage algorithm is proposed. It com-
bines subset-based decomposition with continuous nonlinear programming. For each
selected subset of cylinders, a feasible initial configuration is constructed using a block-
coordinate descent method, followed by full optimization using the [POPT solver. This
approach enables the exploration of high-quality packing configurations without exhaus-
tive enumeration, which would be computationally infeasible due to the combinatorial
nature of the problem. Two representative case studies are presented to illustrate the
model’s capabilities: one involving nearly parallel alignment with small tilt angles, and
another with statistically random orientations. The suggested model offers a flexible and
physics-based means to simulate and refine the spatial arrangement of cylindrical nanos-
tructures. It acts as a starting point for advanced theoretical investigations, computational
tests, and real-world applications focused on designing sophisticated nanomaterials and
technological components.
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Abstract. This research explores the effectiveness of tuned liquid dampers
(TLDs) in mitigating structural vibrations under dynamic loading. The dampers
are modeled as rigid shells of rotation, partially filled with liquid and rigidly
attached to an elastic structure. These damper geometries are of particular inter-
est because their sloshing dynamics differ from those of conventional rectangu-
lar containers, offering potential advantages for energy dissipation. The elastic
structure is represented as a single-degree-of-freedom oscillator (SDOF), with
explicit inclusion of its interaction with the TLD. Fundamental sloshing frequen-
cies are evaluated using the reduced boundary element method, which ensures
both computational efficiency and accuracy in fluid-structure interaction analysis.
The novelty of this work lies in demonstrating the applicability of arbitrary shells
of revolution as TLDs, enabling a more realistic assessment of vibration mitigation
performance. The results show that cylindrical shell-type dampers can markedly
enhance structural resilience against intensive dynamic excitations. These find-
ings offer important guidance for designing and optimizing TLDs in engineering
contexts.

Keywords: Fluid-Structure Interaction - Vibration Control - Shells of Revolution

1 Introduction and Literature Review

In recent years, accidents at critical infrastructure facilities caused by seismic activ-
ity and other emergency situations have become increasingly frequent. This trend has
stimulated intensive research into vibration damping of elastic structures. Among the
various passive and semi-active vibration control devices, TLDs have proven to be partic-
ularly effective for high-rise structures exposed to dynamic loads. These devices consist
of rigid, thin-walled containers partially filled with liquid and rigidly attached to the
structure. Controlling the sloshing response by preventing coincidence with the natural
frequency of the structure, TLDs can significantly reduce vibrations induced by wind,
earthquakes, and other dynamic excitations. This study focuses on cylindrical and coni-
cal rigid shells employed as liquid dampers. These geometries are of particular interest
because they exhibit sloshing dynamics and energy dissipation mechanisms distinct from
those of conventional rectangular or prismatic containers. The objective of the paper is
to analyze the efficiency of such shell-type TLDs in mitigating structural vibrations.
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A wide variety of damping devices have been developed to reduce structural vibra-
tions [1]. These include membranes [2] and baffles [3] in fuel tanks, along with shock-
absorbing suspensions in vehicles [4]. The concept of TLDs in civil engineering was
introduced in [5], where single- and multi-story buildings were analyzed. Subsequent
studies have extensively advanced vibration-control strategies for tall buildings [6, 7],
and for vehicle suspensions [4]. In addition to conventional cylindrical and conical
tanks, more complex TLD geometries have recently been investigated, including coax-
ial, toroidal [8], and elliptical reservoirs [9], which provide alternative sloshing charac-
teristics and broaden the design space. Significant progress has also been achieved in
numerical modeling of fluid sloshing [10, 11] and in studies of structural stability [12].
Both finite element and finite volume methods [13], as well as boundary element method
(BEM) [14], have proven to be highly effective for addressing fluid-structure interaction
problems. Furthermore, the performance of TLDs equipped with baffles has been studied
in detail [15, 16], highlighting the role of lateral and longitudinal baffles in modifying
sloshing frequencies. TLDs are widely recognized as effective devices for suppressing
vibrations induced by earthquakes [17], wind loads [18], and other intensive dynamic
excitations [19]. The widespread adoption of TLDs highlights their versatility and cost-
effectiveness compared to traditional Tuned Mass Dampers (TMDs). Companies such
as Flow Engineering and SDEA Solutions have been instrumental in advancing these
technologies and providing innovative solutions for global infrastructure projects. Ongo-
ing developments, including the use of smart materials and optimization algorithms, are
expected to further improve TLD performance and broaden their applications across
engineering fields [20].

2 Research Methodology

The algorithm for analyzing the influence of TLDs is implemented in several stages. First,
structural vibration modes and their associated frequencies without TLD are determined,
while the spectral boundary value problem (BVP) for the liquid damper is analyzed. The
resulting modes are subsequently employed as basis functions in the analysis of forced
vibrations. Finally, the vibration response of the elastic structure equipped with a TLD
is formulated, and the effectiveness of vibration mitigation is evaluated.

2.1 Boundary Value Problem for Liquid Motion in Rigid Shells

Consider a SDOF elastic system equipped with a TLD designed to mitigate oscillations
induced by external dynamic load, Fig. 1.

The formulation is based on standard modelling assumptions. The container is filled
with water (density 997 kg/m?), while the upper part is occupied by air at constant
atmospheric pressure. Surface tension is neglected, as the wavelengths and amplitudes
considered exceed the capillary length. The free surface is assumed idealized, without
phase change; evaporation and condensation are disregarded.

Dynamic gas effects (compressibility, internal flows, variable pressure) are neglected.
The liquid is assumed isothermal, with thermal and buoyancy effects ignored, an accept-
able approximation for short-term dynamics without heat sources. For water at room
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liquid
motion

a)

Fig. 1. Elastic structure with an attached tuned liquid damper

temperature (p; ~ 1000 kg/m?, g = 9.81 m/s?, 6 & 0.072 N/m, L = 0.5 m), the Bond
number is Bo = p;gL?/c ~ 3.5 x 10*. Viscous effects are limited to thin boundary
layers and have negligible impact on natural frequencies or modes, supporting the use of
a potential-flow model standard in first-order TLD analyses [22]. Thus, the tank liquid
is treated as inviscid and incompressible. Let So(7) denote the time-varying free surface
of the fluid, and S (¢) is the shell wetted surface. At the initial time, we set So(¢) = X,
and S (t) = X1, where the free surface X lies in the plane z = 0 when the system is at
rest.
The liquid domain Q(#) in the cylindrical system is defined as follows

0 ={0<6<2n,0<r=<r(),—H<z=<t¢(r6,0n} (1)

Here, r = r(z) defines the shell meridian, while the unknown function ¢ = ¢(0, r, t)
represents the change in free surface level over time.

The continuity equation is expressed as V-V = 0, where V denotes the liquid velocity.
In the absence of vorticity, a scalar velocity potential ® = ®(x, y, z, t) exists, reducing
the continuity condition to Laplace’s equation, V2® = 0. When the fluid-filled shell
is subjected to an external horizontal force Fgq, producing an acceleration a = a,(¢)i,
together with gravity acting in the vertical direction, the governing equation of fluid
motion is obtained from the principle of momentum conservation as follows:

P

1
ot + 8z + ax(t)x + E(VCD’ VdJ)]. (2)

P—po= —pl|:
where p is the liquid pressure, pg is the atmospheric pressure, p; is the liquid density, and
g is the gravitational acceleration. The BVP for the Laplace equation in the time-varying
fluid domain Q(¢) is then formulated. On the wetted surface S, the impermeability
condition is imposed as

9®/anlg, = 0. 3)

Here, n is the outward unit normal to the surface S;. In addition to the no-slip condition
(3) on §7, the kinematic as well as dynamic boundary conditions are imposed on Sp:

D ag /ot 9 I
L N ; (VO V) =0. “)

on /1+ |Vi|? S ot
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The solvability requirement for the Neumann problem (3)—(4) is used [22].
The initial data for the BVP (3)—(4) are as follows:

P
C(x, Y, 0) = CO(x, Y) = Oa 8_ = (p(xv Y, 0) (5)
n o

The estimation of pressure is thereby reduced to evaluating the unknown functions
® and g, subject to the boundary conditions (3)—(4) of Laplace’s equation and the initial
data (5). To address this problem, series expansions based on the eigenfunctions of the
spectral BVP outlined in [19] are employed. Consequently, the task requires identifying
the fundamental frequencies and modes of the fluid confined within the rigid shell.

2.2 Spectral Boundary-Value Problem for a Shell of Revolution

The spectral BVP involves determining the fundamental modes and frequencies of a
liquid, partially filling a rigid reservoir. In this study, the reservoir is modeled as a rigid
shell (Fig. 1). Following the approach presented in [22], the unknowns { and @ are given
in cylindrical coordinates (r, 0, z) as the following series expansions:

0.0 = dOu0), OCr.6zn=

o Do, 8,2). (©6)

Here, ¢ (r, 0) and @ (7, 0, z) denote the fundamental basis functions, while dy (¢) are the
unknown generalized coordinates. The determination of these basis functions in (6) is
reduced to solving the corresponding linear BVP, formulated in accordance with [19]

a dok(1,6,2)
2 ok _ Pk
Vigi=0,P<Q(0), 5y =0] ",

- %(pk(r,e,y), (7
pX1]

where P is a point within the liquid domain Q(0), and x; denote the fundamental frequen-
cies. To solve the BVPs (7), Green’s third identity was applied to derive one-dimensional
equations describing the liquid sloshing dynamics within the TLD, modeled as a shell of
revolution. The axisymmetric cross-sectional geometry permits reduction of the three-
dimensional problem to a one-dimensional formulation via integration over the azimuthal
coordinate. The validity of Green’s third identity does not require the cross-section to be
convex; it holds for any connected domain with a piecewise-smooth boundary, ensuring
applicability to both convex and non-convex geometries. In the present model, the cross-
section is assumed sufficiently regular to satisfy the conditions of Green’s identity, while
numerical simulations incorporate the specific geometry of the TLD. For non-convex
cross-sections, the integration may be more complex, but this does not compromise the
correctness of the derived equations [22]. By applying the boundary conditions (3)—(4)
of the spectral BVP (7), the following set of one-dimensional singular integral equations
is derived:

2 R
Zmp(ro,zo)+Lr(z)@(r(z),z)®(z,zo)dF—X?fo 9(p, H)E(P, Po)pdp =0, (8)

2 (R
2mp(ro,H)+/Fr(z)<p(r(z),z)®(z,zo)dl“— X?/O ¢(p, H)(P,Po)pdp =0,
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4 1 rz—rz—i—(Zo—Z)2 20— 2
Oz, 20) = — 0 E;(k) — F(k E;(k)n, },
(2, z0) m{2r|: > 1 (k) 1 (k) nr++a_b 1(k)n;

E(P, Py) = Fi(k), a=r*+r3+(z—2)% b=2rn.

4
vJa+b

The numerical solution of Egs. (8) was carried out using the BEM described in [19],
while the evaluation of the elliptic integrals employed the approach developed in [23].
After determining the basic functions and fundamental vibration frequencies, substitute
them into series (6) and then into the dynamic condition on the surface Sp, and derive
differential equations for unknowns d (¢). The acceleration a, appearing in the dynamic
boundary condition, represents the acceleration of the elastic body, the vibrations of
which need to be reduced using the TLD.

2.3 Governing Differential Equations

In the first stage, the own frequencies and modes of the elastic structure are deter-
mined without accounting for the influence of the TLD. Neglecting damping effects, the
governing equations take the form:

[Ms1{ii'} + [Ks]{u'} =0, ®)

Here, [Ms] and [Ks] represent the mass and stiffness matrices, {u’} is the unknown
vector of structure displacements. The solution of problem (9) results in the natural
vibration frequencies Q; and the corresponding modes uy (r, 0, z), which are subse-
quently adopted as the basis functions. Accordingly, displacements in the fluid—structure
interaction problem are expanded in series form

Wiy =Y a®uy.), (10)

where ¢y () are the unknown time-dependent coefficients. The coupled problem formu-
lation for the vibration damping of an elastic structure equipped with a TLD is presented
below:

Ms1{ii’'} + [Ksl{u'} = {fs} + {£,.]. (11

Here, {fs} represents the external force vector applied to the elastic structure, and {fpr}
corresponds to the force vector arising from fluid pressure in the TLD. To evaluate the
vector { fpr}, the pressure distribution p is determined using the following relations:

8@ n . n
p=pn p= Dl<— + gZ>, p=p [Zk=1 die (D i (r, z)] + Zk:l di ()8 (r))].

ot
(12)

The vector {fpr}, is evaluated by integrating the product of the pressure, given by
Eq. (12), with the eigenmodes of elastic shell vibrations u (r, 0, z) over the shell wetted
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surfaces. The dynamic boundary condition on the surface Sy is employed to estimate the
unknown coefficients dy, (¢), which in linear formulation leads to the following differential
equations [19]:

[M/]{d} + [K/](d} + pifa} = 0 (13)

where the free-surface mass and stiffness matrices are denoted by [My | and [K], and
{a} is the acceleration vector induced by the motion of the elastic structure.

Next, the spectral BVP for liquid vibrations in the rigid tank is solved, and by
introducing ¢k (¢) and d(¢) as generalized coordinates, the reduced coupled system of
ODE:s is obtained for each wave number /

[MI[¢] + [K][c] + [R][d] = {f}, (Mfl{d} + [Kel{d} + pi{€} = 0. (1)

Here, [M] = {Msu, w;}, [C] = {Csui, ui}, [K] = {Ksuy, u;}, [R] = {fpr, w}, and
{fs} = {fs, uj}. In this study, only horizontal external excitation is considered, with the
analysis restricted to the first wave mode, / = 1.

3 Numerical Results and Discussion

3.1 Benchmark Tests

The fundamental frequencies are calculated according to [19, 22] using the reduced
BEM in a linear statement. For both cylindrical and conical shells, the total number
of boundary elements (BEs) along the shell meridians and free-surface radii is 240.
Table 1 shows the numerical results alongside analytical results from [22] for [ = 0
(axisymmetric shapes) for different mode numbers k.

Table 1. Comparison of axisymmetric sloshing frequencies, Hz

k Conus Cylinder

Numerical Numerical Numerical Analytical Relative

solution, 120 BEs solution, 240 BEs solution, solution [22], Error, %
1 5.3528 5.3534 5.9969 5.9965 0.0066
2 7.8092 7.8068 8.2851 8.2842 0.0108
3 9.6046 9.6034 9.9937 9.9932 0.0050
4 11.1065 11.1044 11.4313 11.4261 0.0455
5 12.4257 12.4246 12.7127 12.7051 0.0598
6 13.6173 13.6180 13.8696 13.8656 0.0288

Rigid cylindrical and conical shells exhibit different sloshing frequencies, despite
both having equal height H = 0.5 m, and radius R = 1 m; for the cone, R = 1 m.
The results demonstrate the accuracy of the proposed method (relative error ~0.05%).
Although the frequencies are distinct, their discrepancy decreases with higher modes.
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3.2 Analysis of Tuned Liquid Damper Effects

The influence of a liquid damper on the vibration response of a square elastic plate
under periodic loading is investigated. The plate is assumed to be made of steel, with
side length @ = 4 m, Young’s modulus E = 210 GPa, Poisson’s ratio v = 0.3, and the
material density p; = 7950 kg/m?>.

Two types of dampers are examined: a cylindrical and a conical one, both having the
same height and fabricated from the same steel as the plate. Their geometric parameters
are specified as follows: R = 0.5 m, Ry = 0.25 m, and H = 0.5 m (Figs. 1b, 1c).

The external load is represented as a time-dependent function a, () = ag cos(fp?).
In this study, the elastic structure is simulated as a SDOF system. Using the method
developed in [24], the free vibration modes of the plate are obtained, and the lowest

frequency is estimated as 2] = “a—zzh‘/EF/6pS(l — vz) = 10.38 Hz, F = 22.52. First,
the rigid cylindrical damper (Fig. 1b) was represented as a cylinder partially filled with

an ideal incompressible liquid. Figures 2, 3 and 4 illustrate its effectiveness in reducing
the vibration response of the elastic plate.

p l)]nml{l{ ‘Wi

O ..mmm Hu.nmul’(llmll.k..lm ml llmlmm
'u '\"‘l w'-\-m"u'u‘-qir‘wmw W

-0.001 IVH”"
'l,,H,,} N [;||y""l

-0.003 ‘
-0.004 time, sec

0.002

“ll

Fig. 2. Time -history of plate displacement under periodic loading ( fo = 4 Hz, ag = 0.01 m)

21
displac

i llml T e ln“h, Mll
1
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Fig. 3. Time -history of plate displacement under periodic loading ( fo = 8.0 Hz, ag = 0.05 m)

0010 time

-0.01s

In Figs. 2, 3 and 4, the gray curves (labeled 1) represent the plate displacements in
the absence of a damper, whereas the black curves (labeled 2) correspond to the displace-
ments accounting for damping effects. The results demonstrate that, despite detuning
from the fundamental frequency of the plate vibrations, both a beat-type response (Fig. 3)
and a linear growth in amplitude (Fig. 5) are observed. It should be emphasized that the
plate vibrations were analyzed without incorporating the damping matrix. Nevertheless,
the installation of the TLD led to a pronounced reduction in vibration amplitudes across
all cases considered. Figure 5 corresponds to the most critical loading case. It presents a
comparison of the performance of cylindrical and conical liquid dampers characterized
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Fig. 4. Time -history of plate displacement under periodic loading ( fo = 9.7 Hz, ag = 0.1 m)

by the parameters H = 1 m, R =R, = 1 m, R; = 0.5 m. Curves 1, 2, and 3 denote the
vibration amplitudes of the plate without a damper (labeledl), with a conical damper
(labeled 2), and with a cylindrical damper (labeled 3), respectively.
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Fig. 5. Time -history of plate displacements for different TLD under periodic loading ( fo =
9.7Hz,ap = 0.1 m)

The results indicate that both dampers significantly reduce the vibration amplitude
of the plate, however, the cylindrical damper achieves a greater reduction.

To assess the relative mass contribution of the dampers, the ratios of damper mass
to the structure mass (12,720 kg) were determined, Table 2.

Table 2. Mass contribution of dampers relative to the structure

Damper Type Without Liquid With Liquid

Mass, kg Ratio, % Mass, kg Ratio, %
Cylindrical 37.20 0.29% 429.93 3.37
Conical 31.20 0.25% 260.92 2.05%

Both dampers fall within or slightly above the typical 1-3% range for TLDs. The
conical damper reaches 2.05% and the cylindrical 3.37%, consistent with optimized

designs [25].
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4 Conclusion and Future Research

The methodology developed to investigate the influence of a TLD on vibration mitiga-
tion in elastic structures provides a robust framework for analyzing TLD performance.
A system of differential equations is formulated to describe the vibration response of a
multi-degree-of-freedom structure equipped with a liquid damper. For numerical imple-
mentation, the formulation is reduced to a SDOF case. The approach relies on singu-
lar integral equations to determine the natural frequencies and vibration modes of the
TLD. It has been demonstrated that the proposed liquid damper achieves a substantial
reduction in the vibration amplitude of the elastic element across the entire load range
considered. Notably, the methodology is versatile, accommodating not only conical and
cylindrical geometries but also other axisymmetrical geometries, thereby broadening its
applicability to diverse structural configurations. Future research will focus on extend-
ing the analysis to multi-dimensional systems with multiple degrees of freedom and on
investigating the oscillatory behavior of the TLD within a nonlinear framework.
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Abstract. This study investigates the dynamic response of a gas-detonation dem-
ining device’s structure to shock waves from mine detonations. The Arbitrary
Lagrangian-Eulerian method, implemented in LS-DYNA, was selected as the
most suitable computational approach for simulating the coupled system “soil-
air-mine-structure”. To accurately reproduce cratering and capture the formation
of secondary reflected waves, the soil was explicitly represented in the model
as a deformable medium. The simulation results revealed the complex dynam-
ics of shock wave propagation, allowing for a detailed analysis of the interaction
between the primary and reflected waves with the demining device’s structure.
The developed numerical model made it possible to determine the pressure loads
generated by both primary and secondary shock waves acting on structural ele-
ments of the demining device. The obtained results demonstrated that these loads
are of destructive magnitude, leading to stresses exceeding the critical strength of
the current design. Based on the numerical assessment, engineering recommenda-
tions were formulated to improve the structural resistance, including reinforcement
of the main tube and supporting frame as well as the use of energy-dissipating
attachments.

Keywords: mine detonation - shock wave - soil modeling - gas-detonation
demining device

1 Introduction

The ongoing military aggression in Ukraine has led to unprecedented levels of land
contamination from mines and explosive ordnance, necessitating extensive mine clear-
ance efforts. According to current estimates, the area requiring clearance exceeds
150,000 km?. Given the significant risks to human life, national and international security

strategies are increasingly prioritizing the use of remotely operated technologies.
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Various robotic platforms, including unmanned ground-based and aerial devices,
have been developed with different mine neutralization subsystems. These platforms
are typically divided into two categories: contact and non-contact. Contact platforms,
such as flails, rollers, or tillers, detonate mines mechanically. Although effective, these
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methods expose the devices to high blast loads and fragmentation, which leads to a need
for heavy armour, reinforced components, and complex repairs. This negatively affects
operational reliability and economic viability.

Non-contact demining platforms represent a vital alternative. Their operation is
based on the remote initiation of explosive devices using low-power impulse charges,
directed cumulative jets, or gas-dynamic systems. The main advantage of this approach
is that the critical subsystems of the device remain outside the blast zone, which mini-
mizes structural damage, enhances the survivability of onboard electronics, and reduces
maintenance costs. This approach significantly improves operator safety and clearance
efficiency.

Of particular interest are systems that utilize gas detonation. A prototype demining
complex employing directed gas-detonation jets was previously developed for detonating
mines from a safe standoff distance [1]. While experimentally validated, the approach’s
effectiveness is heavily influenced by environmental factors, especially the condition of
the upper soil layer.

Therefore, the objective of the present research is to enhance the structural design
of the demining device based on numerical simulations of its response to both incident
and reflected blast waves resulting from the detonation of a neutralized mine.

To achieve this objective, the following tasks must be addressed:

1. Select and implement the most appropriate numerical model for the coupled system
of “soil-air-mine-demining device” in order to determine the dynamic loading effects
of shock waves on the structural elements of the demining system.

2. Evaluate the stress-strain state of the principal structural components of the dem-
ining device resulting from the combined action of incident and reflected blast
waves. Develop engineering recommendations to ensure the strength, integrity, and
functional operability of the system.

2 Numerical Modeling for Structural Integrity: Methods
and Application

Numerical simulation of detonation and its impact on structures is one of the most
complex problems in computational mechanics. The challenge lies in simultaneously
modelling the interaction of distinct physical continua explosives, air, soil, and structural
materials under extreme pressures. Modern computational environments like LS-DYNA
[2] offer several specialized techniques, including the Arbitrary Lagrangian-Eulerian
(ALE) method [3-6], Smoothed Particle Hydrodynamics (SPH) method [7-9], and sim-
pler Load Blast Enhanced (LBE) method [10, 11], as well as more recent particle-based
approaches such as the Discrete Element Method (DEM) [12], which are actively being
explored for blast-soil interaction problems.

The ALE method is a hybrid framework where compressible fluids (air, soil and deto-
nation products) are modelled in a Eulerian reference frame, while the deminer structure
uses a Lagrangian description. This coupling effectively reproduces shock wave propa-
gation and impulse transfer to the structure. While robust across a wide pressure range,
ALE is computationally demanding and requires stable schemes at material interfaces. In
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contrast, the mesh-free SPH method excels at large deformations and material fragmen-
tation but is sensitive to discretization parameters and prone to instabilities at interfaces
with Lagrangian solids. Particle-based DEM, on the other hand, represent soil as assem-
blies of discrete particles and can capture granular effects with high fidelity; however,
they are computationally intensive, still under validation, and therefore were not adopted
in this study.

For structural analysis, where the primary objective is not the detonation dynamics
itself, a simplified procedure like LBE method is used. These methods prescribe the load
directly as time-dependent pressure functions, eliminating the need to model air, mine
and soil as physical continua. This approach significantly reduces computational costs,
enabling rapid parametric studies and structural optimization. However, this simplifica-
tion precludes analysis of soil-structure interaction and reflected waves, limiting its use
to engineering assessments.

The primary objective of the present study was to analyse the loading of the demining
device structure induced by shock waves generated by mine detonation, encompassing
both the primary wave and the secondary wave formed as a result of their reflection from
the surface of the soil with the crater. Therefore, a hybrid ALE formulation was adopted
as the primary computational strategy.

For a detailed analysis, a three-dimensional finite element model was created (Fig. 1).
At its core was a Multi-Material Arbitrary Lagrangian-Eulerian [13] mesh, which
allowed multiple continua (air, mine and soil) to coexist within a single computational
domain. This ensured a physically consistent representation of interfacial phenomena
like shock wave reflection and material mixing. Each medium was defined as a separate
material group with its own properties and constitutive laws.

u Fixed Support
Displacements (0 m; 0 m; Free)

Fig. 1. Structure of the computational model: 1. Deminer (see [1]); 2. Mine; 3. Air; 4. Ground.

The deminer’s structural elements were modelled as deformable Lagrangian
bodies, with solid elements for protective plates and case’s components, and
shell elements for tubes, flanges, and frame members. The interaction between
the Eulerian continua and Lagrangian bodies was implemented using the *CON-
STRAINED_LAGRANGE_IN_SOLID algorithm [3, 4], as a standard LS-DYNA
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scheme for fluid-structure interaction. This penalty-based method ensured physically
consistent momentum transfer, and the use of the LEAKAGE_CONTROL = STRONG
option guaranteed robust resolution of sharp pressure gradients at material interfaces.

The simulations were performed on a computer with 48 processing cores. The com-
putational model comprised approximately 10 million elements. An automatic time step
without mass scaling was employed. The estimated computational time for a single
calculation point was approximately 6 h.

In conclusion, the chosen numerical approach provides a detailed and physically
consistent description of the entire detonation process. This not only allows for the eval-
uation of the demining device’s structural strength but also facilitates the development
of reliable design criteria that account for real-world geotechnical conditions.

3 Material Properties of the Computational Model Elements

In constructing the finite element model of the demining device, accurately describing
material properties is crucial, as they influence the reliability of the structure’s dynamic
response to blast loading. The elements of the computational model can be divided into
four main groups: metallic structural elements, the air medium, the explosive charge, and
the soil foundation. For each group, specialised LS-DYNA material cards were applied
to define their mechanical and physical properties under detonation loading.

The elements of the gas-detonation demining system consist of two principal types
of steels. The housing, working tubes, connecting nodes, and supporting struts of the
protective casing are manufactured from structural steel. In contrast, the screen section
of the casing comprises two plates: the inner plate is constructed from Rolled Homoge-
neous Armour (RHA), and the outer plate is also made of structural steel. The armour
plate provides stiffness to the protective plate enabling it to withstand the detona-
tion wave generated by the mine explosion. The outer plate is a replaceable com-
ponent: after being damaged, it can be dismantled and replaced without compromis-
ing the overall durability of the system. To describe the physico-mechanical charac-
teristics of steels, following the recommendations of [14], a unified LS-DYNA card
*MAT_POWER_LAW_PLASTICITY [15] was employed. Examples of this card filled
out for structural steel and RHA are shown in Fig. 2a and Fig. 2b, respectively. All values
in the material cards are given in the unit system “kg, m, s, N, Pa”.

The specified cards implement a model of isotropic elastoplastic material behaviour
with power-law hardening and account for the influence of strain rate through the
Cowper—Symonds relation. The yield stress (oy) in the model is described by the
expression:

oy = k(ey + )", (1)

where ¢y, is the elastic strain to yield, €” is the effective (logarithmic) plastic strain, k and
n are power-law constants. The influence of strain rate is accounted for by an additional

scaling factor: 1 + (%) 'p , in which C and p are user-defined strain-rate sensitivity
parameters, and ¢ is the current strain rate.
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In the computational model, the charge was represented as a cylinder with a diam-
eter of 250 mm and a height of 100 mm, corresponding to a mass of 7.85 kg based on
a trinitrotoluene density of 1630 kg/m>. This configuration was used as an analogue for
the TM-62T combat mine, which is extensively deployed and regarded as the most pow-
erful within the category of ground anti-tank mines. The behaviour of the charge in LS-
DYNA was described using a combination of the *MAT_HIGH_EXPLOSIVE_BURN
and *EOS_JWL cards [14, 15], which allowed for the consideration of both detona-
tion front propagation and the pressure of the explosion products. The Jones-Wilkins-
Lee equation of state, which determines the behaviour of detonation products, has the
following form:

E
p=A(1= 2 )exp(=Riv) + B[ 1 = -2 )exp(—Rov) + 221, )
Ryv Ryv v

where p — pressure, v — relative volume, E| — specific internal energy and A, B, R1, R,
w are material constants that characterize the behavior of detonation products across a
wide pressure range from peak conditions to hydrodynamic equilibrium.

The parameters for trinitrotoluene and the coefficients of the equation of state, as
described by these two cards, are shown in Fig. 2c.

*MAT_POWER_LAW_PLASTICITY
S mid  ro e pr k n src srp
1 7850.0 2.1E11 0.28 5.57e8 0.119 40.4 5.0 *MAT_PSEUDO_TENSOR
St sigy  vp epsf s mid ro g pr
2.5€8 0.0 0.0 5 2094.63 23028498 00
st sigf a0 al a2 aof  alf bl per
6895 00 00 00 00 00 00 00
i er pr sigy  etan  lcp o
a) 00 00 00 00 O 0
*MAT_POWER_LAW_PLASTICITY S#oooxt o x2 x3 x4 x5 X6 X7 X8
s mid  ro . or K R - sp 00 13790 34474 68948 137895 344738 379212 413686
st X9 x10  x11  x12  x13  x14  xI15  x16
. 2 7850.0 2.1E11 0.28  1.56E9 0.0918 32000 5.0 448159 482633 517107 551581 620528 689476 827371 1034214
S# sigy  vp epsf Sit ysl  ys2  ys3  ysé  ys5  ys6  ys7  ys8
9.5E8 0.0 0.0 30034 47643 74057 118080 206126 470264 514287 558310
S ys9 ys10  ys11l  ys12  ys13  ysl4  ys15 ys16
602333 646356 690379 734402 822448 910494 1086587 1350725
b) *EOS_TABULATED_COMPACTION
St eosid gama €0 vo lec ct Ick Icid
*MAT_HIGH_EXPLOSIVE_BURN 5 00 00 10 0 o 0 0
SH mid ro d pej beta  k g sigy o evl ev2 ev3 evd evs
3 16300 6930.0 2110 0.0 00 00 00 00 -0.00252 -0.00479 -0.00703 -0.00917
*EOS_IWL st ev6 ev? ev8 ev9 evio
st eosid a b 1 2 omeg €0 v -0.0103 -0.01143 -0.01254 -0.01362 -0.01599
3 3712611 323189 415 095 03 7089 10 St cl Q a3 4 s
00 68948 137895 206843 275790
SH# 6 7 8 9 c10
310264 344738 379212 413686 490562
C) SH t1 2 t3 t4 t5
00 00 00 00 00
*MAT_NULL St t6 t7 8 9 t10
St mid ro pc mu terod cerod ym pr 0.0 0.0 0.0 0.0 0.0
4 1.2255 0.0 0.0 0.0 0.0 0.0 0.0 St k1 k2 5
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S# e0 VO
253312.5 1.0
d) e)

Fig. 2. Description of the physical and mechanical properties of the computational model
elements using LS-DYNA cards (designations adopted in accordance with [15]).

In the computational model, the air medium was described using a combination of
the *MAT_NULL and *EOS_LINEAR_POLYNOMIAL cards [14, 15]. The dynamic
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viscosity of air in the model was taken as zero, which is a justified assumption, since
its influence on the formation of the shock wave and, consequently, on the loading of
the structure near the blast epicentre, is negligibly small. Thus, we arrive at an ideal gas
model, which is a generally accepted approach for modelling high-intensity, short-period
shock-wave processes. The pressure in such a medium is determined by the formula:

p=(~y-— 1)£E2, 3)
£0

here y = 1.4 s the adiabatic index of air, p/pp is the ratio of the current density to the
initial density, Ej is the specific internal energy. All air medium parameters used in the
calculation are shown in Fig. 2d.

In the numerical simulation of the blast loading on the structure of the demining
device, we considered both the direct impact of the primary shock wave from the mine’s
detonation and the secondary impact of the reflected wave forming on the soil surface.
The explosion process is accompanied by cratering, which alters the surface configu-
ration and, consequently, affects the geometry of the shock wave front. This leads to a
change in the direction of wave propagation and the generation of additional impulsive
loads acting on the structure. Therefore, a correct description of soil mechanics is a key
condition for an adequate assessment of the system’s dynamic response during a mine
detonation.

Among the geological material models implemented in LS-DYNA, a combination of
the *MAT_PSEUDO_TENSOR and *EOS_TABULATED_COMPACTION cards [15]
were used to describe the properties of porous sandy soil, in accordance with the rec-
ommendations from [16, 17]. The first card defines strength characteristics through a
Mohr—Coulomb yield surface with a Tresca cutoff. The diagram is plotted in “principal
stress difference (67 — 63) vs. mean pressure p” coordinates and reflects the increase in
shear strength with increasing confining pressure. The second card defines the volumet-
ric behaviour of the material through a tabulated pressure-volumetric strain relationship,
which allows for the reproduction of compaction and decompaction processes.

Unwashed sand [17] was used as the computational soil. Its characteristics were
specified using the LS-DYNA cards shown in Fig. 2e.

4 Results of Numerical Experiments

Figure 3 illustrates the evolution of shock-wave propagation over the time interval (t)
from 0.1 to 10 ms. This visualization allows us to track the dynamics of interaction
between the primary shock wave and the reflected shock wave as they interact with the
structure of the demining device. Analysing the frames presented demonstrates the effec-
tiveness of the protective plate, which absorbs the primary impact of a mine explosion and
redistributes the energy of the initial detonation wave. This redistribution significantly
reduces the loading on the critical structural elements of the device.

During this design stage of the demining device’s protective plate, we observed that
the shock wave imposes a considerable dynamic impact on the inner walls of the tube.
The visualization further confirms that damage to the structure is solely due to the shock
wave, as soil particles do not reach the device’s surface. This indicates that the protective
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system is functioning effectively. Figure 4 presents the calculated impulse pressure values
generated by the incident and reflected shock waves acting on the protective plate (made
of structural steel) and the main tube of the demining device.

In Fig. 5, the computed stress fields for the adopted structural dimensions of the
demining device are presented. The principal dynamic loading is concentrated on the
protective plate (Fig. 5a); however, the stresses induced in this component remain within
the admissible limits. A stress surge at the tube inlet of the demining device (Fig. 5b)
is associated with the direct penetration of the detonation wave into the tube. Within a
distance of up to 100 mm from the tube edge, the resulting stresses exceed the allowable
values. The response of the frame struts (Fig. 5c) to the loading transmitted through
the protective plate under shock-wave impact demonstrates stress levels surpassing the
critical buckling load, which indicates a potential loss of structural stability in these
elements.

T=6.0 ms . 7=10ms

Fig. 3. Distribution of the detonation wave and explosive products.
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Fig. 4. Pressure on: a) protective plate (structural steel) and b) main tube.
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Fig. 5. Von Mises equivalent stresses in the main load-bearing elements of the demining device
structure.

5 Conclusions

1. The adopted ALE numerical model of the “soil-air-mine-demining device” system,
which accounts for crater formation and reflections of detonation waves from the soil
surface, enabled the determination of dynamic loads acting on the demining device
structure.

2. The dimensions and strength of the protective plate, located at the frontal end of the
main tube, are sufficient to withstand both the incident and reflected detonation waves
generated by the explosion of the targeted mine.

3. The calculated stress levels in the main tube of the demining device, caused by the
action of incident and reflected detonation waves, exceed the critical limits. To ensure
operability, either the tube material should be replaced with a higher-strength alloy,
or, if the same material is retained, the wall thickness must be increased by 170%.
Since the stresses at the frontal end of the main tube exceed those along the rest of
its length, the output section of the tube should be reinforced by installing an outer
sleeve under interference fit with a length of 1.5-2 tube diameters.
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. The analysis revealed that the designed longitudinal frame struts of the demining

device do not possess sufficient strength to withstand the applied loads. Instead of the
angle-section profile, a square tube with a cross-sectional area increased by a factor
of 4.2 should be used to satisfy the strength and stability requirements.

. To partially compensate for the intensity of loading on the structural elements of

the demining device by incident and reflected detonation waves, a sliding mounting
system with damping devices should be developed.
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Abstract. This study investigates the effect of nanodiamond and nanographite
fillers on the dielectric properties of epoxy resin composites. Cylindrical speci-
mens based on epoxy resin EPICOTE 828 with an anhydride curing agent were
fabricated in neat form and with the addition of 0.6 wt.% nanodiamonds or
nanographite. The dielectric response was measured using a resonant Q-meter
method in the frequency range of 0.1-100 kHz. The developed experimental
setup, combining the Q-meter with a digital voltmeter and a frequency counter,
enabled reliable determination of dielectric permittivity and dielectric loss tan-
gent. The results demonstrate that the incorporation of nanodiamonds reduces
the dielectric permittivity compared with the neat epoxy binder. This decrease
indicates a reduction in the number of polar groups and an increase in the struc-
tural ordering of the polymer matrix. In contrast, the addition of nanographite
leads to a slight increase in dielectric permittivity, which suggests the formation
of additional polarization pathways and a more disordered polymer structure. The
scientific novelty of the study lies in providing a comparative analysis of nanodia-
mond and nanographite fillers in epoxy composites using resonant dielectric spec-
troscopy. The findings highlight the different mechanisms by which carbon-based
nanofillers alter the dielectric behavior of polymers, offering practical guidance for
tailoring epoxy-based composites for electrical insulation and related engineering
applications.

Keywords: Resonant Method - Dielectric Spectroscopy - Polarization

1 Introduction

Polymer-based dielectric materials play a pivotal role in modern technology, being
widely used in electrical insulation, sensors, and high-frequency electronic devices [1].
Among them, epoxy resins represent one of the most versatile classes due to their strong
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adhesion, chemical resistance, and good mechanical performance [2]. These charac-
teristics have secured their position in critical applications ranging. Advanced epoxy
resins with tailored dielectric performance are increasingly required in aerospace and
transportation industries [3—5], where multifunctional polymer structures must serve
not only as lightweight load-bearing elements [6, 7] but also as effective insulators
in environments involving high electrical, thermal [8, 9], and mechanical stresses. In
recent decades, the increasing demand for higher operating voltages, reduced compo-
nent size, and improved energy efficiency has revealed the limitations of neat epoxies,
such as relatively low dielectric constant, limited thermal stability, and susceptibility
to dielectric breakdown under harsh operating conditions. A widely adopted strategy
to overcome these limitations is the modification of epoxy with nanofillers [10]. The
incorporation of nanoscale reinforcements provides the opportunity to tailor dielectric,
thermal, and mechanical performance simultaneously [11]. Carbon-based nanofillers are
particularly attractive due to their abundance, stability, and unique electronic properties
[12]. However, their impact strongly depends on the nature of the filler: while conduc-
tive carbons such as graphene and nanographite can increase the dielectric permittivity
through interfacial polarization, insulating carbons such as nanodiamond contribute to
dielectric strength and stability by suppressing charge transport and reducing the number
of active polar groups in the polymer matrix.

This duality highlights the scientific and practical importance of exploring carbon
nanofillers with contrasting electrical characteristics. Nanodiamonds, consisting of sp3-
carbon with a wide band gap, act as electrical insulators capable of trapping high-
energy electrons, thereby reducing dielectric losses and improving breakdown resis-
tance. Nanographite, on the other hand, with its sp2-carbon structure, promotes inter-
facial charge accumulation and enhances Maxwell-Wagner polarization, which leads to
increased dielectric permittivity but may also raise dielectric loss if the filler concen-
tration approaches the percolation threshold. Direct comparative analysis of these two
fillers within the same epoxy system can therefore provide valuable insights into the
mechanisms by which nanofillers influence dielectric response.

2 Literature Review

Carbon nanofillers have shown considerable potential for enhancing dielectric proper-
ties of epoxy composites. In [10], fluorinated graphene improved permittivity to about
8.23 at 1 wt.% while keeping dielectric loss very low (1gd < 0.015). This confirmed that
chemical modification can suppress intrinsic conductivity and improve insulation relia-
bility. Yet, the work was limited to fluorinated derivatives and did not compare insulating
nanodiamonds with conductive carbons such as nanographite.

Graphene-based systems have also been investigated in other forms. In [13], small
amounts of graphene enhanced partial discharge resistance and charge decay, indicating
improved insulation, though frequency-dependent dielectric behavior was not examined.
A more systematic study [14] used broadband dielectric spectroscopy of epoxy with
functionalized graphene oxide, revealing strong interfacial polarization and S-relaxation
while maintaining insulation. Similarly, [15] reviewed epoxy/graphene oxide systems,
emphasizing their potential for improving dielectric constant and interfacial polarization
in energy storage, but focusing only on conductive fillers.



244 M. Shevtsova et al.

Insulating carbon nanofillers have attracted less attention. Polyimide/nanodiamond
composites in [16] showed a 37.5% increase in permittivity (¢ = 4.4) and high breakdown
strength with only 0.4 vol.% filler, demonstrating the strong interfacial polarization of
nanodiamonds. However, the results were limited to polyimide matrices, leaving their
role in epoxy and comparison with conductive fillers unresolved.

Conductive fillers other than graphene have been tested. Epoxy with multi-walled
carbon nanotubes and carbon-coated copper nanoparticles [17] showed reduced per-
colation thresholds and higher conductivity, but dielectric stability was not evaluated.
Epoxy with polyaniline nanorods [18] achieved permittivity values around 15 at 100 Hz,
yet exhibited high dielectric losses at low frequencies. A multilayer design in [19] using
reduced graphene oxide and boron nitride nanosheets provided ¢’ = 24.1 with low losses
(0.01-0.05), but did not consider insulating carbons such as nanodiamonds.

Overall, graphene and related conductive carbons generally increase permittivity but
often lead to higher dielectric losses, whereas nanodiamonds can improve breakdown
strength and stability but are scarcely explored in epoxy matrices. Direct comparisons
of insulating and conductive carbons within the same epoxy host are almost absent.

The aim of this study is therefore to investigate the influence of nanodiamond and
nanographite fillers on the dielectric properties of epoxy resin composites using a res-
onant Q-meter method. Particular attention is given to the frequency dependence of
dielectric permittivity and dielectric loss tangent, in order to clarify how nanofillers with
different electronic structures affect structural ordering and polarization mechanisms in
the polymer matrix.

3 Research Methodology

To evaluate the influence of gamma irradiation on the dielectric properties of the polymer,
cylindrical specimens with a thickness of 2-3 mm were prepared (Fig. 1).

Fig. 1. Specimens for determining dielectric permittivity
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The samples were fabricated from epoxy resin EPICOTE 828 (Westlake
Epoxy/Hexion, USA) cured with the anhydride hardener EPICURE (Westlake
Epoxy/Hexion, USA) [20, 21], as well as from modified formulations containing 0.6
wt.% nanodiamonds and nanographite (Fig. 2).

WD=11.9mm 15.00kV_ x1.5(
a

Fig. 2. Micrographs of epoxy resin specimens reinforced with nanodiamond (a) and nanographite
(b) fillers

Measurements of the dielectric properties were carried out using a Q-meter, which
enabled the determination of both the dielectric loss tangent (zgd) and the equivalent
capacitance of the measuring cell. Based on the capacitance values, the real part of the
dielectric permittivity (¢) was calculated, while the quality factor of the resonant circuit
was used to determine the dielectric loss tangent.

To determine the dielectric constants of the polymer, a resonant measurement method
was employed [22]. The principle of the method consists in placing the polymer specimen
into the measuring cell, which acts as a capacitor C, connected in parallel with the
variable capacitor C, (control capacitor) of the series resonant circuit of the Q-meter, as
illustrated in Fig. 3.

1%, e e

Fig. 3. Schematic diagram of the series resonant circuit of the Q-meter

During the measurements, the capacitance C, was gradually varied at the frequency
fr to tune the series resonant circuit of the Q-meter into resonance. Using the instrument
indicator, the quality factor Q; of the resonant circuit was determined, where the total
capacitance of the circuit is given by C1 = C, + C,,.

The quality factor is proportional to the maximum voltage U 4, across the capacitor
C,. Knowing the quality factor Qp of the circuit and its capacitance without the test



246 M. Shevtsova et al.

specimen C, at the resonance frequency f,, the quality factor of the measuring cell with
the investigated material as the dielectric can be determined:

_ (Co — C1)Qo01
(Qo — 01)(Co + Cie)’

where C;. — the self-capacitance of the inductor coil of the Q-meter resonant circuit.

It should be noted that the accuracy of determining the dielectric constants using a
Q-meter depends on the precision in measuring the capacitance of the resonant circuit,
the resonance voltage, as well as the accuracy of tuning the alternating current resonance
frequency. Compared to digital measuring instruments, the accuracy of these quantities,
which are read from the analog scales of the Q-meter, is relatively low. To improve the
accuracy of measuring the frequency dependence of the dielectric constants with the
Q-meter (VM-560), a measurement setup was employed, the block diagram of which is
shown in Fig. 4. In this setup, a digital voltmeter (V7-21) and a digital frequency counter
(Ch3-34) were used to measure the voltage across the resonant circuit at resonance and
to monitor its frequency, respectively.

QC.X

(D

? ¢ 9
o

(<=
frequency &ﬁ G

counter Q-meter voltmeter

Fig. 4. Block diagram of the setup for measuring the frequency dependence of the dielectric
parameters of the polymer

Let us consider the equivalent circuit of the Q-meter with the specimen (Fig. 5).
The measured value of the intrinsic quality factor Qg of the circuit with the specimen
disconnected is mainly determined by the losses in the coil:
2 fol 1 1
QO = = = i
r 2xfoCor  dp
where dy — the damping of the circuit without the specimen at resonance; Cy — the
capacitance of the variable capacitor C,.

When the specimen with parameters R and Cy is connected, the complex equivalent
impedance of the circuit is determined by the following relation:

R[1 — j27fR(Cy + C1)]
[1+472f2R2(C, + C1)?]’

@)

Zeq =r +]27TfL+ (3)
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Fig. 5. Equivalent circuit of the Q-meter with the specimen

where C1 — the new value of the capacitance measured at resonance.
From Eq. (1), the active equivalent resistance of the Q-meter circuit at resonance can
be written as:

R
r+ ,
1 +472f2R2(Cy + C1)?

“4)

Feq =

Let O,y = 2mfyR(Cy + C1) denote the equivalent quality factor of the entire
capacitive branch of the Q-meter circuit. Transforming Eq. (4), we obtain:

1 1
272 =r+ ;
47 °feR(Cx + C1)Cy 27f0C1Qeq

®)

Teg =T+

Hence, the quality factor of the Q-meter circuit with the connected specimen at
resonance is determined as:

0= 2rfol _ e 2nfol  _ Q0Qcq
Teq r—+ W Q0 + Qeq

(6)

Knowing that the equivalent dielectric loss tangent g8, of the entire capacitive
branch of the circuit with the specimen is the reciprocal of Q,, it can be expressed as:

1 Cytgd
2nfoC1R ~ Ci

188eq ™

3

where 1g6 = m — the dielectric loss tangent of the specimen.
The attenuation d. = 1/Q, can be expressed as
Ctgé
Cc '’

de = dp + tg(seq =dy + (7N

from which it follows that

de. —dp)C
198 = (de — do)Co ’ )
Cx
i.e., the range of measurable values of 7gd can be extended by increasing the capacitance
Co.
The described method makes it possible to measure the frequency dependences of
the dielectric parameters of the specimens for tgd values up to 16. The specimens were
tested at frequencies of 0.1 kHz, 1 kHz, 10 kHz, and 100 kHz.
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4 Results and Discussion

Although the Q-meter allows simultaneous acquisition of the frequency dependences
of ¢ and tgd, only the graphs of dielectric permittivity ¢ are presented below for anal-
ysis. This is due to the fact that variations in ¢ more clearly reflect the influence of
nanofillers on the polymer structure, whereas 7gd was mainly used for intermediate cal-
culations. After processing the experimental data, the following frequency dependences
of dielectric permittivity were plotted for the neat binder and the binder modified with
nanodiamonds and nanographite (Figs. 6, 7).

<
———]
/2‘
2
0.5
0 /. kHz
0.1 1 10 100

Fig. 6. Frequency dependence of dielectric permittivity for the neat binder (—) and the binder
modified with nanodiamonds ()

As shown in Fig. 6, the dielectric permittivity of the epoxy resin decreases upon the
addition of nanodiamonds. This reduction indicates a decrease in the concentration of
polar groups and suggests that nanodiamonds promote a more ordered polymer structure.
The observed behavior is consistent with previous reports that insulating nanocarbon
fillers, such as nanodiamonds, act as electron traps and suppress interfacial polarization,
thereby reducing the effective dielectric constant while improving structural stability
and breakdown performance.

In contrast, Fig. 7 demonstrates that the addition of nanographite leads to a
slight increase in dielectric permittivity compared to the neat epoxy. This behavior is
attributed to the sp>-carbon structure of nanographite, which facilitates interfacial charge
accumulation and enhances Maxwell-Wagner polarization at the filler-matrix interface.

Similar trends have been reported for graphene- and graphite-filled epoxy nanocom-
posites, where small additions of conductive fillers significantly enhance &', particularly
at low frequencies. However, this enhancement is accompanied by a risk of increased
dielectric loss if the filler loading approaches the percolation threshold.

A key finding of this study is the contrasting role of the two nanocarbon fillers:
nanodiamonds act as dielectric stabilizers that reduce permittivity but may improve
breakdown strength and reduce losses, while nanographite acts as a permittivity booster
that increases € but can potentially compromise insulation integrity if not carefully
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Fig. 7. Frequency dependence of dielectric permittivity for the neat binder (=) and the binder
modified with nanographene ()

controlled. This dual behavior highlights the importance of tailoring filler type and
concentration depending on the target application. For example, nanodiamond-modified
epoxies are promising for high-voltage insulation systems, where low loss and high
reliability are critical. Nanographite-modified epoxies may be suitable for capacitive or
sensing applications, where enhanced polarization and permittivity are desirable.

The frequency-dependent measurements further reveal that the differences induced
by nanodiamond and nanographite are more pronounced at low frequencies (0.1-1 kHz),
where interfacial polarization dominates. At higher frequencies (10-100 kHz), the per-
mittivity values of all composites converge, suggesting that the contribution of interfacial
polarization diminishes as the relaxation processes cannot keep pace with the alternating
electric field. This frequency-dependent behavior corroborates the general understanding
of dielectric relaxation phenomena in polymer nanocomposites.

Overall, the results confirm literature findings and provide direct comparative evi-
dence that two nanocarbon fillers with fundamentally different electronic structures —
insulating nanodiamonds and conductive nanographite — produce opposite effects on
the dielectric characteristics of epoxy composites. The findings demonstrate the fea-
sibility of using selective nanofiller strategies to engineer polymer composites with
application-specific dielectric performance.

5 Conclusions

A resonant Q-meter method, supported by digital instrumentation, was applied to epoxy
resins with nanodiamond and nanographite fillers in the frequency range 0.1-100 kHz.
The technique enabled reliable evaluation of dielectric permittivity and loss tangent.
The incorporation of nanodiamonds reduced permittivity, reflecting fewer polar
groups and greater structural order, while nanographite caused a slight increase, indi-
cating additional polarization pathways and a more disordered matrix. Overall, the
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results show that insulating nanodiamonds improve dielectric stability, whereas con-
ductive nanographite enhances permittivity but reduces structural order, confirming the
contrasting roles of these nanofillers in tailoring epoxy dielectric behavior.
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Abstract. To solve a number of problems of control and diagnostics of gas tur-
bine engines, dynamic models are used, the coefficients of which in a number of
practically important cases must be determined from real information obtained
experimentally or during operation. The paper proposes a method for analyzing
errors in estimating the dynamic parameters of engines, the main concepts of which
consist in using a linear dynamic model, considering influencing errors as inde-
pendent normally distributed random variables, using dimensionless parameters
and the corresponding transformation of equations that describe the relationship
between estimation errors and influencing factors, which makes these equations
universal, suitable for analyzing any parameters of the engine operating process
and any control actions. It is established that, depending on the formation of errors
in the initial data, they can be divided into two categories: parameters distributed
over a set of experiments, and in each experiment — over a set of local measure-
ments, as well as parameters distributed only over a set of experiments, the values
of which are fixed over a set of local measurements. Using analytical and numer-
ical methods, universal dependencies have been obtained that make it possible to
determine the errors in estimating the time constant of a single-shaft gas generator
with a sudden change in fuel consumption and with a linear change with stabi-
lization depending on the time and frequency of observation, the expected value
of the time constant, as well as the root-mean-square errors of the initial data:
measurements of the rotor speed and fuel consumption, as well as the gain factor
for fuel supply.

Keywords: Gas turbine engine - Mathematical model - Dynamic parameters -
Estimation - Error

1 Introduction

One of the most promising areas in the advancement of aircraft engine is the development
of adaptive automatic control systems [1, 2]. The key component of such systems is a
dynamic mathematical model of the engine that can self-adjust based on the measured
parameters of its operating process. Under the initiative of NASA, a concept for creating
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such models, known as STORM (Self-Tuned On-board Real-time Model), was proposed
[3, 4]. However, existing studies devote insufficient attention to the crucial issue of
verifying whether the collected data are adequate to achieve the required model accuracy.
Such verification must be performed both a priori - to predict engine operating modes and
determine the required data volume - and a posteriori, after obtaining the experimental
results.

2 Literature Review

2.1 Identification of Engine Static Performances

Static models of gas turbine engines (GTE) underlie their development and are used at
all stages of their life cycle, from preliminary design to operation and maintenance.
The component-based static model of the engine has the form [1]

?=F(z7m, Uy, 6) (1)

where ¥ are simulated workflow parameters; f]m are parameters that determine the
engine operating mode; l}f are parameters that determine flight conditions; 6 are
parameters of components characteristics.

These models accompany the development of the engine design, therefore their
coordination with experimental data is a relevant task, the solution of which is devel-
oped inextricably with the methods of calculating static characteristics [1, 2]. The latest
advances in this field are published in the works of Y. Li [5], Tsoutsanis et al. [6], S. Li
et al. [7], Kim et al. [8].

The approaches used are based on the Least Squares method. To ensure the stability
of the solution, regularization of the estimation algorithm is used [1, 9].

Therefore, we will consider the problem of identifying static characteristics of a gas
turbine engine to be sufficiently studied and will focus further on dynamic models.

2.2 Identification of Engine Dynamic Characteristics Using a Nonlinear
Component-Level Thermodynamic Model

The most common approach to identifying the dynamic performances of engines is
associated with the estimation of the parameters of nonlinear component-level thermo-
dynamic models. In 2015, Tsoutsanis et al. [10] presented a method for identifying
characteristics to use the results of measuring parameters in transient modes for engine
diagnostics. In 2016, Asgari et al. [11] used machine learning methods and improved the
modeling of temperature in transient modes. In 2018, Mehrpanahi et al. [12] proposed
a procedure for correcting the dynamic model of an industrial gas turbine using opera-
tional information. They also showed that this method has a drawback, because it does
not provide modeling with acceptable accuracy outside the operating range in which
the data used for identification were obtained. In 2019, Pang et al. [13] showed that the
accuracy of the model improves if data obtained in transient modes is used to adapt the
characteristics of the compressor and turbine. In 2020, S. Kim et al. [14] proposed a
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method for adapting the dynamic model of the F100-PW-229 turbofan engine taking
into account the dynamic characteristics of the temperature gage. In [15], in contrast to
previous works that used a bench set of measured parameters, they proposed a method
that provides adaptation of the model to the parameters measured on a regular basis. Not
only are the characteristics of the components adjusted, but also the characteristics of
the sensors.

However, on the one hand, the problem of estimating the parameters of nonlinear
component-level thermodynamic models is currently clearly insufficiently studied; on
the other hand, the use of these models as on-board real-time models as part of control
and diagnostic algorithms requires the appropriate development of the hardware and
algorithmic means of ensuring software reliability, which may become the subject of a
special study, but goes beyond the scope of this work. Therefore, we will consider the
use of dynamic models that have a linear structure in the future.

2.3 Identification of Engine Dynamic Characteristics Using Linear Dynamic
Models

The linear dynamic model of the engine has the form [16]

X = AAX + BAU: )

Y = CAX + DAU, A3)

where X is the state vector; U is the control vector; A, B, C, D are matrices; A is the
deviation of parameters from values that correspond to the established engine operating
mode. In the vicinity of the engine operating mode, the matrix coefficients are constant.
Such a model is called a single-mode model. It is known that the dynamic properties of
the engine significantly depend on its mode and flight operating conditions [16]. This
can be taken into account if the dependence of the matrix coefficients on the parameters
Un and Ut is taken into account. Such a model is called quasilinear. It takes into account
nonlinear relationships, but is linear in structure. The task of identifying this model is to
determine the coefficients of the specified matrices based on the values of the parameters
measured in transient processes caused by changes in the elements of the control vector
(i.e., the mode or external conditions).

The most famous monograph on the problem of forming linear dynamic models
of gas turbine engines was published by Kulikov and Thompson [17]. It considers the
problem of identifying the dynamic characteristics of gas turbine engines based on
experimental information. The main attention is paid to identification in the frequency
domain. Unfortunately, the practical significance of such a method is small, because
for its implementation it is necessary to ensure a harmonic or random change in the
influence (fuel consumption). From the analysis of the problem, it becomes clear that
practical identifiability consists in the possibility of forming a model of the object based
on experimental data with the required accuracy. Therefore, a method of analyzing the
accuracy of identification is needed. However, unfortunately, quantitative assessments
of the accuracy of identification are not considered in this monograph.
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Castiglione et al. [18] stated that to ensure the required control accuracy the model
used should take into account the degradation of the engine. However, in this work
only the degradation of the compressor characteristics was considered, the influence of
measurement errors was not analyzed, and the identification algorithm was not given at
all — only a reference was made to the fact that standard MATLAB tools were used. In
the work of Tavakolpour-Saleh et al. [19], two approaches to the identification of the
dynamic properties of a turbojet engine were considered: parametric and nonparametric.
Neural networks were used for nonparametric identification.

Wei and his co-authors from Beijing Beihang University and Cranfield University
presented a comprehensive review of the development of onboard GTE models [20].

The application of piecewise linear dynamic models of GTE was initiated in the work
of Teren, published in a NASA report [21] and dedicated to the control of the F100 engine.
The parameters of such a model are set on a finite set of points of the engine throttle
performance. Therefore, when modeling transient characteristics, the model parameters
are interpolated by the values of the parameter that sets the operating mode — the rotor
speed. The corresponding modeling algorithm is presented by Kulikov, Thompson [17].
A nonlinear component-based engine model or an experimental throttle performance
can be used as a static model. Frequency identification methods for piecewise linear
engine models were reviewed in 1998 in the works of Borell et al. [22], as well as Arkov
et al. [23].

In 2019, Jafari and Nikolaidis [24] considered three types of engine models: 1) Ham-
merstein model; 2) Wiener model; 3) mixed Wiener-Hammerstein and Hammerstein-
Wiener models. As a result of the analysis, they recommended the Wiener model for
practical application and compared it with the piecewise linear model and the neural net-
work model. All models were tuned on the same data set. It was shown that the neural
network model is unsuitable because it accumulates static error.

As aresult of the analysis of the on-board models development, Wei et al. [20] noted
that they have not yet found a wide practical application. According to the authors, this
is due to the need to solve two problems: 1) reliable modeling of the most important
unmeasured parameters during a sudden change in the engine state; 2) ensuring sufficient
accuracy of tuning the on-board model taking into account the characteristics of the
engine. The second problem is the subject of further research in this work.

Thus, tuning dynamic models based on measurement information is an important
task that is solved at different stages of using the models.

Among all the works on the identification of engine characteristics, works related to
dynamic characteristics constitute a small number. They mainly consider the determina-
tion of the coefficients of a single-mode dynamic model by the Least Squares method.
However, the problem of analyzing the accuracy of estimating the parameters of dynamic
models using real data has clearly not been studied enough, and the problem of planning
experiments has not been considered.

The goal of the work is to develop a method for analyzing the accuracy of estimating
the parameters of dynamic models of gas turbine engines and their practical implementa-
tion using the example of testing a single-shaft gas generator under conditions of sudden
changes in fuel consumption.
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3 Research Methodology

The duration of the transient process in a gas turbine engine is determined by the com-
bined influence of several phenomena: mechanical inertia, quantitatively characterized
by the rotor moment of inertia, and the dynamic stability of the gas generator during
transient modes, which depends on the difference in the slopes of the torque charac-
teristics of the compressor and turbine. Since both components jointly determine the
engine time constant, it is not necessary to evaluate them separately. Therefore, the main
objective is to estimate the resulting time constant, which reflects the combined effect
of these factors.

To form a methodology, let us consider the simplest problem: determining the time
constant 7 of a single-shaft gas generator or engine using a step change in fuel consump-
tion by the value Gy. The mathematical model (2), which describes the change in the
rotor speed 7 for a given change in fuel consumption G, has the form

dn + A KAG )
T— n= s
dt

where 7 is the rotor time constant; K is the rotor gain factor for fuel consumption.

According to the analysis, the gain factor K should be regarded as a static rather than
a dynamic parameter, as it defines the slope of the steady-state characteristic — that is,
the relationship between rotor speed and fuel consumption under established operating
conditions. Hence, K can be determined beforehand from the static dependence n =
HG).

The transient characteristic of the engine under the specified influence has the form
An(t) = KGO<1 _ e*%). (5)

The total uncertainty in evaluating the time constant is influenced by several factors:
measurement errors o, (rotational speed) and og (fuel consumption); model-related
inaccuracies ok (error in parameter K) and A4S (error due to the assumption of constant
coefficients K and 7 K and 7); the sampling period At.

It is further assumed that At is selected sufficiently large to suppress the effects of
signal autocorrelation, while the amplitude of the fuel flow variation Gy is chosen small
enough to minimize the impact of model nonlinearity.

Then the instrumental error of the estimate is the sum of the partial errors, and its
variance is the sum of the partial variances:

AT = (A1), + (AT)g + (AT)k; 02 = 02, + 026 + 02k (6)

To determine these components, let us assume that the structure of the dynamic
model is correct, and the estimate is determined by the Least Squares method (LSM),
i.e., it minimizes the functional

N

oar) = [m-Kk6(1- e*%)]z -y [Anj - <%>jAr - (%)jAG - (;;)jAKT,

j=1 j=1
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B[ ) o) )4

j=1
N 3 2
jgl (" )j
We obtain expressions for the variance components (6), taking into account the
significant difference between the influence of measurement errors ¢,> and errors in
specifying the amplitude of the fuel consumption step and model coefficients o2, ok 2:
both are random variables, but the errors of the coefficients change only over a set
of repeated experiments, while the errors of measurement change over both the set of
experiments and the set of measurements in each experiment. Therefore, the errors of
the fuel consumption step and gain factor can be carried out behind the signs of the sum
in the numerator of the expression to estimate A7.

To obtain a universal characteristic of the error, we introduce dimensionless variables

whence AT =

Slg

- n_.F_1t. AF_At., = _ O . = _ 0G. = _ 0K 0 0

= %Gy’ 1=75; At—,_m o, = KO_Z;S’ oG = G—g, 0K = Xo» where 79, Gp",

K are true values of the engine time constant, fuel step and boost factor. For the same
N

purpose, we convert the expressions to continuous form using the transformation ) | x; ~
j=1

IN
ﬁ [ x(t)dt, assuming that measurements are made over time 7y evenly spaced 4z. Then
0
N (on o ’ N (on o ’
n on n on
A2 S (5)a J ()
-2 _ o, 2 o= J= _%;' —2 = j=1 _%(
T™n [ 4 2 [ 4 2 :
}V(a—ﬁ)zdt T (o) T (om)?
I J (g J gy
j=1 j=1
(N
4 Results
Differentiating the solution (5), we transform (7):
_ L - 2
U%n = aﬁz - At -fn(tN), Wherefn(tN) =7 o ik (8)
5 —e AN [tN +1iy + 5]
— 4(%F 1 —IN o7 1 —2IN
G2 =0gfi (tN); Tk =0oxh (tn) where fi (in) = 34t ™ + (20 + Ve 9

- [2?,% 42N+ l]e*ﬂN

Function f; (?N) is presented in Fig. 1, a. As the observation duration increases, its
value converges to a finite limit equal to 4. This indicates that after the transient process
is completed, subsequent measurements no longer carry information about the desired
time constant. Function fi (EN) is presented in Fig. 1, b. With an increase in observation
time, the influence of additional measurements on the total error diminishes, and the
function approaches not zero but a finite limit equal to 9.
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Fig. 1. Influence functions of errors in measuring the rotational speed and setting the fuel con-
sumption and gain coefficient on the error in estimating the engine time constant: a — f;

b-fj

Using the derived Egs. (8), (9) for the specific variance, along with the corresponding
graphs, one can estimate the error for any engine, chosen time interval, amplitude of
the step input, and measurement inaccuracy. This formulation of the error model also
serves as a foundation for designing experiments aimed at determining the engine time
constant, effectively addressing the inverse modeling problem.

The characteristic obtained from the analysis of a sudden change in fuel consumption
represents the minimum achievable error, as the rotor’s response to alternative forms of
input occurs more slowly, thereby increasing the estimation error.

Letus consider examples of determining the errors in estimating the time constant of a
single-shaft gas generator with the following parameters: ¥ = 1 s; K = 10 (rpm)/(kg/h);
G’ = 100 kg/h; At = 0.2 s; 6, = 15 rpm; 66 = 0.5 kg/h; o = 0.1 (rpm)/(kg/h). The
corresponding dependences on the relative observation time of individual components
and the total root mean square deviation (RSMD) of the time constant estimation error
are presented in Fig. 2. Analysis of the obtained results shows that the opposite effect
of the observation time on the change in the components of the total time constant
estimation error under certain conditions determines the presence of a minimum of the
total error, which means the existence of a limited optimal duration of the experiment.
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Fig. 2. Dependences of the RMSD of the errors of the time constant estimates on the observation
interval: 1 -orp;2-0;g;3-0tK;4-0pa-t9=1s8;b—-1790=5s

5 Conclusions

In the course of investigating the problem, a generalized method for analyzing the errors
arising during GTE model adaptation was developed. The main ideas of this method
can be summarized as follows: 1) application of a linear approximation of the engine’s
dynamic model in the region corresponding to the actual values of the parameters to
be identified; 2) assessment of the impact of all measurement inaccuracies and model-
related parameter deviations — including rotor speed and fuel flow errors, inaccuracies in
the sensitivity coefficient, the form and parameters of the control signal, and the interval
between recorded data points; 3) assumption that the influencing errors are statistically
independent and normally distributed random quantities; 4) utilization of normalized
parameters and appropriate transformations of the equations that connect estimation
inaccuracies with influencing factors, which makes these relationships universal and
suitable for any set of engine parameters and operating conditions.

Instrumental errors in determining the time constants of the engine have a lower
theoretical limit, which arises from the finite duration of transient processes. Once the
transient has ended and output parameters become steady, the system’s response ceases
to depend on dynamic parameters such as the time constant. Therefore, additional data
obtained after stabilization do not improve the accuracy of the estimate.

Based on the analysis of the transient response of the engine to a step change in fuel
supply, the minimum achievable estimation error was determined. In practical situations,
the rate of fuel change is restricted by the mechanical limits of the metering unit and
control algorithms, which in turn slows down the rotor’s acceleration and reduces the
amount of useful information contained in experimental data.

For the first time, the possibility of the existence of an optimal observation duration
has been established, which must be taken into account when designing experiments
and developing algorithms for adapting dynamic engine models.

The proposed method for calculating the error in estimating the time constant can
be applied not only to a single-shaft engine. To implement the described approach, it
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is necessary to use the solution of the differential equation that represents the system
under study (for example, a twin-shaft engine) for the corresponding input action. By
performing the appropriate transformations, it becomes possible to obtain universal
relationships expressed in dimensionless parameters.
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Abstract. This paper proposes an approach for analyzing the free vibrations of
sandwich shallow shells with an auxetic core exhibiting a negative Poisson’s ratio.
The face sheets are made of functionally graded materials (FGMs). The method
allows to consider the panels with arbitrary planform geometries. The shell is
assumed to be resting on a Pasternak elastic foundation. Mathematical formu-
lation is based on the first order shear deformation theory (FSDT). The core’s
unit cell is modeled with a hexagonal configuration, and established analytical
relations are used to determine its material properties. Power law distribution is
applied to characterize the effective properties of the FGM face sheets. To address
shells with arbitrary planforms, the R-functions theory is integrated with the vari-
ational Ritz method. The accuracy and efficiency of the proposed methodology
are demonstrated through comparison with existing results as well as new results
obtained for auxetic shells of complex geometries.

Keywords: arbitrary shape - R-functions theory - sandwich shallow shells with
auxetic core - FGM - first order shear deformation theory - elastic foundation

1 Introduction

Sandwich structures are widely recognized in engineering due to their ability to combine
lightweight characteristics with high stiffness and strength. The performance of sand-
wich structures is highly influenced by the choice of materials for both face sheets and the
core. Face sheets can include functionally graded materials (FGMs), which are attrac-
tive for different applications. In recent years auxetic honeycomb core materials have
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gained significant attention due to their negative Poisson’s ratio, which leads to effec-
tive energy absorption, impact resistance, and enhanced strength capacity compared to
conventional core architectures. This class of materials is deformed in a counterintuitive
manner, becoming thicker perpendicular to an applied stretch, making them ideal for
advanced core designs in highly productive sandwich structures. Note that such struc-
tures can serve as protective armor, reducing overall weight while improving acoustic
insulation, thermal resistance, and impact mitigation against collisions or shock waves
from explosions [7]. Extensive studies have been explored the modeling and perfor-
mance of sandwich panels within the frameworks of classical plate theory (CPT), first
order shear deformation theory (FSDT), and higher-order shear deformation theories
(HSDT). A recent comprehensive review [ 1] has highlighted the progress in research on
sandwich structures with auxetic cores. That work offers an in-depth discussion of design
strategies, classifications of auxetic geometries, and material choices for both the core
and the face sheets. A wide range of studies has been focused on problems such as static
bending, buckling loads, dynamic response plates, and both linear and nonlinear vibra-
tions [2—14]. Free vibration analyses of auxetic plates were presented in [2—4], while
works [5-8] examined auxetic sandwich plates resting on elastic foundations. Further
investigations [9-11] were addressed the vibration behavior of FGM shells with auxetic
cores. The questions of the design of doubly curved sandwich panels with honeycomb
cores were considered in [12, 13].

Although significant progress has been made in the study of sandwich structures
with FGM face sheets and auxetic cores, relatively little attention has been devoted
to shallow sandwich shells with complex planforms. To address this gap, the present
work introduces a semi-analytical approach based on the variational Ritz method in
combination with the R-functions theory [14, 15].

2 Mathematical Model for Vibration Analysis of Sandwich Panels
with Auxetic Core on Elastic Foundation Using FSDT

The study focuses on sandwich shallow shells (panels) with an auxetic honeycomb
core and FGM face sheets supported by an elastic foundation (Fig. 1). The three-layer
configuration includes a core of thickness . = hy — h1 and two FGM face sheets placed
on the top (T) and bottom (B), each with thickness Ay. The total shell thickness 4 is
defined by h = 2k + h.. Planform can take complex shapes with different boundary
conditions. The effective properties of the FGM sheets, made of ceramic and metal, vary
along the thickness following a power law function.

ED() = (Ec — En)VY 4+ En, 09@) = (e — o)V + p, i =T, B, (1)

where

(1) . Z_h2 P (B) . hl —Z P
v (Z)_<—h/2—h2> .V (Z)_<—h1+h/2) . (2)
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FGM

Fig. 1. Sandwich FGM shallow shell with honeycomb core

In formulas (1) and (2) z represents the distance from the current point to the midsur-
face of the shell, while z = & and z = h» correspond to the bottom and top surfaces of the
core layer, respectively. The index p (0 < p < 00) denotes the ceramic volume fraction
exponent, which is related to the metal volume fraction V;, by expression V. + V,,, = 1.
The subscripts ¢ and m stand for “ceramic” and “metal,” respectively, E,,, E. and p;,;, o¢
denote the Young’s modulus and mass density of the constituent materials.

Suppose that unit cell of an auxetic honeycomb core has form of the hexagonal shown
in Fig. 1. Geometrical parameters d, [ define length of the horizontal and inclined sides
respectively, parameter ¢ defines thickness of hexagonal rib and parameter 8 corresponds
to inclined angle of the rib. Then core’s material properties for negative 6 are adopted
from [11]:

E© = En v y =n1 + sint ,712‘_",,3=f
! 3 cost [cos20 + (sin20 + n1)n3]’ ' 1’ r

(© _ E”g © _ Eﬁ% © _ Gnszcosd

2 ycos6 (tan0 + n3)’ 27 picost(1 +2n)" 2 y

g _ Gm 14 n + 2sin*6 SO i +2) “
37 2cos6 \ 1 + 213 2y ’ 2y cosO
© _ ysind (1 = n3) © _ sinf(1—n3)
Vig = » V| = ¢

cos20 + (sin20 + n1)n3 y (tan?0 +n3)’

where E, G are modulus of elasticity and shear, p is a mass density of original core
material. By FSDT the strain components {¢} = {11, €22, e12}! for moderately large
deformations can be expressed as {¢} = {8(0)} + z{x}, where

T
[8(0)} = {MO,x +W0/R)m Y0,y "l‘WO/R , Uy + Vo x } s

T uo %)

{x}= {fo,x, 1)Dy,y I/fx,y + ‘/fy,x} , €13 =Yy + wWo,x — R_’ £23 = wy +wo,y — IT’
X y

4)

here (ug, vo, wo) denote displacements of a point at the mid-plane to x, y, z directions,
Yy, ¥y are rotation angles of the transverse normal in yz and xz planes respectively,
Ry, Ry are radii of principal curvatures in x and y directions.
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Note that we consider shallow shells of small curvature, the equations of which are
described by quadratic functions that do not contain the product xy. In this case, the
curvatures are constant. Thus, it is approximately assumed that the intrinsic geometry
of the middle surface does not differ from the Euclidean geometry of the plane. The
principal directions of curvature do not change and coincide with the directions of the
Ox and Oy-axes. The expressions for the in-plane force resultants N = (N1, Naz, N 12)7,
bending moment resultants M = (M1, My, M 12)T and transverse shear force resultants
O = (Qx, Qy) can be written in matrix form as:

[N} = [Al{e} + [Bl{x}, (M} = [Blie} +[Dl{x}, (Q} = [D““O} { &13 } (5)

0Dss | | €23
Ay Ap 0O Bii Bz 0 D1 D1z O
[Al=1| Aip An O |, [Bl=| Bio Bn 0 |, [Dl=| D12 D»n O
0 0 Aeg 0 0  Begs 0 0 Degg

Note that elements A;;, Bjj, Dy, (i,j = 1,2, 6) of the matrices [A], [B] and [D] in
relations (5) are calculated by formulas:

(Aj, Bj, Dyj) = fhlh Q(B)<1, 2, zz)dz + f Ql(jc)(l 7,2 )dz + fhz Q(T)(l, z, zz)dz.
(6)
Elements D;; (i,j = 4,5) are defined as.

h
Dy = K} <f ]i'g 0 de + [12 0 de + /], Q}/Ddz),

where K? is a shear correction factor (it is assumed to be K> = 5/6 in the work). Values
Qi(jB’T) and Q;.C) (i,j =11,22,12, 66, 44, 55) are defined by the following expressions:

(@)
(i) 0 _ EV(z) GEENPNGIING) (i) o_ EY@ .
b 9 —5 =T7B’ 7
01; = 0y 2Q vO1, O = Qus = Oss =30+ i @)
0l — Efc) 00 = £y 0l — viy By 09 — g1
1,00 %2 T 0 ) = _ 0, 0% 12
12 21 12 21 12 “21

©) (©) HO) _ ~(C)
Q44 - G23 ’QSS - G13 '

Here E(z), v, are effective Young’s modulus, Poisson’s ratio of the corresponding
FGM layers (i = T, B). For core (C) values E(C) E(C) (g), ;?, Gig), Gg), G(3 are
calculated by formulas (3).

The governing equations of the sandwich shallow shells with auxetic core are
obtained by applying Hamilton’s principle [11]:

o . "
Nitx +Nizy + R—x = lyitg + 11y,
X
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0 . "
Nizx+ Ny y + R—y = IpVo + L1y,
Qx,x + Qy,y - — === —kywo + kp%ZWO = Iy, (8
Miix + Mizy — O = Liiig + Ly,

Miyx + Moy — Qy = IiVg + Ly,

where cofactors Iy, 11, I in system (8) are defined as:

\t‘

h

1 hy 2
o, I, ) = p(B)(l,Z, Z2>dz +f p(c)(l,z, z2>dz + S pm(l,z, zz)dz.

hy h

ST

Here p”) (r = B, C, T) is a mass density of the r-th layer for bottom (B), top (T), and
for auxetic core (C), k,,, kp are the parameters of elastic foundations.

3 Solution Method

To analyze the linear vibrations of FGM shallow shells with arbitrary planforms and
various boundary conditions, the variational Ritz method is used. Assuming that the
shell vibrations are harmonic, the problem can be formulated in variational form, which
reduces to finding the stationary point of the following functional:

J = U(u, v, W, Yy, 1/fy) + Ve(w) — AZT(u, v, W, Yy, Iﬁy), )

where A is a natural frequency, U, T and V, are strain, kinetic and potential energies,
which are defined by the expressions:

: 0 0 0
U= JQ(an?il) +N228§2) +N128§2) +Miixi +Max +Miaxi2 + Ox€13 + Qy‘923)d9s
1 2 —\2
Ve =3 Jo(kwd +kp(on) a9,

T=/q (10(u§ 3+ w%) + 11 (Yrxtto + Yryvo) +I2(W3 + %2))"9'

Despite the effectiveness of the Ritz method as a tool for solving vibration problems
of plates and shells, a key challenge arises when dealing with complex geometries and
varied boundary conditions connected with the construction of admissible functions.
This difficulty can be addressed using the R-functions theory [14, 15], which allows
sequences of admissible functions to be systematically constructed for arbitrary geome-
tries and boundary conditions. Importantly, these functions exactly satisfy the necessary
prescribed boundary conditions. Consequently, the solution can be expressed in analyt-
ical form, representing a significant advantage of the R-functions method (RFM) over
conventional numerical approaches.
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Suppose  that  admissible  functions  {u;}, {vi}, {wil, (i}, {¥i}  have
been constructed. Then according to the Ritz method, unknown functions
u(x,y), v(x,y), w(x,y), ¥x(x,y), ¥y(x, y) are presented as follows:

Np N3
N>
U= E aiu;, V= E a;vi, w= E a;w;,
- il i=Ny+1 iVi iwi
=

i=Np+1
Ny Ns
V=D @ Yy =D ait (10)
Coefficients of expansion {¢;} i = 1,2, ..., N5in (10) are solution of the Ritz system:
aJ

— =0,i=1,2,...,Ns.
da;

4 Results and Discussion

4.1 Shells of Rectangular Shape of Plan

Problem 1. Sandwich plates as well as cylindrical, spherical, and hyperbolic
paraboloidal panels with auxetic core are examined. Each structure has a square plan-
form with sides of length @ = b = 2m and thickness # = 0.1m [11]. The shell edges are
assumed to be simply supported and movable. The structural configuration includes two
FGM face sheets composed of Al/Al, O3 and an auxetic honeycomb core layer made of
Al. The material properties of the FGM mixture constituents are:

Al: E = 69GPa, p = 2700kg /m, v = 0.33;

AL O3 : E =380GPa, p = 3800kg/m,v = 0.33.

Table 1 shows fundamental frequencies computed by the approach proposed (RFM)
and using Navier’s form for analytical solution from work [11]. Comparison is carried
out for shallow shells with the following parameters: 7 = 0,1m, a = b = 20h, n| = % =

2,m3 = % = 0.013857, Z—; =2,angle 6 = —559 and different values p = 0.5, 1, 5, 10.

Problem 2. The second comparison was done for an auxetic honeycomb core sandwich
square plate with isotropic face sheets (A/) and the same material of the core layer, but in
this case the plate is resting on elastic foundation (k,, = 0.1kN /m>, kp = 0.05kN /m),
inclined angle 6 and ratio n; = % vary. Comparison of results (Table 2) is presented
for two works: [5], where authors used FEM and FSDT, and [8], where researchers
employed HSDT theory and solved the problem analytically using the Navier solution.
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Table 1. Comparison of fundamental frequencies (Hz) for auxetic sandwich shallow shells with

L. Kurpa et al.

square planform

Ry(m) |Ry(m) |Method |p=0.5 p=1 p=>5 p=10 Pure metal
00 oo [11] 288.580 |273.369 217,785 |194.966 | 155.052
RFM 288.554 |273.345 |217.744 194919 | 154.933
00 10 [11] 296.045 | 280.085 |222.851 199.673 | 159.411
RFM 296.013 | 280.056 |222.803 |199.618 | 159.348
10 10 [11] 319.520 | 301.356 |239.022 |214.613 |173.206
RFM 319.476 | 301.321 |238.967 |214.550 |173.047
-10 10 [11] 286.209 |271.122 215992 | 193.363 | 153.781
RFM 286.183 |271.095 |215.950 |193.314 | 153.663

Table 2. Comparison of the fundamental frequency (Hz) of the square simply supported FGM

auxetic plate on elastic foundation

n Method 0 =-100 0 = —359 9 = —559 0 = —809
0.5 RFM 276.72 318.29 292.71 306.69
(8] 276.542 317.795 292.415 306.313
[5] 277.622 319.212 293.616 307.568
2 RFM 280.601 279.74 278.000 267.00
[8] 280.387 279.537 277.803 266.875
[5] 281.512 280.656 278.910 267.903
4 RFM 281.05 280.66 279.845 274.24
(8] 280.836 280.454 279.645 274.095
[5] 281.946 281.572 280.750 275.114

4.2 Shells of a Complex Planform

To illustrate the capabilities of the method proposed, a shallow shell with the complex
planform shown in Fig. 2 is analyzed. As in the previous cases, the face sheets are
assumed to be made of an FGM mixture Al /Al, O3, while the core consists of an auxetic
aluminum (A/) honeycomb structure. It should be noted that the manufacturing process of
curved cores for double-curved sandwich panels is a highly complex task. This problem
is discussed in [12], and in [13] with respect to flexible honeycomb cores. In the present
work, we assume that the cell geometry is designed in such a way that the mechanical
properties of the core are preserved.

The shell is assumed to be clamped along its entire boundary. Accordingly, the
boundary conditions are specified as:

w(x,y) =0,ulx,y) =0,v(x,y) =0, ¥ (x,y) =0, ¥, (x,y) =0, V(x, y).
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Fig. 2. Planform of the shallow shell

The solution structure [14, 15] for a fully clamped shell can be expressed in the form:
w:wfl)l,u:a)cbz,vza)d)3, Wx:wq)m wy:wq)S, (11)

where indefinite components ®;, i = 1,5 are expanded in the form of an appropriate
complete system such as polynomials, trigonometric functions, splines, etc. Function
w(x, y) constructed using the R-functions theory vanishes exactly on the shell boundary.
In the present case this function is given by the following equation:

w(x,y) = (fi Aof2) Ao ((Fae Vo fep) ~o (fer Vo fkr) Vof3),

symbols Ag, Vo denote the R-operations [14]. Functions f;, i = 1,3 are defined as:

Mz(),fzzwzo’]%:(b%;yz)zo.

fi="—3, 2b 2by

Functions fa, fcp.feF,fxL are defined by the expressions of the oriented [ 14] straight
lines (AB, CD, EF, KL).

fan = (b — b)) —a) — (@ — an & — B/ (b — b + (@ —a)? = 0,

fep = (b1 = B)(x +a2) + @ — any — b))/ (b — b + (@2 — ap)? = 0,

fer = ((b—b)(x +a1) + (a2 —al)()’+b))/\/(b_bl)2+ (a2 —a1)* = 0,

fit. = (b= bi)(x — @) + @1 — @)+ b))/ (b — b + (@ — ap)? = 0.

Functions ®;, i = 1.5 in (11) were expanded in a power series upon considera-
tion of the problem symmetry [14, 15]. To approximate ®; twenty eight terms of the
polynomial’s series were retained, and the remaining components were approximated
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by fifteen terms. Figure 3 illustrates influence of fraction index p and thickness of lay-
ers on fundamental natural frequency A of the FGM auxetic sandwich spherical shells
(Rx =R, = 10m) on elastic foundation (k,, = 0.1kN /m?, kp = 0.05kN /m). Values of
geometric parameters were taken as: h = 0,1m; 2a = 2b = 20h; 2a; = 1,4m; 2a; =
0.6m;2by = 1.2m; 06 = —550, n = % = 0.013857; n = ”71 = 2; Z—; = 2,4,8. As
shown in Fig. 3, an increase in the gradient index p results in a higher metal content
in the FGMs, which, in turn, reduces the overall stiffness of the shell and consequently
leads to lower fundamental frequencies. However, increasing the thickness of the core
layer contributes to a rise in these frequencies.

The effect of the inclined angle 6 of the auxetic honeycomb unit cell core on the
fundamental frequency of the shell is shown in Fig. 4. The results are presented for a
spherical shell with the same geometric and mechanical parameters as for Problem 2.
The volume fraction index p and thickness ratio Z—; between the face sheets and the core

are kept constant: p = 2; h—; =8(1—-8-1).
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Fig. 4. Effect of the inclined angle on fundamental frequency of the clamped spherical shell

As shown in Fig. 4 for values of inclined angle from —80° to —50°, the fundamen-
tal frequency increases significantly for n; = 1.5, 2, 3, 4. But for n; = 1 frequency
behavior is extraordinary. This phenomenon should be taken into account when using
metamaterials in practical applications.

5 Conclusions

This study presents the first application of the R-functions theory combined with the
variational Ritz method to analyze the free vibrations of sandwich shallow shells with
auxetic cores and functionally graded face sheets. The validity and efficiency of the
proposed approach have been confirmed through comparisons with previously published
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results. As anovel contribution, the work investigates the vibration response of a clamped
spherical shallow square shell with trapezoidal cutouts on two opposite edges, resting
on an elastic foundation.

Acknowledgment. The research was carried out within the NATO project “Composite Meta-
materials for Aerospace Structures CoMetA”, grant number G6176, under the framework of the
Science for Peace and Security (SPS) Programme.
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Symmetrical Cooling of Zones Behind
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Abstract. This research aims to design highly durable mechanical structures
intended for delivering oxygen into the working cavity of 250-ton converters at the
Dniprovsky Metallurgical Combine OJSC (Kamianske, Ukraine). Drawing on the
performed industrial experiments, the hypothesis suggesting a notable extension
in lance tip lifespan while providing symmetrical cooling to the behind-nozzle
zones of their copper bowls was verified; this method’s significant efficiency was
established for the first time. Two versions of the innovative lance tip design (pro-
tected by Ukrainian patent No. 40428) with six shortened Laval nozzles have
been designed, which, owing to improved coolant distribution within them, made
it possible to increase its life by 1.2 and 1.168 times compared to similar designs
of 6-nozzle tips without guiding blades (characterized by a 2.33 times greater life
compared to standard 5-nozzle tips), by 2.8 and 2.72 times compared to standard
5-nozzle tips. It was established that the external welding zones surrounding the
Laval nozzles are the limiting link that does not allow achieving high life of welded
lance tip designs. All of this supports the use of forged and stamped and/or solid-
cast designs, which possess a significantly longer life — one that can be further
extended through cooling of the behind-nozzle space. The results of experimental
assessments of the effectiveness of various versions of the developed lance tip
design, as presented in this study, indicate the potential for effectively addressing
the issue of low life of this type of lance tip in operating converter shops.

Keywords: converter process - top oxygen lance - cooler - copper bowl - water
velocity - behind-nozzle space - blowing device - welding seam - water-cooling
tract - top lance barrel

1 Introduction

Modern technologies of converter steel production [1] require high efficiency at each
stage of the technological process. Efficiency is ensured mainly by the reliability of
the power equipment available in the converter shop, including the designs of the top
blowing lances, which are one of its key elements and determine the quality and speed
of metal refining. These mechanical devices are used to supply technical oxygen to the
molten converter bath at high (supersonic) speeds and play a crucial role in activating and
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intensifying the oxidation of impurities, affecting the rate of lime dissolution, promoting
intensive stirring of the liquid bath, increasing the productivity of the units in the converter
shop, and more [2].

The lance tip is one of the most loaded and vulnerable elements of the top lance,
located in the zone of extreme temperatures, aggressive chemical effects of the melt,
and shock loads from reactive blowing flows. Overheating and wear of the tip remain
key problems, since their damage directly affects the stability of the technology and the
quality of steel. Imperfect tip designs complicate the operation of top lances, disrupt the
workflow, and reduce the shop productivity.

All conventional lance tip designs share a common disadvantage — the occurrence
of stagnant coolant regions located behind each blowing nozzle. This fact leads to local
film boiling of water in the behind-nozzle zones, significantly increasing the temperature
of these sections of the lower bowl. The heterogeneity of its temperature field leads to
overheating and melting of copper in the zones behind the nozzles, which leads to the
failure of the lances. In the tips of welded structures, the outer copper welds around
the nozzles fall into the overheating zone, which sharply reduces the life of the tips.
An increased number of nozzles results in a larger number and greater area of stagnant
zones, which explains the inversely proportional dependence of the life of the tips on the
number of nozzles in them. Eliminating stagnant coolant zones behind the nozzles in tip
cooling systems will greatly enhance cooling efficiency and extend lance life, allowing
them not to be limited by the number of nozzles when designing blowing devices.

Therefore, particular attention should be directed toward improving the tip designs:
primarily their cooling systems, as well as optimizing the tip geometry to eliminate
local overheating zones of the lower bowls, using highly resistant structural materials.
These are urgent tasks of metallurgy aimed at reducing the wear of power equipment,
improving the quality of steel, and increasing energy efficiency and productivity.

The work aims to develop an innovative lance tip design with shortened Laval noz-
zles, based on the developed theoretical provisions, with a subsequent evaluation of
the effectiveness of the proposed symmetrical cooling methods applied to the behind-
nozzle zones of the lower bowl, aimed at addressing the issue of low life of this tip type
in converter shops conditions.

2 Literature Review

In order to improve the technical and economic characteristics of converter shops and
increase the operational performance of shop power equipment (including top—blowing
devices), the use of multi—nozzle (6 or more) top oxygen lances is proposed.

High temperatures in the working space, the oxidation of carbon, and the splashing of
metal with slag during oxygen blowing create an aggressive atmosphere in the converter
[3], which has a destructive effect on the lance device, especially lance tip [4]. This fact
can lead to changes in the microstructure of its materials with subsequent destruction of
the welds, especially copper [3].

To prevent these phenomena, it is necessary to organize effective cooling of the
lance tip. However, an increased number of blowing nozzles worsens the cooling of
copper bowls due to stagnant water zones arising behind the nozzles. The behind—nozzle
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sections of the external copper welds connecting the lower bowl with the nozzles are very
vulnerable due to their low strength and smaller thickness. An increase in the number
of nozzles reduces the life of the tip (by 22% when the number of nozzles increases
from 5 to 6). In this regard, lances with several nozzles up to 5 are used in practice,
which improves the life of the tips, but leads to deterioration of the process parameters
poor slag formation, metal removal, reduced steel output, increased content of harmful
impurities in it, and other technological problems.

Modern developments of lances are aimed at increasing the resource—saving effi-
ciency of the converter process due to their reserves. Designs of lance tips for the after-
burning of CO to CO; are being developed, which allows improving the heat balance of
the melt, accelerating the mixing of the melt, reducing the blowing time, increasing the
dephosphorization rate, and reducing defects [5]. An analysis of the blowing processes
with and without afterburning of CO has been performed [6]. It has been established [7]
that under Pco, /Pco = 1 the temperature of the exhaust gases increases from 1800 to
2000 K.

In order to enhance the mass transfer rate between the melt and the slag by more
than 30%, a gas-jet-actuated self-rotating lance was developed [8].

The influence of the cross-sectional area of the central blow-through channel and the
gas flow rate on jet characteristics was investigated, enabling the design and optimization
of the central nozzle in the top oxygen lance for injecting an O,—CO; gas mixture into
the converter [9]. The influence of preheating temperature and gas mixture flow rate
(90% Oz 4 10% CO3) on the jet characteristics during its injection through a swirling
nozzle was also studied [1].

To optimize the design of the top lance nozzle, the influence of outlet section wear
on the parameters of the supersonic gas jet was investigated. It was established [10] that
increased wear leads to a more rapid decline in jet velocity and results in an earlier jet
convergence point. However, no measures to eliminate or reduce wear were proposed.

When designing an oxygen lance with a high (2.15) Mach number at different oxygen
pressures, the jet characteristics and their effect on the bath were studied [11]. The process
of blowing with a dynamic oxygen lance was also studied — the effect of its design,
including the rotation speed and twist angle, on melt dephosphorization was established
[12]. To develop top submersible lances, studies were conducted on the dynamics of gas
penetration into the bath [13], the formation and floating of bubbles in the melt [14],
including using X-ray visualization [15], and the rotation of splashing waves in liquid
metal [16]. The effect of interphase forces and melt viscosity on the bath hydrodynamics
was analyzed [17].

To apply a protective slag to the lining of the converters, the effect of the top blowing
on the foaming of slag was investigated [18], and heat flows to the slag-splashing lance
were calculated [19].

The conducted analysis of the literature showed the absence of works on the study
and improvement of lance tip cooling systems. However, this is an important problem
for all converter shops, especially when using outdated welded tips. Thus, the need for
work to improve the service life of lance tips, including designs with shortened Laval
nozzles, remains relevant and requires an effective solution.
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3 Research Methodology

The impact of different symmetrical cooling configurations in the behind-nozzle space
of copper bowls on the durability of welded lance tips was investigated — with a partition
(without collision of coolant flows) and without a partition (with collision of water flows).
The subject of the study is an innovative 6-nozzle lance tip design with shortened Laval
nozzles, whose profile and positioning were defined through high-temperature modeling
of the converter process. Experiments were conducted on industrial 250-ton converters,
utilizing structured observation. The causes of failure of lance tips were recorded through
photography. The MS Excel 2015 program processed the results.

4 Results and Discussion

To once again test the previously proposed hypothesis regarding the influence of the
cooling intensity in the behind—nozzle zones of the copper bowl on the life of the lance
tip, an innovative design (Patent 40428 UA, C 21 C 5/48. Lance tip with symmetrical
cooling of nozzles) of a 6-nozzle tip with shortened Laval nozzles for the top lances of
250-ton converters at Dniprovsky Metallurgical Combine OJSC (currently KAMET-
STAL’ PrJSC, Kamianske, Ukraine) was developed, manufactured and tested. Due to
the improvement of the cooling system, it ensures intensive cooling of the behind-nozzle
zones of the inner surface of the copper bowl, where stagnant water zones are formed
in classical designs (Fig. 1, a). That is, an increase in the life of the tips was achieved
by eliminating stagnant coolant zones in their nozzle zones according to the options
proposed by the authors (Fig. 1, b, ¢).

Fig. 1. Scheme of coolant flow in the behind-nozzle zones of lance tips: a —in the classic design;
b —in the design with symmetrical nozzle cooling and a partition (see Fig. 2, a, b); c —in the design
with symmetrical nozzle cooling and without a partition (see Fig. 2, ¢, d); 1 —nozzle; 2 — stagnant
zone of coolant; 3 — guide blade; 4 — partition.

Two versions (Fig. 2, a—d) of the new design were developed with an improved
cooling system, which provided for symmetrical cooling of the zones behind the nozzle
space of the lower bowls. These results were achieved by symmetrically installing special
guiding blades in the form of a semicircle (Fig. 2, e) with a gap positioned behind each
nozzle in the direction the water moves, which allowed for an intensive supply of coolant
behind the nozzles, thereby ensuring highly efficient cooling of the behind—nozzle zones
of the copper bowls.
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Fig. 2. Designs of a 6-nozzle tip with symmetrical cooling of the zones of the behind-nozzle
space of the copper bowl by separate flows (a, b) and without isolation of the water flows (c, d),
schemes for cooling the behind—nozzle space according to the 1st variant (e) and the reaction zone
when oxygen is blown onto the converter bath from above (f), see the text for designations.

The previously designed and successfully tested 6-nozzle design with shortened
Laval nozzles and a distance between the bowls reduced to 25 mm was taken as a
prototype for the specified variants of the innovative lance tip design. While it did not
include cooling of the copper bowl in the areas behind the nozzles, it was characterized
by 2.27-2.41 (on average 2.33) times greater life, which amounted to 114—143 melts
(with an average durability of 126.67 melts) compared to standard 5-nozzle tips, the life
of which amounted to 49-63 (on average 54.33) melts.

The arrangement of Laval nozzles in the lance tip — specifically, their inclination
angles relative to the vertical axis of the lance (o, degrees), the angular spacing between
adjacent nozzle axes in the horizontal plane (¢, degrees), and the diameter of the cir-
cumference along which their outlets are positioned (d,, m) — was determined through
high-temperature modeling of top-blowing processes. This modeling accounted for the
number of nozzles and the distance from the lance to the bath surface at rest (Hg,, m), aim-
ing to ensure a stable blowing process without causing metal splashing onto the oxygen
lance barrel or the converter neck. Optimal nozzle positioning was designed to maintain
appropriate diameters and depths (D, Dy, Dy, L, L1) of the reaction zone developed
under elevated temperatures (Fig. 2, f), thereby preventing premature localized wear of
the converter’s lining on its walls and bottom.

The developed variants of the lance tip design (Fig. 2, a—d) consist of central water
pipes 1, intermediate oxygen supply pipes 2, and external water discharge pipes 3. The
top (steel) bowl 4 and lower (copper) bowl 5 accommodate inserts 6 fitted with Laval
nozzles, which are welded into pre-drilled holes. These nozzles are evenly spaced along
the circumference at an inclination angle of 17° relative to the vertical axis of the top
lance.

Behind each nozzle insert 6, in the direction of water flow, a semicircular guiding
blade 7 is installed. In the first design variant of the lance tip, a partition 8 is provided.
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Blade 7 is mounted with a coaxial annular gap 9 relative to insert 6, allowing symmetrical
coolant supply from both sides behind the nozzle. The size of this coaxial annular gap
9 acts as a control parameter regulating water flow into the behind-nozzle zones of the
lower bowl 5, thereby achieving the desired cooling intensity.

The lance tips (Fig. 3, a—c) are cooled in the following manner. Water is introduced
at the inlet of the discharge channel (between bowls 4 and 5) through branch pipe 1
(Fig. 2, a—d). In front of nozzles 6, the continuous coolant flow is divided by guide
blades 7 into two separate flow groups (Fig. 2, ) — I (the main) and II (the additional).
Group I (water consumption 59% of the total) continues moving, passes between blades
7, and, slightly bending around them, goes into the discharge tract of the lance between
branch pipes 2 and 3; at the same time, it does not cool the zones behind nozzles 6 and
blades 7. For this purpose, group II is provided (water consumption 41% of the total),
which, bending around nozzles 6, passes into gaps 9 between nozzles 6 and blades 7,
cools behind—nozzle zones and exits under blades 7 through gaps between them and the
lower bowl 5, cooling the zones behind blades 7. At the outlet of the discharge channel
behind blades 7, water flows I and II are mixed and directed as a common flow into
the discharge tract of the lance. This approach ensures highly efficient heat removal
from the entire inner surface of the lower bowl 5, thereby eliminating the formation of
behind—nozzle areas that could lead to overheating.

(h)

Fig. 3. External appearance (a—c) of the developed variants of a 6-nozzle tip and its components
with symmetrical cooling by separate flows (d—f) and without isolation of water flows (g—i): see
the text for designations.

In the first variant of the tip design (see Fig. 2, a, b), the guiding blades had a
symmetrical cutout at the lower end over 70% of its surface, while the extreme sections
of the blade (each 15% of its length, on which each blade rests on the inner surface of
the lower bowl and is welded to it (Fig. 3, d)) did not have such a cutout (Fig. 3, e). Due
to these sections, water, when entering the annular gaps between the nozzles and blades,
acquires a rotational motion, due to which the surface of the lower bowl is cooled more
effectively. This variant, in addition, provides for the installation of a partition in the
middle of the blade between the latter and the nozzle (Fig. 3, e). In the second variant
(see Fig. 2, ¢, d) the partition was absent. The blades, in order to simplify the manufacture
and assembly of the tip, initially had the shape of a semicircle without a symmetrical
cutout at the lower end and were attached to the top bowl by welding (Fig. 3, g). At the
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same time, a gap for the passage of water was formed between the entire lower end of
the blade and the inner surface of the lower bowl.

Figure 4 shows calculated water velocities (flow rate Uy = 300-340 m?3/h) in various
sections (A—A; B-B; C-C; D-D; E-E, left to right) of the water-cooling tract for 5- and
6-nozzle tips. Optimal coolant flow rates were 340 m3/h and 300 m3/h, with temperature
differences between lance input and output of 11-16 °C and 10-15 °C (depending on
blowdown time), respectively. Data in Fig. 4 indicate a marked increase in water velocity
at the inlet (B-B) of the 6-nozzle tip (see Fig. 2, a—d; Fig. 3, a—c) and in the inter-nozzle
region (C-C). A slightly lower increase is seen at the outlet (D-D), while the most
significant rise — up to 10.1 m/s — is recorded behind the nozzles, compared to the
5-nozzle tip, despite a lower overall coolant flow rate. At the inlet (A—A) and outlet
(E-E) sections, water velocity decreased somewhat, which should be noted for future
consideration.

In terms of life, the lance tips showed the following results (Fig. 5).
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Fig. 4. Dependence of the average water Fig. 5. Average lifespan of the studied tip
velocity in different sections of the studied designs for top converter lances.
lance tips.

The average life (152 melts) of the 1st variant (Fig. 2, a, b) increased by 1.2 times
compared to the designs of 6-nozzle tips without blades and by 2.8 times compared to
the standard 5-nozzle tips (see above).

Tests of the 2nd design variant (Fig. 2, ¢, d) were initially unsuccessful, as simplifying
the guiding blade design reduced the tip outlet tract’s capacity to 270 m>/h due to the
formation of reverse braking water flows behind the nozzles. After its modernization
(Fig. 3, h) according to the example of the 1st variant, the water consumption was
normalized, and the life of the tip increased by 1.168 times (average life of 148 melts,
Fig. 5) in comparison with 6-nozzle tips without guiding blades and by 2.72 times in
comparison with standard 5-nozzle tips.

The installation of a partition between the nozzle and the blade improves the cooling
of the behind—nozzle zones, preventing a decrease in the water velocity, eliminating
the collision of oncoming and the formation of reverse flows in the upper layers of
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the behind—nozzle zones (above the gap) in the annular gap. This fact also provides an
additional support point for the blade. The longer service life (152 melts versus 148) of
the Ist tip design (Fig. 2, a, b) compared to the 2nd (Fig. 2, c, d) confirms the positive
effect of the presence of a partition on the life of lances.

Figure 6 shows tested samples of various lance tip designs, including those with
cooling of the behind—nozzle zones of the copper bowl.

Fig. 6. Tested samples of various designs of lance tips.

As expected, the behind-nozzle areas of the external welds surrounding the nozzles
do not withstand the thermomechanical stresses caused by high temperatures. This fact
leads to their cracking in the 5- (Fig. 6, a, 54 melts) and 6-nozzle bladeless (Fig. 6, b,
115 melts) tips, causing water leakage and the need for urgent replacement of the tip to
prevent an accident, which repeatedly occurred in practice.

To test the effect of cooling the behind—nozzle areas on the life, the 1st and 2nd tip
variants were manufactured with alternating nozzles with and without blades (Fig. 3, f
and Fig. 3, i), which, respectively, failed after 127 (Fig. 6, c) and 125 melts due to
burnout of the weld behind one of the uncooled nozzles. The tips with cooling of all
nozzles retained the integrity of weld seams for 152 melts and more (Fig. 6, d). These
results confirmed that symmetrical supply of coolant increases the life of tips, especially
welded structures.

Work continues on further optimization of lance tip designs: use of asymmetri-
cal cooling of behind—nozzle zones, change of the outer diameter of the intermediate
pipe from 325 to 377 mm, manufacture of cast tips [20] with quality control [21],
strengthening of the design, and ensuring uniform cooling of the copper bowl of the tip.

5 Conclusions

In the work, based on the series of industrial trials conducted on 250-ton converters of
the Dniprovsky Metallurgical Combine OJSC (now KAMET-STAL’ PrJSC, Kamianske,
Ukraine), the hypothesis regarding a substantial increase in the life of lance tips through
the cooling of the inner surfaces in the behind-nozzle zones of their copper bowls has
been reaffirmed. For the first time, the high efficiency of the implemented approach
was demonstrated — achieving symmetrical cooling of the copper bowl’s behind-nozzle
zones with enhanced cooling intensity, which represents the most effective and essential
method for extending the life of lance tips equipped with shortened Laval nozzles.

The use of two variants of the innovative design of the 6-nozzle lance tip increased
its life by 1.2 and 1.168 times compared to similar 6-nozzle tips without cooling the
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zones behind the nozzles, by 2.8 and 2.72 times compared to standard 5-nozzle tips. It
was found that the main limitation of the life of welded lance tips is external copper
welds around the Laval nozzles. This result indicates the feasibility of using forged,
stamped, and/or solid-cast copper bowls, which have higher life, and effective cooling
of the behind-nozzle zones, as shown by the study data, will additionally increase the
life of such structures.

The experimental assessment results regarding the efficiency of the developed lance
tip design variants with shortened Laval nozzles, as presented in this study, confirm the
potential for a more effective solution to the persistent issue of limited life of this lance
type, commonly encountered in operating converter shops.

References

1. Feng, C., Chen, S., Dong, J., et al.: Influence of preheating temperature on the characteristics
of Oy 4+ CO; jet by mixed injection with a swirling oxygen nozzle. JOM 73, 2985-2994
(2021). https://doi.org/10.1007/s11837-021-04836-2

2. Singha, P.: Contribution of emulsion zone in refining of basic oxygen steelmaking converter.
Metall. Mater. Trans. B 55, 2580-2590 (2024). https://doi.org/10.1007/s11663-024-03117-y

3. Wang, J., Cao, Z., Liu, J., et al.: Structure design and optimization of a 150t converter oxygen
lance under high oxygen supply intensity. JOM 77, 5882-5891 (2025). https://doi.org/10.
1007/s11837-025-07469-x

4. Lim, S.M., Park, S.S., Yi, K.W.: Extension of lance life by change of height of lances in the
smelting furnace of Mitsubishi process. Met. Mater. Int. 27, 3721-3729 (2021). https://doi.
org/10.1007/s12540-020-00712-x

5. Dong, P.,, Zheng, S., Zhu, M.: Numerical study on gas-metal-slag interaction with single-flow
postcombustion oxygen lance in the steelmaking process of a top-blown converter. JOM 74,
1509-1520 (2022). https://doi.org/10.1007/s11837-021-05147-2

6. Liu, E, Wei, G., Zhu, R., et al.: Flow field characteristic of postcombustion oxygen lance
formed by various secondary nozzle arrangements. Metall. Mater. Trans. B 55, 935-949
(2024). https://doi.org/10.1007/s11663-024-03006-4

7. Protopopov, E.V., Temlyantsev, M.V., Yakushevich, N.F,, et al.: Peculiarities of exhaust gases
afterburning in converter with application of two-tier oxygen lance blowing. Steel Transl. 51,
872-878 (2021). https://doi.org/10.3103/S0967091221120093

8. Gao, Q., Wu, W., Zhi, J., et al.: Effect of a self-rotating oxygen lance system on mass transfer
between slag and molten steel. J. Iron Steel Res. Int. 28, 152-159 (2021). https://doi.org/10.
1007/s42243-020-00515-9

9. Feng, C., Zhu, R., Dong, K., et al.: Effects of nozzle layout and parameters on the jet char-
acteristics of a COy + O, mixed oxygen lance. Metall. Mater. Trans. B 52, 425-439 (2021).
https://doi.org/10.1007/s11663-020-02048-8

10. Panteikov, S.P.: Stages of improvement for welded structures with five-nozzle lance heads
in the converter shop of public joint stock company “Dneprovsky Metallurgical Combine.”
Steel Transl. 50, 756-761 (2020). https://doi.org/10.3103/S0967091220110108

11. Zhang, Y., Zhang, C., Han, Y., et al.: Jet characteristics of a high-mach-number oxygen-lance
nozzle under high oxygen pressure. Metall. Mater. Trans. B 52, 4070—4081 (2021). https://
doi.org/10.1007/s11663-021-02325-0

12. Li, M., Shao, L., Li, Q., et al.: A numerical study on blowing characteristics of a dynamic
free oxygen lance converter for hot metal dephosphorization technology using a coupled
VOF-SMM method. Metall. Mater. Trans. B 52, 2026-2037 (2021). https://doi.org/10.1007/
s11663-021-02155-0


https://doi.org/10.1007/s11837-021-04836-2
https://doi.org/10.1007/s11663-024-03117-y
https://doi.org/10.1007/s11837-025-07469-x
https://doi.org/10.1007/s11837-025-07469-x
https://doi.org/10.1007/s12540-020-00712-x
https://doi.org/10.1007/s12540-020-00712-x
https://doi.org/10.1007/s11837-021-05147-2
https://doi.org/10.1007/s11663-024-03006-4
https://doi.org/10.3103/S0967091221120093
https://doi.org/10.1007/s42243-020-00515-9
https://doi.org/10.1007/s42243-020-00515-9
https://doi.org/10.1007/s11663-020-02048-8
https://doi.org/10.3103/S0967091220110108
https://doi.org/10.1007/s11663-021-02325-0
https://doi.org/10.1007/s11663-021-02325-0
https://doi.org/10.1007/s11663-021-02155-0
https://doi.org/10.1007/s11663-021-02155-0

282

13.

14.

15.

17.

18.

19.

20.

21.

S. Panteikov and E. Leshchenko

Obiso, D., Reuter, M., Richter, A.: CFD investigations of bath dynamics in a pilot-scale TSL
furnace. Metall. Mater. Trans. B 52, 3064-3077 (2021). https://doi.org/10.1007/s11663-021-
02233-3

Kandalam, A., Stelter, M., Reinmoller, M., Reuter, M. A., Charitos, A.: Determining the bubble
dynamics of a top submerged lance smelter. In: Lazou, A., Daehn, K., Fleuriault, C., Gokelma,
M., Olivetti, E., Meskers, C. (eds.) REWAS 2022: Developing Tomorrow’s Technical Cycles
(Volume I). The Minerals, Metals & Materials Series. Springer, Cham (2022). https://doi.org/
10.1007/978-3-030-92563-5_57

Lappan, T., et al.: X-ray and neutron radiographic experiments on particle-laden molten metal
flows. In: Lee, J., Wagstaff, S., Anderson, A., Tesfaye, F., Lambotte, G., Allanore, A. (eds.)
Materials Processing Fundamentals 2021. The Minerals, Metals & Materials Series. Springer,
Cham (2021). https://doi.org/10.1007/978-3-030-65253-1_2

. Obiso, D., Reuter, M., Richter, A.: CFD investigation of rotational sloshing waves in a top-

submerged-lance metal bath. Metall. Mater. Trans. B 52, 2386-2394 (2021). https://doi.org/
10.1007/s11663-021-02182-x

Cao, L., Wang, Y., Cheng, Z., et al.: Bubble formation and surface sloshing in the TSL flow
with a viscous liquid. JOM 74, 4920-4929 (2022). https://doi.org/10.1007/s11837-022-055
39-y

Wang, R., Zhang, B., Hu, C., et al.: Physical modeling of slag foaming in combined top and
bottom blowing converter. JOM 74, 151-158 (2022). https://doi.org/10.1007/s11837-021-049
84-5

Zhulkovskyi, O., Panteikov, S., Zhulkovska, I., Kashcheev, M., Leshchenko, E.: Heat transfer
calculation for numerical simulation of thermal mode of slag—splashing lance in the forecast-
ing system. In: Kazymyr, V., et al. (eds.) Mathematical Modeling and Simulation of Systems.
MODS 2023. Lecture Notes in Networks and Systems, vol. 1091. Springer, Cham (2024).
https://doi.org/10.1007/978-3-031-67348-1_6

Stalnichenko, O., Lysenko, T., Ponomarenko, O., Kreitser, K., Kozishkurt, E.: Vacuum tech-
nology for magnesium alloys during die casting of radiators. In: Tonkonogyi, V., Ivanov,
V., Trojanowska, J., Oborskyi, G. (eds.) Advanced Manufacturing Processes VI. Interpartner
2024. Lecture Notes in Mechanical Engineering. Springer, Cham (2025). https://doi.org/10.
1007/978-3-031-82746-4_20

Ponomarenko, O., Yevtushenko, N., Akimov, O., Vasilets, V., Lopes, H.: Study of the laws
of random fluctuations in the parameters of foundry processes and the quality of castings. In:
Machado, J., Trojanowska, J., Ottaviano, E., Xavior, M.A., Valasek, P., Basova, Y. (eds.)
Innovations in Mechanical Engineering IV. ICIENG 2025. Lecture Notes in Mechanical
Engineering. Springer, Cham (2025). https://doi.org/10.1007/978-3-031-93554-1_36


https://doi.org/10.1007/s11663-021-02233-3
https://doi.org/10.1007/s11663-021-02233-3
https://doi.org/10.1007/978-3-030-92563-5_57
https://doi.org/10.1007/978-3-030-92563-5_57
https://doi.org/10.1007/978-3-030-65253-1_2
https://doi.org/10.1007/s11663-021-02182-x
https://doi.org/10.1007/s11663-021-02182-x
https://doi.org/10.1007/s11837-022-05539-y
https://doi.org/10.1007/s11837-022-05539-y
https://doi.org/10.1007/s11837-021-04984-5
https://doi.org/10.1007/s11837-021-04984-5
https://doi.org/10.1007/978-3-031-67348-1_6
https://doi.org/10.1007/978-3-031-82746-4_20
https://doi.org/10.1007/978-3-031-82746-4_20
https://doi.org/10.1007/978-3-031-93554-1_36

q

Check for
updates

Improving the Operational Safety of Tip
Structures for Top-Blown Converter Lances

1(X)

Elena Panteikova , Sergei Panteikov? @, and Elena Leshchenko?

1 Private Joint—Stock Company “KAMET-STAL’”, Soborna Str., 18B, Kamianske 51925,
Ukraine
hel_pant_in@ukr.net
2 Dniprovsky State Technical University, Dniprobudivska Str., 2, Kamianske 51918, Ukraine
ser_pant_in@ukr.net, lescha_helen@meta.ua

Abstract. This paper aims to develop mechanical devices for feeding various
process gases (such as oxygen and nitrogen) into the working space of 250-ton
converters during steel smelting, ensuring significant production safety during
operation and achieving higher durability. Based on a comprehensive analysis
of various literary materials, patent searches, and the results of industrial testing
of different tip designs (both standard and previously developed) for top oxygen
lances, a new, safe lance tip design was developed and proposed, protected by
Patent UA 78112. The results of the study have, for the first time, demonstrated
a high level of efficiency in unloading the outer copper weld seam due to the
installation of special reinforcing pins in the lance tip design, which is the most
effective and necessary measure to increase operational safety and durability of any
tip design for the top lance. The necessary technical documentation was transferred
to the converter shop of OJSC “Dniprovsky Metallurgical Combine” (Kamianske,
Ukraine) for the manufacture and implementation of this design of top blowing
devices in the production process. The use of a safe design of a mechanical blowing
device to the top converter lances, described in this work, will significantly secure
the converter steel production, as well as increase the resistance of the tips to
the top oxygen lances in comparison with known designs, which will lead to the
complete elimination of the possibility of major accidents in the shop due to the
destruction of the outer copper weld seam of the lance tip and the cost of huge
funds for its elimination, as well as to obtaining a tangible economic effect due
to the high degree of efficiency of solving the above problems, which are always
present in operating converter shops.

Keywords: melt blowing - durability - emergency situation - converter shop -
reinforcing pin - weld seam - blowing device - cooling water - economic effect

1 Introduction

A long service life of the top-blown oxygen lance contributes to the regular and cost-
effective operation of the basic oxygen furnace. To maintain the long service life of
the top lance, its cooling water flow rate is critically important, and it should not be
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lower than the design level. The cooling water temperature at the lance outlet must not
exceed 60—65 °C. The quality of the coolant is also an important parameter. If the water
is contaminated with oxides or dirt, deposits usually form on the inner surfaces of the
tubes and the lance tip. This fact harms heat transfer and reduces the service life of the
top lance, which varies depending on the operating conditions in each specific converter
shop and ranges from 50 to 1000 melts, and sometimes more.

The most vulnerable part of the top lance is the so-called lance tip, which is exposed
to extremely high temperatures during operation, exceeding 2000 °C. At the same time,
the height of the lance tip above the liquid bath is crucial to ensure the deep penetration
of the oxygen jet into the iron-carbon melt. However, if the lance height is too small,
there is a high probability of melting of certain areas of the lance tip surface experiencing
severe overheating. Therefore, the outer end surface (lower bowl) of the top lance tip
should be made of copper, which has a high degree of thermal conductivity, due to which
the heat from the heated lance tip is quickly transferred to the lance water cooling. This
fact can only be ensured by forged and chemically pure copper.

In this case, a lance tip of any design (welded, solid-turned, cast, forged and stamped)
necessarily has an external copper weld, which connects the copper part of the tip (usually
the lower bowl) with a steel external connecting ring, which is necessary for the rapid
replacement of the tip on the top lance by attaching the ring to the barrel (outer pipe)
of the top lance using a steel weld. However, during the operation of the top lance, this
copper weld is subjected to cracking and, in many cases, breaks, which leads to the
separation of the connecting steel ring from the copper part of the lance tip.

Cracking and subsequent rupture of the outer welded joint of the steel ring with the
copper part of the tip on the top converter lances is a serious problem that can lead to
serious emergencies in the converter shop — the top lance, like a rocket, flies out of the
converter, tearing off the metal hoses supplying oxygen and coolant to it, which can lead
to an explosion of the converter as a result of a significant amount of water entering the
high-temperature working cavity of the unit.

The causes of cracking in the specified external copper weld may be different, includ-
ing metal defects, technological violations, incorrect welding modes, shrinkage stresses
during seam cooling, and corrosion.

There are four types of cracks: hot, cold, hydrogen, and stress cracks. Hot cracks
usually occur before the weld is complete and are longitudinal. Cold cracks form after
the welding process is complete, during cooling below the temperature range of 100—
150 °C, or the subsequent period; they are among the most dangerous defects and are
unacceptable according to all current regulatory and technological documents. Hydrogen
cracks are related to the presence of hydrogen in the weld metal, which contributes to the
embrittlement of the metal. Stress cracks occur due to mechanical (thermomechanical,
temperature) effects on the weld material during the operation of the blowing device.

To prevent the formation of the first three types of cracks, it is necessary to strictly
comply with the technology and welding modes, as well as to maintain quality control
of the metal and welds. Additionally, the use of welding materials with low hydrogen
content, heat treatment of welds, and the application of anti-corrosion protective coatings
to welds are crucial.
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The use of all the above measures should almost eliminate the risk of cracking of
welds on the top oxygen lances and ensure reliable and safe operation of the equipment.

However, even if all the above requirements are met (which is almost impossible in
production conditions), the risk of cracks in welds is very high because the top lances are
subjected to significant thermal loads and vibrations during their operation, working in an
aggressive high-temperature environment (and this applies to both top-blown lances and
slag-splashing lances of oxygen converters). These reasons contribute to the inevitable
occurrence (accumulation) of stresses in the structure of the top lances during its heating
as a result of temperature elongation of the outer pipe (barrel) of the top lances and the
imperfection of its compensation devices, which leads to the appearance of stress cracks
in the welds due to their smaller thickness and lower strength in comparison with other
areas of the welded parts of the top lances.

This study aims to develop a new and safe lance tip design in order to eliminate
potential accident risks and increase the durability of top blowing devices in operating
converter shops.

2 Literature Review

Enhancing the technical and economic efficiency of converter shops, as well as the
operational characteristics of their process equipment (including top oxygen lances),
necessitates the design and use of multi-nozzle top-blowing devices.

High temperature of the liquid bath, formation of flame torches due to oxidation of
carbon during blowing of the melt with technical oxygen, splashing of molten slag and
metal, as well as the presence of torches of afterburning of CO of the exhaust gas to
CO; create an atmosphere with high temperatures in the working space of the converter
[1]. The top lance is subjected to intense thermal and oxidative stresses that significantly
affect the integrity of its materials and components, particularly its tip [2]. Operation of
the top blow-out device under the described unfavorable conditions typically leads to
changes in the microstructure of the original materials (copper, steel), from which the
components of the lance (nozzle, bowl, pipe) are made, which over time causes metal
fatigue. All this also leads to softening of the welds (both copper and steel), which in
turn leads to destruction, usually of the external welds and sometimes of the internal
welds, especially in copper [1].

To prevent these phenomena, lance tip designs were developed to maintain a sufficient
coolant flow rate within the cooling channels, thereby ensuring effective cooling across
the entire top-blowing device [3]. This became possible due to the use of information-
modeling systems for forecasting the thermal regime of top lances during their design
and development (both oxygen [3] and slag-splashing [4] lances), as well as methods
for calculating heat transfer during numerical modeling of the lances’ thermal regime
within these forecasting systems.

When developing top lance designs, the primary focus is currently on enhancing
the resource-saving efficiency of the steelmaking process in converters by utilizing the
internal reserves of the process. In this regard, various top lance tip designs are con-
tinuously being developed to support the afterburning of CO to CO;, which improves
the thermal balance of the melt, increases the degree of melt mixing, reduces the blow-
down time, accelerates the dephosphorization process, and reduces the level of defects
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[5]. It has been established that under conditions promoting CO afterburning, when
Pco,/Pco = 1, the temperature of the converter exhaust gases increases from 1800 to
2000 K [6].

A self-rotating lance, powered by a gas jet, was developed to enhance mass transfer
between the liquid slag and the molten metal. This advancement led to an increase in
the mass transfer rate of over 30% [7].

A study on how the blow hole’s cross-sectional area and blast flow rate affect the
characteristics of the jet penetrating the melt facilitated the design and optimization of
the central nozzle of the top oxygen lance for delivering the O, + CO; gas mixture into
the converter cavity [8]. Additionally, the effect of the flow rate of the 80% O, and 20%
CO; gas mixture on the dispersion patterns of jets carrying powdered lime was also
investigated [9].

For the design and development of the top lance nozzle profile, a study was conducted
to assess the influence of outlet wear in the Laval nozzle on the characteristics of the
resulting supersonic jet. Reference [10] demonstrated that increased wear of the blowing
nozzles leads to a more rapid decline in gas jet velocity and an earlier convergence point.
However, the causes of melting at the nozzle exit edges, as well as potential measures
for its prevention, were not addressed.

To design and produce a top oxygen lance capable of achieving a high Mach number
(oxygen pressure of 1.01 MPa and a nozzle exit Mach number of 2.15), the jet char-
acteristics under varying oxygen supply pressures and their impact on the melting bath
dynamics were thoroughly investigated and analyzed [11].

The parameters of blowing using a dynamic oxygen lance in the converter were also
studied. The effect of lance design parameters, specifically the twist angle and rotation
speed, on the efficiency of melt dephosphorization was determined [12].

As part of the design of top submersible lances, studies were conducted aimed at
studying the dynamics of the following processes: gas injection into the melt [13]; the
formation and ascent of bubbles in the metal bath [14], incorporating X-ray imaging
techniques [15]; rotational dynamics of splash waves in the melt [16]. It was found that
viscous and interphase forces substantially influence the hydrodynamic behavior of the
bath [17].

Recently, in connection with the widespread use of technology that applies a pro-
tective skull to the refractory lining of converters, interest in studying the processes of
blowing and foaming of the liquid final slag using a top (blowing or special skull) lance
has increased significantly. In particular, in work [18], the influence of the impact action
of the top lance blowing on the process of foaming of converter slag under conditions
of combined (top and bottom) blowing was studied.

As can be seen from the literature review conducted on this issue, work on improving
the designs of top converter lances from the perspective of increasing their safety has
not been carried out, and the subject has yet to be documented in the literature. However,
this remains one of the most critical challenges consistently encountered in converter
shops. Thus, the relevance of work in this area is beyond doubt, requiring the fastest and
most effective solution to this issue.
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3 Research Methodology

The effect of modifying the lance tip design by strengthening the outer copper weld
seam, which connects the copper lower bowl to the steel outer transition ring, on the
operational safety of lance tip and their durability was studied. The subject of this
study is the improved design of the tip for top blowdown lances, protected by Patent
UA 78112. The experiments were conducted on 250-ton converters using structured
observation; lance tip failures were documented photographically. MS Excel 2015 was
used to graphically present the results.

4 Results and Discussion

Itis known that during operation of top converter lances, significant stresses arise in their
structures (usually caused by repeated thermal expansion and subsequent cooling of the
outer pipe in top-blowing devices), which are attempted to be reduced by various designs
of compensation devices (packing, plate, metal hose, telescopic, including rubber rings,
etc.) installed on the pipes of the top lances.

However, despite this, all top lances are characterized by a low strength of the outer
copper weld at the tip, which connects the copper tip to the steel outer transition ring. As
a result of the impact of significant force loads on the lance from the supplied oxygen
and cooling water, especially at the moments of their supply, thermal elongation and
return to the original position of the outer lance pipe, its deformation and the effect of
torque and bending moments on the pipe, the outer pipe will break in a weaker place,
i.e. along the outer copper weld seam on the lance tip, which connects two dissimilar
materials (copper and steel) and, in addition, has low strength and is not additionally
reinforced.

Poor fusion of dissimilar materials — a copper bowl and a steel ring with a copper
weld, low quality of its execution (low density and high porosity of copper) and a
smaller thickness of the weld compared to the thickness of the joint of the lower bowl
(tip) with the ring itself fully explain the low strength of the said external copper weld.
Additionally, the external copper weld softens due to exposure to a high-temperature
environment. A high-temperature aggressive gas-slag-metal environment can partially
wash it out. The destruction of this external weld can lead to the lower bowl tearing off
or the entire lance tip separating from the outer pipe of the top oxygen lance, resulting
in a significant accident in the shop, which has repeatedly occurred in the practice of
operating converter shops.

The elongation of the outer tube of the top lance when it is heated during blowing
in the converter can be calculated using the formula for linear thermal expansion taken
from classical literary sources on the resistance of materials:

AL=a-Ly- AT,

where « — the coefficient of linear thermal expansion of the tube material (steel), °C!;
Lo — the length of the outer tube of the lance that is subject to heating, m; AT — the
temperature gradient, °C.



288 E. Panteikova et al.
Figure 1 shows the dependence of the elongation value of the outer pipe of the top
lance (in mm) on the length (in m) of the section of the top-blown lance barrel (outer

pipe), which is heated during the blowdown of the iron-carbon melt in the converter, and
on the average temperature of this heating (in °C), studied by the authors.
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Fig. 1. Elongation (4L) of the outer pipe of the top lance (outer diameter 426 mm, 250-ton
converter) depending on the length of the section of the lance barrel that is subject to heating, and
on the average temperature of this heating.

In order to improve the safety of operation of top oxygen lances and increase their
durability, the Department of Ferrous Metallurgy of the Dniprodzerzhynsk State Tech-
nical University (now the Department of Metallurgy of the Dniprovsky State Technical
University, Kamianske, Ukraine) together with the workers of the converter shop of
OJSC “Dniprovsky Metallurgical Combine” (now PrJSC “KAMET-STAL’”, Kami-
anske, Ukraine) for 250-ton converters have developed new safe designs (Patent UA
78112) of the lance tip, in which the reinforcement of the outer copper weld is carried
out through the use of special reinforcing pins.

Figure 2 shows the developed versions of tips with different versions (I-IV) of
reinforcing pin designs (see Fig. 3) for lances with central oxygen supply (Fig. 2, a)
and with central water supply (Fig. 2, b), respectively. Lance tips (Fig. 2, a — with five
nozzles and pin designs I, II; Fig. 2, b — with six nozzles and pin designs III, IV) consist
of a tip (copper bowl) 1, central 2, intermediate 3 and outer 4 transition rings, nozzles
5, collector 6, pins 7 (for connecting tip 1 and outer transition ring 4), inserted into
through holes made in the mating parts and held from falling out via a weld 8 (Fig. 3, I).
Additionally, the copper tip 1 and the steel outer ring 4 are connected via a copper weld
9. The pins 7 can be made elongated and with their inner ends inserted into a through
(Fig. 3, II) or blind (Fig. 3, III) hole made in the intermediate transition ring 3 or in
special overlay parts 10 (Fig. 3, IV) attached by means of a weld 11 to the outer surface
of the intermediate transition ring 3. To achieve maximum efficiency of the proposed
designs, the number of pins 7 in each tip should be at least three.
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(b)
Fig. 2. Designs of tips for top oxygen lances with central oxygen supply (a) and with central

water supply (b) with pin reinforcement of the outer copper weld seam (here and in Fig. 3 see text
of the article for designations).

When the lance tip is in operation, the blowing and coolant pressure is exerted on
the inner surface of the tip 1, as well as the outer lance tube as a result of its thermal
elongation on the outer copper weld 9, connecting the outer transition ring 4 with the tip
1, which leads to deformation, cracking and destruction of the outer copper weld 9. The
presence of pins 7 in the telescopic connection of the tip 1 with the outer transition ring
4 (Fig. 3, I) enables the outer weld 9 to be unloaded, as the main load is taken by pins
7 in this case. Weld 9 will only seal the gap between the mating parts to prevent water
from entering the converter cavity through the lance.
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Fig. 3. Variants for installing reinforcing pins in lance tips.

A more preferable design variant is shown in Fig. 3, II, in which pin 7 is made
elongated and inserted with its inner end into a through hole made in the intermediate
transition ring 3. However, this variant is acceptable only for designs of tips with a central
oxygen supply (Fig. 2, a), since in tips with a central water supply (Fig. 2, b) there will
be a possibility of water getting into the oxygen tract as a result of its leakage from the
through hole, which is in no way acceptable, since it will lead to an accident due to
water getting into the lance nozzles. For tips with a central water supply (Fig. 2, b), it is
advisable to use variants with elongated pins 7 (see Fig. 3, III, IV).
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Figure 3, III shows a variant where pin 7 is inserted with its inner end into a blind
hole made on the outer surface of intermediate transition ring 3. This variant allows for
the use of thick-walled intermediate transition rings 3, as the strength of intermediate
transition ring 3 decreases at the locations where pins 7 are inserted due to the decrease
in wall thickness of intermediate transition ring 4 when creating the hole. This fact can
lead to a violation of the integrity of intermediate transition ring 3 at the locations of the
holes. The use of thin-walled intermediate transition rings 3 is unacceptable with this
design variant.

A safer variant, which allows the use of the intermediate transition ring 3 with any
wall thickness and avoids its damage, is shown in Fig. 3, IV. It proposes using special
overlay parts 10 with a hole (through or blind), into which the pin 7 is inserted with its
inner end. The overlay parts, in turn, are fixed to the outer surface of the intermediate
transition ring 3 by means of a weld 11. In this case, in order to increase the rigidity of
the lance tip structure, pin 7 can be additionally attached by means of a weld 12 to the
outer surface (see Fig. 3, IL, III) of the intermediate transition ring 3 or to the body of
the special overlay parts 10 (Fig. 3, IV).

Thus, a sufficiently complete unloading of the external copper weld 9 from ther-
momechanical loads in the lance tip design is achieved, which ultimately increases its
safety and durability. In this case, the last three variants with extended pins 7, in addition,
increase the rigidity of the entire tip design due to the fastening of the tip components
to each other, thereby unloading and protecting the welds around the nozzles 5 from
destruction (both external, connecting the nozzles 5 with the tip 1, and internal, fixing
the nozzles 5 in the collector 6), which will increase the durability of the lance tips to
an even greater extent.

Figure 4 shows cases of cracking after a certain number of converter melts (indicated
below) of the external copper weld, resulting in the failure of the top blowdown lances,
which were subsequently removed for repair. Calculations have shown that the tensile
strength of this weld is 40-100 MPa (with the strength of pure copper being 210-
250 MPa). Such a weld is practically unreliable for critical mechanical structures, which
include the top oxygen lance.

(©)
Fig. 4. Cracking of the outer copper weld (top lance durability: (a) — 45; (b) — 62; (c) — 8 melts).

The use of variant I (see Fig. 3, I) for installing reinforcing pins in the lance tips
made it possible to strengthen the external copper weld (the calculated tensile strength of
this welded joint was 400 MPa) and eliminate its cracking significantly. In contrast, the
top lances failed exclusively for other reasons, namely: cracking of the external welds
around the nozzle inserts, the melting of the outlet edges of the Laval blowing nozzles,
damage to the tip as a result of the top lance fit on scrap metal, cracking of the internal
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welds around the nozzle inserts, the need to replace metal hose compensators due to
their damage.

Work continues on further optimizing the safe designs of lance tips to increase their
operational safety and durability, including the provision of their manufacture through
injection molding [19] with proper quality control of castings [20].

5 Conclusions

In this paper, based on the analysis of literary sources, patent search and industrial
testing results of various (both standard and previously developed) designs of tips for
top oxygen lances on 250-ton converters of OJSC “Dniprovsky Metallurgical Combine”
(now PrJSC “KAMET-STAL’”, Kamianske, Ukraine), a new safe design of a lance tip
was developed and proposed, protected by Patent UA 78112.

For the first time, high unloading efficiency of the outer copper weld seam in the lance
tip has been proven by installing reinforcing pins in its design, which is the only practical
and extremely necessary measure for effectively solving the problems of operating safety
of top converter lances, as well as the low durability of their tips, which are always present
in operating converter shops.

The use of these designs eliminates the likelihood of major accidents in the shop,
allowing for secure production, avoiding personnel injuries and huge costs of eliminating
the consequences of an accident, and obtaining an economic effect.
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Abstract. The aim of this study is to develop a new approach for analyzing
the influence of various factors on the distribution of contact pressure and the
shape of the contact area between complex-profile bodies. This need arises from
the increasing use of components with intricate geometries in modern mechanical
systems. These complex-profile bodies facilitate the transfer of motion trajectories
and dynamic forces or momentum. Both are determined by the initial gap between
the bodies that cannot generally be described accurately using a quadratic form of
the coordinates of the tangent plane. Additionally, the surfaces of the contacting
bodies may include material layers that are not adequately represented by tradi-
tional Winkler-type models. The proposed approach is based on a modification of
the Kalker’s variational principle. The formulation can include arbitrary geometry
of the contact surfaces and incorporate various types of mechanical behavior of
the intermediate surface layers. Both factors affect the distribution of the contact
pressure and the shape of the contact area, which is illustrated by several represen-
tative examples. Various nontrivial shapes of the contact area other than elliptic
are retrieved, including dumbbell-shaped and multiply connected domains with
various localizations of maximum contact pressure. These findings are crucial for
the rational design of new mechanisms and machines that involve contact between
complex-profile components.

Keywords: First Keyword - Second Keyword - Third Keyword

1 Introduction

A common trend in modern mechanical engineering is the pursuit of implementing
complex relative motions between individual contacting components. These include
gears, cams, elements of hydraulic volumetric transmissions, and others. As a result,
two key criteria emerge in the justification of technical solutions.

On the one hand, a kinematic criterion arises, necessitating the formation of bodies
with complex geometries to satisfy specific motion requirements. Typically, the initial
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contact between such bodies occurs at a single point. On the other hand, a strength cri-
terion must be considered. This criterion aims to maximize the contact area in the actual
(deformed) state while minimizing the peak contact pressure. Thus, a dual-criterion
scenario emerges, involving both kinematic and strength considerations. In such cases,
the initial gap between contacting bodies may not be analytically defined but instead
represented as two envelopes of paired conjugate points.

However, this is not the only challenge in analyzing the contact interaction of such
complex-profiled bodies (CPBs). Due to the proximity of the contacting surfaces, dis-
placements caused by the compression of surface layers such as roughness, coatings,
and films begin to play an increasingly significant role. Moreover, the elastic properties
of these surface layers may exhibit nonlinear behavior.

Consequently, existing analytical and numerical methods for contact analysis are not
directly applicable to such bodies. A new approach is required — one that accounts for both
the geometry of CPB surfaces and the properties of their surface layers. To address this,
variational formulations are employed. Based on this framework, it becomes possible to
investigate the contact interactions of elements in both existing and proposed designs.

2 Literature Review

Numerous publications have been dedicated to the study of contact interactions between
elastic bodies. For instance, in [1], the authors examine a unilateral contact problem
involving a nonlinear Winkler-type surface layer between a massive elastic body and
a composite structure. The latter consists of a thin coating modeled as a Timoshenko-
type shell and a massive elastic substrate, which is connected to the coating via another
nonlinear Winkler layer. A parallel Robin-type domain decomposition method is applied
to reduce the original contact problem to the iterative solution of independent linear
variational equations. The analysis explores the dependence of contact pressure and
stresses on the coating thickness and the parameters of the layer.

A similar methodology is employed in [2] for the contact problem between two
elastic bodies, one of which features a discontinuous thin elastic coating modeled as a
Timoshenko-type shell. The study analyzes the dependence of surface and equivalent
stresses on both the thickness and stiffness of the coating.

The conditions of weak convergence of the methods used in [1, 2] are established
in an earlier work [3]. As it was discovered, the speed of numerical converge can differ
significantly depending on the height and Young’s modulus of the thin intermediate body.
This can somehow limit the numerical feasibility of the method despite the benefits of
the domain decomposition approach.

In [4], the contact interaction problem involving multiple elastic bodies with non-
linear Winkler-type surface layers is investigated. To solve the associated nonlinear
variational equation, which includes a non-differentiable operator characteristic of this
contact problem, the authors propose the use of implicit two-point combined differential-
difference parallel iterative domain decomposition algorithms of the Robin type. The
two-point scheme offers broader admissible ranges for the iterative parameter and,
beyond a certain threshold of this parameter, ensures the desired accuracy with fewer
iterations.
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Thermal effects play a significant role in contact interactions. In [5], the thermome-
chanical behavior of a heterogeneous bimaterial with an interfacial crack is investigated.
The crack faces are in contact at their tips under compressive forces and a uniform
thermal flux.

The expansion of the modeling scope from normal contact towards tangential inter-
action and deformations increases dramatically the complexity of the problem. The paper
[6] introduces a Fast Fourier Transform (FFT)-based Boundary Element Method (BEM)
for tangential contact between a rigid body and an elastic half-space coated with a layer
of different elastic properties. The tangential stress applied at the surface is modeled as
a plane wave. The coating alters the surface displacement response to tangential loads,
depending on its thickness and material properties. The effect is more pronounced for
thicker coating.

General variational inequalities (GVI) [7] have application potential for nonconvex
contact problems. GVIs provide a framework to model these using generalized convex-
ity (like log-convex or kg-convex functions). This enables the use of well-developed
projection methods, penalty techniques, and auxiliary principle approaches for solving
such problems.

A numerical algorithm for solving a frictional contact problem involving the interac-
tion between a deformable layer and dies of complex geometry is presented in [8]. The
contact problem, characterized by an unknown interaction domain, is expressed through
Signorini-type integral inequality equations. It is subsequently reduced to a quadratic
programming problem by applying cubature formulas.

Contact interaction plays important role in the dynamics of various systems. This
aspect is addressed in [9] for railway vehicle dynamics simulations. The wheel-rail
contact is modeled using Kalker’s variational principle. The solutions for contact area
and contact pressure are used as input for real-time and large-scale simulations.

Creep understood as undesired micro-slip between two surfaces in contact is another
phenomenon related to the wheel and rail interaction. A review in [10] covers recent
advances in modeling wheel-rail creep forces, with a focus on tribological effects such
as surface roughness, lubrication layers, and plastic deformation.

Thus, the works [1-10] primarily address contact interaction at the macroscopic
scale. One of the principal approaches used in analyzing contact phenomena is the vari-
ational method. However, these and other works do not offer a comprehensive solution
to the contact interaction problem for CPBs. Modeling the highly nonlinear response
in normal and tangent direction, anisotropy and adhesive properties of various coatings
and surface roughness remains a critical issue.

The paper [11] investigates how surface anisotropy and non-Gaussian height dis-
tributions affect elastic contact mechanics, using numerical simulations based on the
Boundary Element Method. It demonstrates that both anisotropic and non-Gaussian sur-
faces influence the real contact area and load-separation behavior in similar ways. A key
contribution is the identification of a single scaling parameter, derived from Persson’s the-
ory, that captures these effects across different surface types. Previously the same authors
investigated in [12] how surface anisotropy and fractal roughness dimensionality (1D
vs 2D) affect adhesion in elastic contacts. It shows that adhesion is strongly reduced in
2D fractal surfaces compared to 1D, contradicting predictions from the Persson—Tosatti
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criterion. An extended version of the Bearing Area Model (BAM) is proposed to better
capture these anisotropic effects.

Adhesive properties of two types of surface structures are examined in [13] and [14].
In [13], a soft elastic layer is shown to enhance contact between rough surfaces but may
reduce overall adhesion depending on its thickness and stiffness. Numerical simulations
using a boundary element method reveal how variations in modulus and thickness affect
contact area and pull-off force. In [14], fibrillar adhesive structures are studied, showing
that softer fibrils improve surface conformity and adhesion, while stiffer ones enhance
load distribution.

The influence of electrolysis parameters on microarc oxidation coatings for magne-
sium alloys is investigated in [ 15]. Coating composition varies with electrolyte, typically
including MgO, Mg, Si04, MgAl,04, and amorphous silicates. In [16], ceramic coatings
on aluminum alloys are formed using alkaline-silicate electrolytes; adding NagPgO13g
significantly increases thickness without changing phase composition, while NaAlO;
alters phase structure but has minimal effect on thickness. Study [17] develops epoxy-
silicone rubber composites with boron particles, forming ablation-resistant coatings con-
taining B4C, borosiloxane, SiO;, and SiC. Adding 2.5 wt% boron raises decomposition
temperature by over 12% and reduces ablation rates by 30%.

Thus, the initial data required for further investigation of CPBs with coatings is
now available. The next challenge lies in identifying suitable methods for solving such
contact interaction problems. For instance, work [18] presents several exact solutions
to contact problems; however, a comprehensive solution for the contact interaction of
complex 3D profiles — especially with consideration of surface layer properties — remains
unavailable. This highlights the need to develop a new approach for solving problems of
this type. Such research is particularly relevant for analyzing the interaction of spherical
pistons in radial hydrostatic transmissions [19, 20].

3 Goal

The objective of this study is to develop a novel approach for analyzing the influence
of various factors on the distribution of contact pressure and the geometry of the con-
tact area between complex-shaped bodies. This research builds upon the foundational
work presented in [21-23]. While previous studies have provided exact solutions for
certain contact problems, a comprehensive solution for the interaction of complex 3D
bodies — particularly those with surface layers — remains unavailable in the general
case. Consequently, there is a need to establish a new methodological framework for
addressing such problems. This line of inquiry is especially relevant for understanding
the contact behavior of spherical pistons in radial hydrostatic transmissions [19, 20].

4 Research Methodology

The contact of two bodies ;1 Ta 2, with surfaces S1 and S, is considered in presence
of exterior thin layers QY and /5 with interface surfaces S’; end S5 (Fig. 1).

Contact loads are transmitted over the interface surfaces S’; ta S’5. Due to the small
thickness of the exterior layers €y and /5 we can disregard their load distributing
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capacity. Hence, we do not distinguish any further the surfaces S’ and S/ from S
and S,. The identical normal traction is transmitted through the mutually correspondent
points from the two opposite sides of the exterior layers.

Fig. 1. Normal contact of two bodies with exterior intermediate layers.

The normal displacements wy > at the contact surfaces S > are superposition of wiG
—“global” displacements due to elastic deformations of the entire bodies €2;, WZL —“local”
displacements caused by normal compression of the layers ;.

w,-:wiG+w,~L;i= 1, 2. (D

Given the large size of the bodies €2; compared to the size of the contact areas, the
“global” displacements wiG can be determined as the depression of the half-space due to
the distributed normal load (Fig. 2):

L2V 17 o,
wan =t [P iy p = Ja—or+o-02 @
T

where E; — modulus of elasticity of material for €;, v; — Poisson’s ratio,q — contact
pressure, x, y, £, n — point coordinates in the tangent plane S that is shared between the
two contact surfaces S Ta S».

As for wiL, the general relations that holds for them can be given in the form

wk=figsi=1,2, 3)

where f; — some functions of the contact pressure ¢ with parameters specific to the
contact layer. These functions capture the elastic or quasi-elastic response of the material
and/or the layer structure to the compression. These relations can either be derived from
a physically motivated model or be of a generic nature as an approximation fit. For
example, it can be a power function.
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Fig. 2. Normal displacement of a half-space due to the contact pressure (left) and its approxima-
tion by pyramidal basis functions on a regular triangular mesh (right).

By modifying Kalker’s variational principle, the contact interaction problem can be
reformulated as a minimization problem for a functional

M(g) = M%) + MH(g); N¢=1f +ng; n*=mf+nj } @

I1(g) = min; g >0

where G — complementary energy components corresponding to the “global” (2) and
“local” (3) response of the elastic bodies and the exterior layers:

G=1[f qwldS+ [[ qh—8)dS; i=1, 2;
%) )

L=1r [}wf(q)dq]dS; i=1, 2.
Lo

(&)

Taking into account dependencies (2), (3), we come to the problem of finding the
minimum of convex functional I1(g) on a convex set of constraints in the form of the non-
negativity of the contact pressure g (x, y). Approximating the unknown contact pressure
g with basis functions ¢, built on a regular triangular mesh (Fig. 2) the problem (4) can
be reduced to a minimization problem for a function of several variables:

I(gy) — min; g, > 0, (6)

where n — index set of nodes where the discrete values of the unknown non-negative
contact pressure values g, are defined.

Various methods can be employed to solve Eq. (6), including the method of auxiliary
gaps [21-23]. This approach transforms the original problem into a sequence of quadratic
minimization tasks. At each iteration, the nonlinear functional defined in Eq. (6) is
approximated by a quadratic function, incorporating an adjusted distribution of fictitious
gaps to refine the solution. Otherwise, in the case of linear relation (6) as is in the case
of linear elastic Winkler foundation, the problem (6) is just a quadratic programming
problem and can be solved as is just in one step.

If we turn to the factors that are introduced above for consideration, then:

1) the macrogeometric shape is given by the distribution of the initial gap between the
bodies i = h(x, y); this distribution is determined by the above-mentioned “kine-
matic” criterion, i.e. the conditions of mutual motion of the contacting bodies; this
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distribution may be a variable factor for the design depending on the kinematic and
strength requirements; since this distribution % is included in the functional (5), then,
accordingly, a parametric dependence is realized g = q(h);

2) microgeometric properties, which are regulated by dependencies (3), are also included
in functionals (5); so, similarly, another parametric dependence is implemented g =

q(fi).

By varying the geometry of the contacting surfaces and the material properties of
the surface layers, one can systematically assess their influence on the size and shape of
the contact area, as well as on the distribution and magnitude of contact pressure.

5 Research Results

As an illustration of the capacities of the developed approach, the analysis of the contact
interaction of the ball piston of a hydraulic radial-volumetric transmission with the
running track of its stator ring [19] (Fig. 3). Here the piston I is a ball with a radius R,
running track II is a torus with a transverse profile I'. The profile I" is a combination of
circular arcs with radius Ry,. The opening angle of the central arc is 0.

Fig. 3. Diagram of the interaction of ball pistons I with the running track II of the stator ring of
hydraulic transmission.

For certainty, the radius of the treadmill of the stator ring Ry, = 0.128 m; piston
radius R, = 0.03175 m; the transverse profile of the treadmill of the stator ring in the
zy plane is formed by arcs of circles with radii Ry, with opening angle 6 = n/12. The
identical moduli of elasticity E = 2-10'! Pa and Poisson’s ratios v = 0.3 are taken for
the steel piston and the stator ring. Contact force was fixed at the value P, = 120 kN.

The following design parameter combinations for the contact geometry were studied:
radius Ryp; k=1, 2, 3; Ry, = Ry = 1.05-Ry; Ryp = Ry = 1.01-Ry; Ryp = R3 = 0.99-R,,.

These were paired with three different stiffness characteristics of the exterior layers
shown in Fig. 4. The first one is just a linear response f; with the given compliance.
The other two functions f; and fj; capture elastic-rigid response, when the layer has
a constant compliance a up to a threshold pressure limits p;; = 100 MPa and p;; =
1000 MPa after which it loses compressibility and become rigid.

As shown in Fig. 5, the presence of a linearly elastic intermediate layer (Case I)
between the contacting bodies results in a larger contact area compared to the elastically
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rigid configurations (Cases II and IIT). Moreover, the stiffer the intermediate layer, the
smaller the resulting contact area.

w L @ w i1 @ w L pr—

¢, MPa 100 ¢, MPa 1000 ¢, MPa

Fig. 4. The three types of surface layers response to compression.
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Fig. 5. Distributions of contact pressure (MPa) between the ball and the toroidal running track
for geometry variants k = 1, 2, 3 and layer response types [ = I, I, III.

Additionally, the geometry of the contact area is significantly influenced by the
radius of the central portion of the toroidal profile I'. A smaller radius leads to more
pronounced changes in the shape of the contact zone. For instance, in Case 1, the contact
area resembles an oval or a curvilinear quadrilateral, whereas in Case 3, it takes on a
dumbbell-like shape, which may become multiply connected under elevated loading
conditions. Regarding contact pressure, there is a tendency for its reduction in regions
where the arc radius of the toroidal profile exceeds the radius of the spherical counterpart
by approximately 5%. Conversely, the stiffer the intermediate layer between the bodies,
the higher the level of contact pressure observed.
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6 Conclusions

The developed approach for analyzing the distribution of contact pressure and the geom-
etry of the contact area between complex-shaped bodies is based on a modified varia-
tional formulation. This formulation overcomes many limitations inherent in traditional
methods. Moreover, it incorporates the ability to vary both the geometry of the contact-
ing bodies and the material properties of intermediate surface layers, enabling a more
rigorous and flexible framework for contact interaction analysis.

Unlike conventional approaches, the proposed method is specifically adapted to
describe contact between bodies with arbitrarily shaped surfaces, including those formed
through kinematic constraints. This allows for the modeling of a broader range of realistic
contact scenarios.

The established patterns of contact pressure distribution in the case of sphere—torus
interaction indicate that when the difference in surface geometry is significant, the qual-
itative behavior of pressure distribution and contact area shape aligns with traditional
models. However, as the surface geometries become more conforming, the observed
patterns increasingly deviate from classical predictions. The developed approach can be
applied to the study of contact interaction between complex-shaped bodies and to the
justification of optimal engineering solutions in machine design.
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Abstract. The corrosive-aggressive downhole environment and cyclic loads are
among the most common factors that affect running condition and service life
of tubing pipes. Long-term operation in these settings causes aging processes,
accompanied by metal degradation and a decrease in the level of its properties.
In our present study we investigate microstructure of low-carbon steel AISI 1020
which is widely used in tubing pipes manufacture and establish the influence of
plastic deformation (stretching) on a significant change in coercive force. The sci-
entific novelty of our paper consists in the way the degradation of the pipe steel is
investigated: we experimentally model the development of diffusion processes in
the structure under cyclic stretching similar to that in operation under the load of
an entire column. We use both optical-mathematical and EDS structure analyses
in order to identify the degradation. The observed structural changes determine
the level of coercive force, which can be effectively used to evaluate the degra-
dation degree of the pipe material in operation. The surface extrusion zones have
been detected, which include carbide-type phases with different carbon content,
solid non-metallic inclusions, oxides, and, presumably, areas where spontaneous
transformation of metal into powder occurred. Such zones appear due to plastic
deformation in the original and deformed samples. In the near surface region post
deformation, a quasi-homogeneous structure without pearlite is observed with an
equal amount (~7.0%) of point carbides and a transition phase of the ferrite type
that is maximally saturated with carbon (colour 155). Carbon content within the
main ferrite (86%) varies. Based on the obtained results, for the effective use of
pipe material in operation, we discuss the importance of taking into account both
the initial state of the material and the degree of its initial deformation when devel-
oping further technological processes, which brings additional practical value to
our study.
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coercive force level
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1 Introduction

Low-carbon steels are widely used in mechanical engineering and metallurgy, in partic-
ular in pipe production. During the long-term operation of pump and compressor pipes
(tubing pipes), the aging processes accompanied by degradation of mechanical proper-
ties of pipe steels occur inevitably. The state change in metal depends on a number of
operational factors, primarily on a long-term combined effect of mechanical loads and a
corrosive environment. It is imperative to study the contribution of each of these factors
in order to predict the impact of degradation processes on the durability of such products.
In order to investigate the development of structural degradation, we have carried out a
modeling experiment of the metal stretching process that occurs in the tubing pipes sub-
jected to a load of an entire column. The effect of plastic deformation is studied on AISI
1020 low-carbon structural steel. Due to its strength vs. ductility optimal combination,
this steel grade is widely used in rolled sheets, structural shapes, both rolled tubular and
rolled section products, which includes using it in the tubing manufacture.

2 Literature Review

Wear and tear of pipeline and drill pipe steels result in deterioration of their mechani-
cal and electrochemical properties, thus reducing resistance of such steels to cracking
under environmental exposure effects. The reduce of brittle fracture resistance and stress
corrosion cracking resistance occurs most intensively under stresses associated with the
development of volumetric scattered microdamage inside the material [1]. It has been
established that cold plastic deformation is accompanied by the formation of new dislo-
cations [2], grain fragmentation (subgrains formation), and the emergence of structural
heterogeneity [3]. Microhardness anisotropy of the structural components of an alloy is
a sensitive indicator of the change in the state of material as a result of degradation. It is
possible to assess the degree of pipeline steels degradation non-destructively by chang-
ing the level of coercive force. The formation of microstructure in AISI 1020 low-carbon
steel after stretching (cold plastic deformation) and its influence on the level of phys-
ical [4] and mechanical [5] properties have been studied using optical metallography
methods. The influence of deformation has been evaluated by the change of coercive
force and by anisotropy of the ferrite microhardness values [6]. Metallographic anal-
ysis has revealed the following structural changes: additional deformation of pearlite
grains and, to a greater extent, ferrite (on average by 10%, as estimated via microhard-
ness method) in relation to the original rolled product; deformation structure buildup
(additional stretching of grains); presence of stresses from non-metallic inclusions; pore
formation; cementite inclusions. Microdamage buildup inside the steel is confirmed [7]
by the tendency toward selective etching of the boundaries between adjacent bands of
ferrite and pearlite, as well as via fractography: by detection of brittle fracture elements
on the fracture surfaces (delaminations and chips that indicate areas of weakened adhe-
sion between the bands of ferrite and pearlite) [8]. The aforementioned studies show that
residual microscopic stresses localize in the structure of low-carbon steel under tensile
deformation. This is confirmed by an increase in the level of coercive force and magnetic
anisotropy, as well as by the anisotropy of the ferrite microhardness.
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The above-mentioned factors determine a partial change in the level of the coercive
force of the post-deformation sample. However, the set of identified factors does not fully
explain a significant increase in the coercive force level (~3 times) after deformation [9].
It is evident that such difference cannot be present due to the deformation-driven change
in dislocation structure alone. More in-depth studies are needed to obtain a complete
picture of the influence of deformation on such changes in coercive force.

The aim of our work is to conduct microstructural studies of low-carbon steel to
evaluate the effect of plastic deformation (stretching) on a significant change in the level
of coercive force. To do so, we use EDS analysis and mathematical evaluation of SEM
images that trace changes in the microstructure. The quality of the original alloy has
been taken into account.

3 Research Methodology

We conduct our studies on samples of AISI 1020 sheet steel (0.18-0.23% C; 0.30-0.60%
Mn), 5 mm thick before and after stretching. The samples have been analysed after 12.8%
cyclic deformation and cut along and across the deformation within the destruction zone.
The samples of original metal in hot-rolled condition and those cut from the grip zone
and near it have been comparatively examined. All of the etched deformed samples cut
from the grip, as well as along and across the deformation in the destruction zone, are
characterized by the deformation of pearlite grains greater than that of the original metal.
The greatest deformation degree has been found within the transverse samples near the
destruction zone, which we have further investigated.

For a detailed analysis of fragments of SEM images of metal structures, we use our
own analytical research technique based on hydrodynamic analogies and making use
of the Navier-Stokes equations [10] occurring during the formation of phases (energy
dissipation, diffusion transfer, change in the density of the dislocation structure) [11].
The mathematical basis is an optical-structural analysis method that evaluates images
differing in their statistical characteristics (distribution of image elements, pixels, and
their density) [12]. Each pixel coordinate of a digital image in.pgm format has been
assigned with a code value of a conditional colour. Using these values, an absolute value
of Laplacian has been calculated at each point of the image, which describes a hetero-
geneity of chemical elements due to energy dissipation during structural transformations.
Integral distribution histograms for the analysed parameters have then been constructed.
These distributions allow the alloy phases and their degree of local heterogeneity to be
evaluated. By comparing the histograms, the quantity and quality of phases have been
determined. Histograms have been plotted across eleven groups of conditional colours (in
%) that reflect differences in component content. Carbon saturation of the studied region
increases from lower to higher colour numbers, where the following intervals are defined
[13]: 010 (colours 0-163): ferrite phases (dark shades), a-phase with different lattice
perfection levels and chemical compositions; 10 (colours 147—-163): ferrite phases with
higher carbon saturation (dark gray shades); 11-16 (colours 164-255): carbide phases
(shades of white).

The microstructure has been examined using a scanning electron microscope (SEM)
JEOL JSM-6390LV equipped with microprobe analyser Link AN10/85S EDS system.
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The chemical composition of the carbides is determined using energy dispersive X-ray
spectroscopy (EDS).

4 Results and Discussion

Samples cut from the as-delivered steel show coercive force (Hc) of 3.3 A/cm longitudi-
nally and 3.9 A/cm transversely, with anisotropy coefficient of A = 0.87. After transverse
deformation, coercive force increases up to 9.3 A/cm. The steel structure then consists
of ferrite and pearlite.

Analysis of pearlite and ferrite structures (Fig. 1) shows changes in the distribu-
tion of phases. Histograms of structural components according to conditional colours
(Table 1) reveal that deformation reduces pearlite fraction and destroys cementite lamel-
lae (Fig. 1b). In some regions, pearlite grain boundaries get blurred even though the
lamellar relief remains the same (Fig. 1c). As presented in Table 1, the cementite frac-
tion (colour 255) decreases by half post-deformation (1.61% — 0.78%) at general view
images with x 2000 magnification. At the same time, carbon redistribution occurs in
the vicinity of ferrite: carbon-rich zones (colors 82 and 91) increase 2-3 times, and the
structures of color No. 155 (intermediate phase between carbon-saturated deformation
induced ferrite and cementite) increase fourfold. At the same time, the proportion of the
carbide phase with a reduced carbon content increases (colours 164 and 246). Image
analysis at 5000 x magnification (local regions) reveals a nearly similar phase ratio (see
Table 1 and Fig. 1c).

206V X2000 10um 0001 N1

a

Fig. 1. SEM images of AISI 1020 steel microstructure in the initial state (a), after deformation:
general view (b), x 2000; local area (c), x 5000

EDS analysis confirms higher carbon content in ferrite as compared to pearlite in the
initial sample. Up to 0.21% Si has been identified in pearlite (compared to the overall
alloy content of 0.15%). In the deformed sample, an elevated carbon content remains in
the ferrite regions compared to pearlite (~1.1 times higher). In pearlite, a reduction in
manganese concentration by 1.6 has been observed (from 0.42% to 0.27%).

Based on the obtained structural changes and EDS analysis, histograms of the distri-
bution of regions with increased carbon content are constructed (Fig. 2). Depending on
the proportion of such structures (%) within a 10 x 10 pixel image fragment, a colour
has been assigned in accordance with Table 2.
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Table 1. Histogram of the conditional colour distribution (%) in the studied SEM images
(see Fig. 1) of the AISI 1020 steel microstructure

0 8 9 73 82 92 155 164 246 247 |255 |Image
00 |00 |00 |63.66 [20.02 |14.30 | 041 | 0.0 |00 0.0 [1.61 |a
00 |00 |00 235 |44.13 4623 |04.81 | 0.52 |0.18 0.0 |0.78 |b
0.11 554 |098 | 0.01 |[14.74 |44.43 |15.22 |11.37 |0.72 599 |0.89 |c

Table 2. Image colour depending on the amount of structural components with increased carbon
content (X, %)

X, % x=0 0<x<5 5<x<10 10<x<15 15 <x <20 x > 20

Colour |- black blue green yellow red

206V X2,000 - 10pm 000;

Fig. 2. Distribution of structural constituents with increased carbon content: original SEM images
before (a) and after (d) deformation (red - analysed zones); evaluated histograms of regions with
increased carbon content: before (b), (¢) and after deformation (e), (f).

It has been established that the amount of post-deformation structures with increased
carbon content increases in the ferrite region compared to the undeformed sample, and
distinct, close to cementite areas with phases and carbon-depleted carbides are observed.
The mechanism of cementite decomposition under deformation in the studied steel is
associated with the fragmentation of cementite lamellae.

The investigation of the carbon elemental distribution map (EDS) using two-
dimensional mapping of C concentration in the structure of AISI 1020 steel clearly
confirms the redistribution of carbon atoms as a result of deformation (Fig. 3).
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20kV

Fig. 3. Elemental distribution analysis of carbon (EDS) in the structure of AISI 1020 steel.
SEM microstructure images: initial (a) and deformed (c) samples. Elemental maps: initial (b)
and deformed (d) samples.

In the process of cementite decomposition, carbon atoms are released and retained
along dislocation walls at grain boundaries, where their density increases [14]. They may
also form fullerenes and fullerene complexes with iron [15]. As a result, a supersaturated
phase is formed which itself is an intermediate (transitional) state between ferrite and
cementite. In terms of carbon concentration it is close to austenite (colour No. 155 [12]).
Consequently, an increase in carbon concentration in ferrite is observed. In some cases, it
may even exceed that in pearlite. Moreover, this effect is also present in the initial sample.
Therefore, when studying the influence of cold plastic deformation on the structure of
low-carbon steel, it is essential to account for the quality of the initial material and the
fraction of the pearlitic constituent.

Microstructure analysis of SEM images has shown extrusion zones on the sample
surface (Fig. 4), formed as a result of plastic deformation both in the initial state (after
rolling, Fig. 4a) and in the deformed sample (Fig. 4d). Using EDS analysis, the surface
structure of these zones and the adjacent areas have been examined in detail (Fig. 4b,
e). Two distinct regions have been identified within the extrusion zone. The first region
(spectrum 10 in Fig. 4b, and spectrum 1 in Fig. 4e) has revealed an increased concen-
tration of C (36.44% and 38.13%) and O (12.58% and 26.16%), with a simultaneously
reduced fraction of Fe (49.38% and 25.14%). In addition, small amounts of Na (1.06%
and 0.92%), Si (0.22% and 2.75%), Mn (0.32% in spectrum 10), and in spectrum 1: Zn
(2.11%), Al (0.6%), Cl and Ca (1.02% each), Cr (0.59%), K (0.93%), and S (0.55%)
have been detected. The observed phenomena (see Fig. 4a and d) can be explained both
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by the diffusion of elements resulting from plastic deformation and the extrusion of
hard non-metallic inclusions to the specimen edge (in particular, the increase of sili-
con in post-deformation extrusion zone by ~3 times, with a significant reduction in
its concentration in pearlite). The second region (spectrum 2 in Fig. 4e) corresponds to
Si0; silicon oxides (rounded inclusions 4—6 um in size, which do not deform during
rolling but are being pushed to the surface if located near it under tension). These contain
57.41% O with a minimal fraction of Fe (1.27%). SEM analysis has shown such grains
to be surrounded by ferritic interlayers.

20kV | X2,000 10um 0002 N1

20kV X120  10§um 0007

Fig. 4. Investigation of surface microstructure of AISI 1020 steel specimens: SEM images of
the initial structure (a) and after cyclic tensile deformation (d); EDS analysis zones: in the initial
sample (b) and after deformation in the extrusion area (e); histogram of structural constituents
with increased carbon content (colours according to Table 2): initial sample (c) and extrusion area

)

The subsurface zones have been studied in the post-rolling initial sample (spectra
7, 8,9, 11 in Fig. 4b). The carbon content in these zones ranges from 16.25-20.49%,
Fe: 79.09-83.17%, and Mn: 0.42-0.58%. Evidently, these zones contain a fraction of
cementite formed at the surface during hot rolling deformation.

The obtained spectral X-ray microanalysis data provide results only for the depths no
more than 3 um, whereas the extrusion zone extends up to 160 um which makes selective
indicators insufficient for a full assessment by EDS alone. Moreover, the phases that form
within the extrusion zone and their spatial distribution remain unclear. To evaluate this,
we have carried out mathematical analysis of the formed structures on the surface of the
post-deformation specimen. As a result, histograms of conditional colour distributions
have been constructed. To do this, we have used a methodology of assessment the
distribution of structural constituents (presented in Table 3) and areas with increased
carbon content (see Fig. 4f).

Our analysis has shown the first extrusion zone (Fig. 4f, region 2) to be consisting of
31.8% ferrite (with the maximum fraction corresponding to colour 8: 15.5%, and colour
92: 8.4%), 54.6% cementite, and 13.7% transition phase enriched in carbon (colour 155).



310 0. Klochko et al.

Table 3. Histogram of conditional colour distribution (%) in the extrusion zone

0 8 9 73 82 92 155 164 |246 247 |255 |Region
00,0 42,6 |13,0 004 |024 /01,8 |[02,0 03,9 094 |10,2 | 14,1
00,1 155 01,0 009 |059 084 |13,7 |28,1 (00,2 |214 049
02,3 1269 069 034 |055 [03,6 [054 |153 (055 |19)9 |055
022 163 |11.4 (026 (032 024 (034 |19)5 189 |10,6 094
00,0 30,8 |14,1 00,0 01,3 00,2 |00,0 (21,9 104 |21,0 | 00,2
00,0 159 |044 006 105 123 |10,0 |18,1 039 |11,6 |127
00,6 |20,7 07,6 |003 |01,6 |03,0 03,7 |153 |11,9 |13,6 |21,7

N | N0 R W N =

The second extrusion zone (Fig. 4f, region 5) demonstrates a decrease in carbide phases
(53.5%) with lower carbon content and the presence of 46.4% ferrite (maximum frac-
tions: colour 8: 30.8%, and colour 9: 14.1%). Mathematical and X-ray spectral analyses
in this zone have revealed significant discrepancies in ferrite content (46.4% and 1.27%,
respectively). This difference may be explained by lattice distortion of Fe at high carbon
saturation under severe deformation, leading to spontaneous metal-to-powder transfor-
mation [16]. Phase of the colour 155 is absent. Free carbides structurally identified in the
extrusion zones under comparison display a wide colour range from 164 to 255, indi-
cating varying carbon content within different inclusions. The minimum carbon fraction
corresponds to colour 246 in the first zone and to colour 255 in the second zone (0.2%
each). Maximum distributions reaches 28.1% in the first case (colour 164) and 21.9% and
21.0% (colours 164 and 247) in the second one. We have conducted further investigation
in the areas adjacent to the surface layer (Fig. 4c). In these regions, deformation causes
a sharp reduction in pearlite content, with isolated cementite inclusions appearing. In
regions 1 and 7, a pronounced ferritic structure enriched in carbon has been formed,
with 60.2% in region 1 (maximum value of colour 8 is 42.6%) and 33.6% in region 7
(maximum for colour 8: 20.7%), along with 37.6% (maximum for colour 255: 14.1%)
and 62.5% (maximum for colour 255: 21.7%) cementite, respectively, and 2-3.7% of
the transition phase (colour 155). Region 6 closely resembles region 2, while regions 3
and 4 are also carbide inclusions with varying carbon content (Fig. 4f). Near the sample
surface (Fig. 4¢), the structure is quasi-homogeneous (pearlite is absent), with discrete
carbides (7.0%) and an equal amount of ferrite highly saturated with carbon (colour
155). The main ferrite fraction accounts for 86%. However, this kind of ferrite varied
in carbon content, as indicated by the histogram of colours: 23.5% in colour 0 ferrite;
0.7% in colour 9; 0.2% in colour 8; 4.8% in colour 73; 41.3% in colour 82; and 15.5%
in colour 92. The higher the ferrite colour index, the greater is its carbon content.

5 Conclusion

The obtained results demonstrate that tensile deformation induces pronounced
microstructural changes, which govern the evolution of the coercive force in low-carbon
steel. A decrease in the pearlite fraction accompanied by the fragmentation of cementite
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lamellae has been observed, with blurring the pearlite grain boundaries while retaining
the lamellar relief. After cyclic tensile deformation, both pearlite and ferrite exhibit a
similar carbon concentration (~10% higher in ferrite). This can be attributed to carbon
atom diffusion along dislocation walls, their trapping within dislocations at grain bound-
aries, and the possible formation of fullerene-type complexes with iron. Consequently,
an oversaturated ferrite-like phase is formed, which is intermediate between ferrite and
cementite, in some cases approaching the carbon content of austenite. Notably, traces
of this intermediate phase have also been identified in the initial sample. These findings
emphasize the necessity of accounting for the initial microstructural condition and defor-
mation degree when evaluating the effects of cold plastic deformation on the structural
and functional response of low-carbon steels, thereby ensuring accurate process design
and reliable in-service performance.
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Abstract. This study aims to model thermomechanical processes in grinding,
accounting for material heterogeneity and technological heredity. A deterministic
model was developed linking the crack resistance criterion (Kj.) to key technolog-
ical parameters and hereditary defects, allowing the determination of limit values
for heat flux. These operations generate substantial heat, resulting in structural
defects such as burn marks on the machined surface. These defects decrease the
initial surface hardness, induce tensile residual stresses, and lower the parts’ con-
tact endurance and fatigue strength. For many metals and alloys not susceptible
to structural transformations during grinding, cracks are a notable defect type that
severely impacts the operational properties of the products. The intensity of crack
formation largely depends on various inhomogeneities that develop in the surface
layer during manufacturing. Based on these criteria, an algorithm was developed
to ensure technological capabilities for defect-free processing of products made of
materials prone to loss of quality of the surface layer of parts, taking into account
maximum processing productivity.

Keywords: Grinding - Surface integrity - Technological inheritance - Cracks

1 Introduction

Insufficient control at stage finishing operations can lead to severe economic conse-
quences (cost increase and scrap [1]) and production losses (quality reduction [2, 3],
reliability decline, productivity decrease) [4].

Grinding, as one of the most critical finishing processes, inevitably involves thermo-
mechanical phenomena such as heat and stress, which strongly affect surface integrity [4,
5]. The most dangerous defects in high-loaded parts include fatigue and corrosion cracks
[6, 7], tensile residual stresses [6, 8], and various microstructural damages [5-7, 9, 10].
These defects initiate and accelerate failure, significantly reducing the performance of
the product. Moreover, technological heredity plays a key role: defects formed in earlier
stages of production (e.g., inclusions, flakes, microcracks) may act as concentrators for
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stresses arising during grinding [11-14]. Their interaction with thermomechanical fields
leads to cracks, burns, and further degradation of performance [5, 13, 14].

Existing models of thermal and mechanical processes in grinding provide valuable
insights [5, 13, 14], but they are often restricted by simplifying assumptions such as
material homogeneity, neglect of hereditary defects, or insufficient consideration of
microstructural features.

This study aims to model thermomechanical processes in grinding, accounting for
material heterogeneity and technological heredity.

2 Literature Review

Thermal and mechanical modeling of grinding processes has been widely studied, as
heat generation and stress distribution directly determine surface quality [5, 13, 14].
Thermoelasticity theory allows treating the surface layer as a thermoelastic body, pro-
viding a framework for predicting conditions of burns and cracks [13, 14]. However, most
models assume material homogeneity and do not adequately represent microstructural
variability or defects.

The concept of technological heredity emphasizes that defects formed in earlier
operations influence the quality of subsequent stages [11, 12]. For grinding, this means
that inclusions, flakes, or microcracks can interact with residual tensile stresses, acting
as crack initiators [13, 14]. Despite its importance, technological heredity is often con-
sidered qualitatively rather than quantitatively. Existing recommendations for crack pre-
vention usually focus on single process parameters and rarely integrate heredity effects
into comprehensive models [5, 10, 13]. This demonstrates a lack of systemic approaches
that connect inherited defects with grinding conditions in a predictive manner.

Fracture mechanics provides valuable tools for analyzing crack formation, especially
through the concept of the stress intensity factor (SIF) [9, 13, 15]. SIF enables a detailed
assessment of stress concentration at defects and has been applied to explain crack
initiation in grinding [13, 14]. Nevertheless, while these methods capture local stress
conditions, they often fail to establish a robust link with grinding parameters and material
heterogeneity. The “weak link” hypothesis further underscores the stochastic nature of
failure in heterogeneous materials, in which overall strength is determined by the weakest
defect rather than by average properties [13, 16].

Experimental approaches provide qualitative descriptions of defects and their evolu-
tion, but they often lack quantitative relationships between process parameters and mate-
rial response [6, 11-13]. Furthermore, recommendations for crack prevention remain
material-specific, reducing their universality and transferability [5, 10, 13].

The literature demonstrates significant achievements in modeling thermal pro-
cesses, analyzing defects, and applying fracture mechanics to grinding. However, these
efforts remain fragmented. There is no integrated approach that quantitatively links
technological heredity, thermomechanical fields, and process parameters.
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3 Research Methodology

The assumption is that the workpiece surface can be modeled as a heterogeneity with
distinct properties embedded within the principal matrix material. This conceptualiza-
tion facilitates the examination of thermomechanical processes occurring during the
grinding of components whose working surfaces exhibit the specified technological
inhomogeneities characterized by linear dimensions. L [17, 18].

The investigation focused on the impact of inhomogeneities arising from phase tran-
sitions of metastable structures, such as intergranular films, hereditary austenite grain
boundaries, carbide networks, non-metallic inclusions, as well as defects including shells
and flakes, within the surface layer. These were analyzed in the context of induced con-
ditional cracks. The model analyzes a semi-infinite body containing subsurface irregu-
larities with arbitrary orientations, which are exposed to a moving heat source on the
surface, simulating the grinding wheel.

The mathematical framework relies on a set of equations that characterize the tran-
sient thermal and stress-strain conditions of the surface layer. It includes the Fourier
equation of unsteady heat conduction and Lamé’s elasticity equations in displacements
with corresponding initial and boundary conditions that account for the moving heat
source from the grinding wheel [17].

In a surface layer characterized by structural and technological irregularities, the
conditions leading to solution discontinuity will vary according to the nature of the
defect: for inclusions, the conditions are (u) = 0, (o) # 0 and (v) = 0, (7y) # O,
while for crack-like defects, (o) = 0, (#) # 0 and (1,y) =0, (v) # 0.

4 Results and Discussion

Among the existing failure criteria that consider the local physical and mechanical prop-
erties of heterogeneous materials, the force-based criteria, which utilize the concept of
the stress intensity factor (SIF), are deemed most suitable for this situation [19-21].
When the applied load results in a stress intensity factor, Kj, that reaches the critical
threshold, K., the defect resembling a crack transitions into a primary crack.

The resolution to the problem is accomplished through the application of the method
of discontinuous solutions [18, 22]. As one traverses the boundary of an inhomogeneity,
the displacement and stress fields experience first-order discontinuities, represented as
jumps. This discontinuity of a quantity f is denoted by (f'), resulting in noticeable jumps
such as (u), (v), (ox), and (T,y).

Applying generalized Fourier transforms yields singular integral equations that pro-
vide recursive relations linking stresses and displacements at defects with those on the
machined surface.

When subjected to uneven heating, the surface layer experiences thermal defor-
mations, leading to the development of thermal stresses. These stresses, which are
concentrated at defect sites, result in the formation of grinding cracks.

The primary focus is on the stress behavior near defect peaks, including cracks, sharp
inclusions, and structural imperfections, which represent stress characteristics in these
regions y — L.



316 M. Kunitsyn et al.

The characteristics of the stress field near the defect’s tip, as analyzed through classi-
cal elasticity theory, are often described using a complex stress intensity factor K, which
combines Mode I and Mode II contributions as K = K; + iKj; [21].

The investigation into the stress intensity at the vertices of a defect, characterized by
a length of 2Ly, situated at a depth of R;, under the application of a heat flux g to the
body’s surface (x = 0, |y| < a*) facilitated the determination of the critical value of this
flux, ¢*, at which the defect begins to propagate into a significant crack [22]:

. 2/30(1 = VK,
orEl/mlo*

The interaction between defects affecting stress intensity becomes evident when
they are separated by a distance slightly exceeding o* = 1/3. Simultaneously, the
material exhibits its minimum crack resistance when the defects are aligned at an angle
of @ = m/6+ /4 relative to one another. The geometry and characteristics of inclusions
can establish conditions that either prevent or promote the formation of grinding cracks.
When the heat flow is oriented parallel to the major axis of both the elliptical inclusion and
the linearly insulated crack, and the inclusion’s linear thermal expansion coefficient, a,B s
surpasses that of the base material, ozf” (.e., atB > oc{” ), a resultant increase in stiffness
is noted, culminating in an enhancement of K;. This observation is contingent upon the
varying ratios of the thermal conductivity coefficients of the material components.

This results in a reduction of the crack resistance in the surface layer. For crack-
type defects in a layer characterized by a lower coefficient, a,, the defect’s orientation
significantly affects the SIF value.

To ensure defect-free processing of steels and alloys that possess crack-like defects
and inclusions, it is crucial to consider the threshold values of the heat flow gener-
ated during grinding when selecting processing modes and tool characteristics, thereby
preventing hereditary defects from being disturbed from their equilibrium state.

The randomness of micro-inhomogeneities plays a crucial role in these alloys,
cemented steels, and diverse coatings. Here, the weakest link hypothesis is applied,
focusing on the defect with the largest geometric dimension [23, 24].

The impact of tool design parameters on the thermomechanical condition of the
surface layer was investigated utilizing the model problem and boundary conditions
expressed as follows:

(1

n

4, ) = %?[H(y) —H(y=2a")] Y o (v+k —vypr) )
where H (y) is the Heaviside function; o(y) is the Dirac delta function; n is the number of
grains passing through the contact zone during the time T = /T, /Vip; A is the thermal
conductivity of the product material; ¢4/ is the heat flux from a single grain; v, vy,
tqr are grinding modes, 2a™ is the length of the arc of contact between the tool and the
workpiece; [* is the distance between cutting grains.

The maximum instantaneous temperature values, Ty, ranging from individual grains
to the steady state component, Tk, were both theoretically derived and experimentally
validated. These values are utilized as criteria for predicting the conditions under which

burn-in defects form and their respective depths.
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Figure 1 illustrates the spatial distribution of temperature within the contact zone,
highlighting the concentration of the maximum temperature just beneath the surface
and its progressive diminution with both depth and extent of the contact zone. The
three-dimensional temperature field shown in Fig. 1 is an illustrative model based
on an analytical function commonly used to approximate the heat source in grind-
ing. This approach allows for a clear visualization of the temperature gradient with-
out the complexity of a full numerical simulation. The temperature distribution 7' as
a function of contact length x and depth z was described by the equation: T'(x,z) =
Ty - exp(—z/3;) - exp(—(x — x0)? / 8)2() The following parameters were used: maximum
surface temperature 7o = 800 °C; characteristic depth decay constant 3, = 0.5 mm;
central position of the heat source xo = 2.5 mm; and characteristic length decay constant
8¢ = +/2 mm. These values are representative of the conditions during the grinding of
hardened steel.
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Fig. 1. Three-dimensional distribution of the temperature field in the contact zone of the grinding
wheel with the workpiece

The impact of technological inheritance on the crack resistance of metals during
grinding was evaluated using the fracture mechanics parameter, Kj., which considers
the relationship between the stress-strain condition and the structural elements of the
surface layer.

The fracture mechanics parameter Kj. is highly sensitive to the material’s techno-
logical heredity. For steels, Kj. decreases with higher carbon content but is improved
by tempering, grain refinement, and reducing impurities like sulfur, which cause
micro-destruction. For instance, cyclic electrothermal treatment can increase Kj. by up
to 50%. These examples underscore the necessity of incorporating material-specific
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microstructural properties and their history into predictive models for defect-free
grinding.

Quantitative assessments of the crack resistance of magneto-hard alloys were carried
out depending on the methods of obtaining blanks and their subsequent heat treatment to
the y-phase, thermomagnetic treatment to the a + a’ phase at different tempering modes
and cooling rates. The controlled parameters were the values of the bending stress oy,
tensile stress oy, coefficient Kj., and magnetic properties—coercive force of the material
hc according to magnetization and residual induction B,. Experimental data show that
the values of Kj. are different for monocrystals and polycrystals of the studied alloy
in the blank stage. This is because the percentage content of non-metallic inclusions
in alloys obtained by different methods varies widely. The phase composition of these
alloys changes the coefficient value of Kj.. Thus, for polycrystals in the initial state,
Kj. = 30MPa,/m, while the presence of the y-phase increases Kj. to 97 MPa,/m. It has
been established that the y-phase, being more plastic than the main matrix of this alloy,
contributes to the inhibition of microcracks [25].

Blank permanent magnets made of certain magneto-hard alloys are mainly obtained
by casting. Currently, the following casting methods are used: open and vacuum. The
most common open casting method is melting [13, 14].

Fractographic analysis is a critical tool for understanding such failure modes, as it
can reveal how thermomechanical loads lead to specific fracture characteristics, such
as intercrystalline cracking [26]. However, the presence of this phase in the the studied
alloy reduces the coercive force by 40%, the residual magnetic induction by 15-20%,
and the maximum magnetic energy by more than 60%. Therefore, these alloys are sub-
jected to further thermomagnetic treatment. A distinctive feature of the structure of
the high coercivity state of the alloys under consideration is the periodic alternation of
elliptical-shaped particles of the a’-phase surrounded by a matrix of the a-phase. Fur-
ther processing of these alloys by grinding causes the formation of crack-like defects
in the surface layer. Moreover, the intensity of crack formation is related to heat treat-
ment modes, which, in turn, affect the size of the o’-phase particles and the direction
of thermomechanical processing relative to the longitudinal feed during grinding. The
dominant technological parameters affecting crack resistance and contact temperature
are the grinding depth and the characteristics of the wheel. Thus, in the case of grinding
with different depths of diamond wheels, the crack resistance changes insignificantly, in
contrast to the range of change of Kj. when machining with wheels white Al,O3 (white
fused alumina), grain size F60 / P60, ceramic bond. The contact temperature in the first
case is significantly lower than in the second.

Based on a deterministic analysis of the thermomechanical phenomena accompany-
ing the finishing methods of parts, the mechanism of the occurrence of grinding cracks
was studied from the point of view of the influence of the geometry and physical prop-
erties of the o’-phase and its orientation relative to the direction of grinding of magnets
in a high coercivity state. In this case, the conditions of equilibrium of the structural
components of the a’-phase, depending on the dominant factors of the grinding process
and the fracture toughness Kj. of the magnet, were also used; the fulfillment of which
does not lead to the formation of cracks on the machined surface.
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The formulation of technological criteria for ensuring a defect-free grinding process
can be achieved by utilizing established functional relationships between the physical and
mechanical properties of the materials under processing and the primary technological
parameters.

The assurance of processed surface quality is achieved by selecting technological
conditions, such as processing modes, lubricating and cooling media, and tool char-
acteristics, guided by control technological parameters. This selection ensures that the
current values of grinding temperature 7 (x, y, 1), heat flow g(y, 1), stresses o(M ), and
the fracture toughness coefficient K. remain within their permissible limits.

The establishment of a framework of constraints on the temperature values and the
extent of its penetration can be expressed as follows:

n 12
T(x,y, 1) = < H(f — ﬁ) x H(L+kl>/ 2f(x,y, t,7')dt < [Ty
Y

2T A pard Vip Vip )
3)

Similar criteria were established to limit the temperature at specific depths and
locations within the contact zone.

To prevent grinding cracks during the processing of materials and alloys, it is essential
to restrict the stress levels generated within the intensive cooling stress zone:

1
1 J_r :atTkerf (—2\;07) < [oi] 4)

When hereditary heterogeneity significantly impacts the severity of grinding crack
development, it is essential to apply criteria that incorporate deterministic relationships
between technological parameters and the characteristics of the heterogeneities. Accord-
ingly, for this purpose, one can identify restrictions on the stress intensity factor in the

fOllOWil’lg fOl"]TlZ
K = 1 /1 ,/l ! ®dt <K, Q)
- s ,
! 1) o Ni=t" =

In this equation, o, (¢) represents the normal stress component acting on the defect
face, t(¢) represents the shear stress component for Mode II analysis, and the integral
is taken over the defect length /. Thus, by regulating technological control parameters,
guarantee a threshold for heat flow that sustains the equilibrium of structural defects:

Omax(x, T) = 2G

o _ Py _ V3rK;,

vV Dtgr - Hlv wlo

Figure 2 shows the change in the stress intensity factor depending on the crack
length L for different depths of its location. It can be seen that with increasing depth h,
the effect of the defect on the stress state decreases, which corresponds to the equilibrium
conditions (5)—(6). The relationship between the stress intensity factor (Ky), crack length
(L), and its depth (h) presented in Fig. 2 was calculated for a scenario representative of
hardened carbon steel. The model assumes a crack-like defect is present in a semi-infinite

(6)
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body subjected to a uniform remote tensile stress, which simulates the residual thermal
stresses from grinding. The calculation assumes a remote stress value of o = 200 MPa.
The curves illustrate the behavior of the stress intensity factor for three distinct defect
depths: a surface defect (4) and two subsurface defects (2 = 1.0 mm and # = 3.0 mm).

25 4

20 A

=
w
L

10

K_I, MPavm

0 1 2 3 a 5
Crack length L, mm
Fig. 2. Dependence of the stress intensity factor on the crack length at different depths of its
occurrence

Achieving defect-free grinding conditions can be facilitated by understanding the
material’s structural characteristics. Specifically, when structural imperfections are pri-
marily characterized by a length of 2/ and are systematically aligned with the contact
zone between the tool and the workpiece, the defect equilibrium condition is expressed
as:

2
KC

—_— 7
= MGT(1 + vyl @

Based on the obtained criteria, an algorithm was developed to ensure surface quality.
It uses the physical properties of the material, equipment characteristics, and processing
modes as inputs to model the process and optimize control parameters for defect-free
machining with maximum productivity.

5 Conclusions

This study lays the groundwork for defect-free processing of materials susceptible to
cracking by elucidating the relationship between hereditary defects and the crack resis-
tance of the surface layer in grinding processes. Technological parameters for process-
ing have been determined, considering the accumulated damage and material inhomo-
geneities, especially in alloys prone to cracking during grinding. This is crucial for
reducing defects in finishing operations and enhancing the operational properties of
machine components:
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. Grinding cracks were found to be thermal in nature, thus requiring thermal criteria

for defect-free processing.

A deterministic model was developed linking the crack resistance criterion (Kj.) to
key technological parameters and hereditary defects, allowing the determination of
limit values for heat flux.

Based on these criteria, an algorithm was developed to optimize processing parameters
for maximum productivity while ensuring surface quality.
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Abstract. The behavior of heat transfer processes in engineering and physical
systems is profoundly influenced by domain geometry and the internal structure
of temperature fields. As modern applications, such as compact heat exchang-
ers, microelectronics, and additive manufacturing, require increasingly complex
geometries and fine control over thermal behavior, traditional numerical meth-
ods often struggle with domain definition, boundary enforcement, and visualiza-
tion. The theory of R-functions, developed by V.L. Rvachev, provides a pow-
erful analytical tool for representing complex domains through logical combi-
nations of implicit functions. This paper explores the integration of R-functions
with lightweight browser-based computation, using JavaScript to model and visu-
alize heat transfer domains in two dimensions. The proposed method supports
the analytical construction of geometric domains and exact boundary conditions
through R-operations, implemented in a modular and computationally efficient
manner. The function visualization pipeline is structured in three main stages:
domain pre-processing with extrema detection, annotation and level curve config-
uration, and real-time pixel-based rendering. Optimization through minimal-index
R-operations allows fast computation, enabling interactive visualization directly in
a web browser with sub-second response times. As a case study, the level curves of
a heat transfer problem involving a porous square cavity with four heated cylinders
are rendered in real time, demonstrating the method’s speed and flexibility. The
framework supports interactive manipulation of geometric parameters, making it
valuable for parametric studies, design optimization, and educational purposes.
The approach is accessible, platform-independent, and requires no specialized
software, offering a powerful alternative to traditional simulation workflows in
heat transfer and related fields.

Keywords: R-functions - heat transfer - JavaScript

1 Introduction

Heat transfer remains a central topic in engineering, materials science, and applied
physics, driven by needs in electronics cooling, energy systems, additive manufacturing,
environmental control, and more. In the late five years, several challenges and trends have
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emerged that underscore how geometry of the domain and spatial/temporal structure of
the temperature field significantly affect heat-transfer behavior, modelling, and design.

Advanced technologies such as compact heat exchangers, micro-electronics, and
additive manufacturing demand fine control over thermal gradients, hotspots, temper-
ature uniformity, and transient responses. Geometric complexity (e.g. fins, cavities,
inclusions, porous media, curved boundaries) increasingly becomes unavoidable.

Non-uniform temperature fields within domains cause nonlinear behavior: material
properties (thermal conductivity, heat capacity) often depend on temperature, internal
heat generation may vary spatially, and phase change or moving boundaries may arise.
Accurate prediction of the temperature distribution, both steady and transient, in realistic
geometries is needed for reliability, energy efficiency, minimization of thermal stresses,
and prevention of failure. Thus, studying geometry (shape, layout, size, orientation) and
how it molds the temperature field within the domain is central to both modeling and
optimization.

The heat transfer field increasingly recognizes that domain geometry is not just a
boundary condition or external factor, but an active design variable that shapes the inter-
nal temperature field, which in turn governs performance, reliability, and efficiency.
Advances in numerical methods, optimization, and materials allow ever more complex
geometries to be exploited. Yet, balancing fidelity, cost, and manufacturability remains
a central challenge. The future appears to lie in integrated geometry-temperature opti-
mization, transient and multiphysics models, and better experimental tools to validate
internal thermal fields.

The theory of R-functions originated by academician Rvachev V.L. provides a pow-
erful framework for representing complex geometric domains via logical combinations
(Boolean operations) of simpler implicitly defined shapes, enabling analytic or semi-
analytic boundary representations. One of its major strengths is enforcing boundary
conditions exactly on complicated geometries while maintaining smoothness and flex-
ibility in domain definition. This makes R-functions potentially very well matched to
heat transfer problems where domain shape has strong effect on internal temperature
fields and boundary behavior.

R-functions theory offers strong advantages for modeling heat transfer in geometri-
cally complex domains, particularly for exact boundary enforcement and flexible domain
definitions. Given the surge in interest in precise geometry (new isogeometric methods,
metamaterials, etc.), R-functions are well placed to play a larger role. Leveraging them
for transient, convective, or optimization-driven heat transfer problems is a promising
frontier.

2 Literature Review

Several recent works illustrate heat transfer problem researches, especially with respect
to geometry and internal temperature fields.

In[1], amethod combining the adjoint lattice Boltzmann approach with level set tech-
niques was developed to optimize 2D/3D convection, accounting for porosity, diffusivity,
and flow restrictions. A density-based topology optimization strategy for two-fluid heat
exchangers is introduced in [2], handling internal channel design and interface control
to balance fluid separation and thermal performance.
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Additive manufacturing has enabled complex geometries, such as triply periodic
minimal surfaces and porous frameworks, that improve heat transfer by enhancing inter-
nal surface area and flow interaction [3]. These structures have shown gains in Nusselt
number and convective efficiency.

Phase change systems, as reviewed in [4], are highly sensitive to both container geom-
etry and heat application strategies. Melting/solidification behavior depends not only on
shape and orientation but also on convection and transient thermal loads. Dynamic heat
sources, such as in laser melting, further influence thermal behavior.

Numerical approaches like the isogeometric finite volume method [5] help resolve
curved boundaries precisely, improving simulation accuracy near complex surfaces. Sim-
ilarly, geometric modifications in microchannel designs such as fins, ribs, porous inserts
studied in [6], affect internal temperature fields by enhancing mixing or boundary layer
control, though often at the cost of increased pressure drop and fabrication complexity.

In [7] the unsteady natural convection in a porous square enclosure with four diag-
onally aligned heated cylinders is numerically studied. Effects of cylinder spacing,
Rayleigh, and Darcy numbers on heat transfer and flow symmetry are analyzed with
the results that convective behavior intensifies at higher Ra and Da.

Over the past five years, R-functions have seen notable applications and demonstrate
strong potential for broader adoption in future research and engineering practice. One sig-
nificant example is mathematical and computational modeling of convective heat transfer
in fuel element cartridges with varying rod geometries and packing configurations [8]. It
uses R-functions to represent different packings of fuel rods in reactor cartridges and to
model convective heat transfer, exploring how packing geometry (shape, arrangement)
influences temperature and velocity distributions. It reduces the number of R-operations
needed.

Another usage of R-functions is in structural/mechanical problems with complex
planforms or shells [9]. The application of R-functions theory (together with high-order
shell theory) studies free vibration of functionally graded shallow shells of arbitrary
planform shapes. In that case, R-functions help define the geometric boundary and
domain shape, enabling the variational Ritz method to handle arbitrary shell outlines.

In [10] free vibrations of porous functionally graded material plates with vari-
able thickness resting on Winkler-Pasternak elastic foundations are analyzed via the
R-functions method and Ritz procedure. Effects of porosity distribution, material gra-
dient, thickness taper, foundation stiffness, boundary conditions, and plate geometry on
natural frequencies are studied.

The study [11] presents a robust combination of R-functions and Ritz method for
static and free vibration analysis of plates with arbitrary geometry, boundary conditions,
and varying stiffness. A novel sub-cell integration approach improves accuracy, domain
representation, and computational efficiency over conventional Ritz methods.

Made in [12] geometrically nonlinear analysis of variable-stiffness laminates via
R-functions and Ritz method uses first-order shear deformation theory and asymptotic-
numerical method. It handles complex plate shapes and arbitrary supports. Meshfree,
efficient, accurate, and validated against finite element method it is useful for preliminary
nonlinear design with reduced modeling effort.
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Works [13] and [14] propose novel methods for defining feasible design and oper-
ational regions using R-functions and closed-form constraint approximations. These
approaches avoid complex optimization and require minimal model evaluations. Work
[13] focuses on feasibility analysis, validated through benchmark cases, while [14] intro-
duces the R-DS identifier, which efficiently maps process design spaces, demonstrated
on a batch reactor model, with improved performance over traditional sampling methods.

These works demonstrate how R-functions can aid heat-transfer-adjacent problems:
i.e. geometry definition, boundary enforcement, coupling with other numerical methods
(Galerkin, Ritz etc.), for improved modeling of fields that depend strongly on domain
shape (temperature, flux, normals etc.).

Nikos Chamakos [15] introduced FEAScript, a lightweight, open-source JavaScript
library for finite element analysis, aimed at making FEA more accessible for education
and experimentation. Running directly in modern browsers, it supports both linear and
non-linear heat transfer problems, allowing quick model testing before using larger
solvers.

Several open-source projects focus primarily on applications related to 3D printing,
such as ImpliSolid [16], a geometric modeling library for solid modeling using implicit
surfaces, developed mainly in C++ and Python with minimal use of JavaScript (approx-
imately 6.8%), and ImplicitCAD [17], a programmatic CAD tool written entirely in the
Haskell programming language.

3 Research Methodology

Mathematical models of physical and mechanical fields are typically formulated as par-
tial differential equations subject to specific boundary and initial conditions. A distinctive
feature of these fields is that their behavior depends not only on the underlying physical
laws encoded in the equations but also on the geometry and relative arrangement of the
domains in which the fields exist. This dual nature, combining analytical (equational) and
geometrical information, presents a central challenge in developing effective methods
and algorithms for solving boundary value problems.

The wide variety, complexity, and uniqueness of geometric forms underscore the
importance of an inverse problem in analytical geometry, originally posed by René
Descartes: given a geometric object, determine its defining equation. This challenge is
addressed by the theory of R-functions, developed by academician Rvachev V.L. The
theory enables the representation of geometric objects using functions whose values
encode boundary conditions, interior domains, and other geometric properties.

To construct such equations, the researcher must define appropriate support functions
and a logical formula. By selecting suitable R-operations, it is possible to generate an
analytical expression for the object’s boundary. In general, a specific set of R-operations
is employed to build these defining functions.

1
1+a<x+y—,/x2+y2—2axy>,
1
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where « = a(x,y), -1 <a < 1.
Also, the property of function’s normalization may be implemented
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where v; is a normal vector to 9%2;.

With the rapid development of modern information technologies, automating the
visualization of mathematical functions has become increasingly accessible. This task
can be approached in various ways, ranging from resource-intensive solutions that rely
on complex software and hardware ecosystems, to more streamlined methods requiring
only a basic understanding of programming. Among the latter, object-oriented program-
ming has established itself as a dominant paradigm for implementing computational
algorithms due to its modularity, reusability, and clarity.

One of the most versatile and lightweight object-oriented programming languages
today is JavaScript. It offers a high-level syntax, is easily extensible for domain-specific
applications, and, importantly, requires minimal system resources. Its wide accessibility
is largely due to the fact that modern web browsers include built-in JavaScript engines
capable of interpreting and executing code without the need for separate compilers or
integrated development environments.

These JavaScript engines are continually updated alongside browser releases, incor-
porating support for the evolving features of the language. While HTML is used to
structure the content of a web page and CSS defines its appearance, JavaScript brings
dynamic behavior, allowing real-time interaction between the user and page elements.
Together, these technologies provide a complete platform for interactive computational
tools directly within the browser.

For researchers and educators, this means that developing, testing, and visualizing
computational algorithms can be done using just a standard web browser and basic
knowledge of JavaScript, HTML, and CSS. This browser-based environment eliminates
the need for platform-specific software installations or heavy development frameworks.
Moreover, since JavaScript code is interpreted at runtime and not compiled into bina-
ries, it remains open and easily modifiable, enabling quick iteration and adaptation of
computational models as research evolves.

Thus, implementing numerical algorithms and function visualizations using
JavaScript presents a practical, accessible, and flexible approach. Its simplicity in
deployment, cross-platform compatibility, and capacity for real-time interaction make
it especially suitable for studying and solving a wide range of applied problems in sci-
ence and engineering. This methodology not only accelerates the research process but
also enhances transparency and collaboration through the use of openly readable and
shareable code.



328 R. Uvarov
4 Results and Discussion

The construction of computational domains is performed using a set of R-operations,
specifically, the R-conjunction, R-disjunction, and R-negation operations (1), (2), imple-
mented in the JavaScript programming language. The method for constructing and visu-
alizing arbitrary two-dimensional functions is divided into several sequential stages,
each addressing a specific aspect of the overall process.

The first stage is preprocessing and parameter initialization that involves creating
a subroutine that determines the global minimum and maximum values of the func-
tion within the defined domain. These extrema are essential for calculating the spacing
between level curves. The uniform spacing is computed as the ratio of the maximum
function value to the number of desired level curves or equivalently, the number of color
gradations used to represent them visually. This ensures consistent and inter pretable
contour intervals across the visualization.

Next, at legend and curve value annotation stage, a subroutine is implemented to
display the numerical values corresponding to each level curve. These values are ren-
dered in the upper-right corner of the canvas element, serving as a legend. This allows
researchers to easily associate color-coded regions in the plot with their corresponding
function values, enhancing interpretability.

The final stage is function visualization and plot rendering. It is dedicated to the
core plotting routine. The visualization is constructed by scanning the canvas pixel-by-
pixel, from top to bottom and left to right. At each pixel, which corresponds to a point
in the domain, the value of the function is evaluated and mapped to the corresponding
color level, based on the intervals determined in first stage. If the function value at a
given point falls within a specific interval, it is assigned the corresponding color from
the pre-defined palette, effectively producing a color-coded map of the function’s level
curves.

There is also optimization using R-function operators. To ensure computational effi-
ciency, R-operations, specifically R-conjunction and R-disjunction, are implemented
using index 1, which corresponds to the most computationally efficient form of
these operations. This choice minimizes overhead and accelerates rendering, which
is especially important when working with high-resolution visualizations or real-time
interactive plotting.

As a demonstration of the method’s efficiency, a two-dimensional plot (see Fig. 1)
representing the level curves of a complete analytical function, describing a cross-section
of a square-shaped porous enclosure containing four heated cylinders, as studied in [7],
is computed and rendered.

When a relatively small inclusion is introduced into this domain, it can be interac-
tively scaled up to reveal its heptagonal shape as a heat source (see Fig. 2). During this
dynamic scaling process, the underlying function and corresponding level curves are
recalculated in real time.

The shapes of small cut-outs can be examined in greater detail by scaling them up,
regardless of whether they are elliptical, have nearly parallel edges, or take on another
form defined by the underlying basis function (see Figs. 3 and 4).

The specific measurements corresponding to the charts presented in this paper are
provided in Table 1.
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Omega Levels
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M 13.125
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181.2

Fig. 1. Four heated cylinders in a cold square porous cavity, with the Cartesian grid scaled by
400%.

-

Fig. 2. Four heated cylinders with heptagonal inclusion in the center, with the Cartesian grid
scaled by 400% (left) and 84,703% (right).

Moreover, the computational framework allows for real-time modification and visu-
alization of the domain by dynamically adjusting key parameters. These include the
number, positions, and sizes of the base geometric primitives. Each time the domain
configuration is altered, the analytical function is automatically recomputed and re-
rendered almost instantaneously, maintaining sub-second response times. This respon-
siveness is particularly valuable for parametric studies, interactive simulations, and
design optimization tasks, where iterative adjustments to the geometry are common.

This rapid performance highlights the effectiveness of the JavaScript-based imple-
mentation in handling complex geometries and function evaluations without requiring
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Fig. 3. Small elliptical cut-outs embedded within a rectangular domain, with the Cartesian grid
scaled by 781% (left) and 11,369% (right).

Fig. 4. Small rectangular cut-outs embedded in an elliptical domain, with the Cartesian grid scaled
by 781% (left) and 67,763% (right).

Table 1. Efficiency of chart generation and rendering processes

Chart Scale (%) Basis functions (qty) Performance (ms)
Figure 1 400 5 181.2
Figure 2 (left) 400 6 527.6
Figure 2 (right) 84,703 6 726.8
Figure 3 (left) 781 6 338.9
Figure 3 (right) 11,369 6 607.3
Figure 4 (left) 781 6 356.8
Figure 4 (right) 67,763 6 561.4

specialized computational resources. The use of R-functions enables this flexibility by
providing a robust mathematical foundation for constructing and manipulating com-
plex domain shapes through algebraic expressions. As a result, the visualization pro-
cess becomes not only computationally efficient but also highly adaptable, supporting
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exploratory analysis and rapid prototyping in applications such as heat transfer, fluid
flow, and structural mechanics.

5 Conclusions

This study presents a lightweight, browser-based framework that integrates R-functions
theory with modern JavaScript to model and visualize heat transfer domains. The app-
roach enables key features for analyzing complex geometries in engineering applica-
tions such as exact boundary enforcement, smooth domain representation, and real-time
rendering.

Unlike commercial tools (e.g., Altair Inspire, nTop, SimScale) that may be restricted
by proprietary access or hardware demands, and open-source projects (e.g., Implicit-
CAD, ImpliSolid) that require setup and lack browser-native interactivity, this framework
offers a fully client-side solution. It allows researchers to evaluate analytical solutions
at user-defined points within R-function-based domains, with interactive scaling and
modification capabilities.

The platform is especially suited for iterative design, parametric studies, and edu-
cational use, avoiding the need for compilers or specialized simulation software. Future
development directions include extending the framework to transient and 3D problems,
incorporating additional physical phenomena, and integrating optimization tools.

To encourage community engagement, the core components are planned for open-
source release, promoting broader adoption and collaborative development. Overall, this
work shows that complex thermal modeling can be made accessible and dynamic through
web technologies, highlighting the value of interdisciplinary, geometry-aware tools in
modern engineering analysis.
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Abstract. In the present study an analytical method for the determination of
effective elastic moduli, piezoelectric and dielectric constants of layered piezo-
composites made of viscoelastic and electroviscoelastic materials is considered.
The proposed method combines the Voigt and Reuss homogenization hypothe-
ses for mechanical and electrical variables with the Fourier integral transform
applied to hereditary-type constitutive equations and the Gauss elimination pro-
cedure. The concept of complex moduli is used to modelling of the effective
dissipative properties. In order to take into account frequency-dependent prop-
erties of electroviscoelastic composites their effective properties modelling was
provided in the Fourier frequency domain, which allows to derive properties of
materials directly in the analysis without their additional transformations. Numer-
ical results including effective electromechanical properties and elastic loss factor
for periodic piezoceramic reinforced epoxy composites are presented. The model
predicted results were compared with various experimentally obtained data for
2-2 and 1-3 piezocomposites. Qualitative agreement for the model results with
known experimental data is shown. Proposed model can be employed in analy-
sis of passive and active vibration damping of viscoelastic and electroviscoelastic
heterogeneous structural elements with frequency-dependent elastic and dielectric
energy losses.

Keywords: layered piezocomposite - electroviscoelastic material - effective
properties; complex modulus - loss factor

1 Introduction

Piezoceramic composite transducers have numerous technical applications. Their com-
posite structure is used to achieve high electromechanical properties. In particular, effec-
tive actuation and sensing capabilities in structural elements also can be achieved by using
piezoelectric composites with transversely aligned piezoceramic reinforced elements in
an epoxy matrix [ 1-3]. For example, well-known macro-fiber composites (MFC) [4] are
one dimensional periodic piezoceramic fiber-reinforced layered actuator, in which com-
bines the high electromechanical properties of piezoceramic materials with the flexibility
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and low specific weight of epoxy matrix. They have been serves as sensors and actuators
in so-called smart structures in area of structural health monitoring, shape control, noise
attenuation and active vibration control, etc. Two-dimensional periodic composites are
usually composed of fibers made of polarized piezoelectric ceramic material and non-
piezoelectric polymer matrix. This type of piezocomposites has been used as transducers
for the underwater acoustic and bio-medical applications [1-3, 5].

The determination of the full set electromechanical properties of piezoelectric com-
posites by given volume fractions, materials properties of the phases and their geometry
are an important problem in the designing process of new sensors and actuators. For
this purpose, analytical and numerical approaches have been applied. Exact analytical
solutions of the problem are based on micromechanical models of composite materials
are possible only for few particular types of the phases [6, 7]. Numerical approach con-
sists on approximate determination of strain and stress state of the representative volume
element at the taken boundary conditions. Although the abilities of contemporary com-
putational equipments, this technique is still related with high computational efforts,
especially in the case of time dependent properties of materials. In view of this effective
properties of composites have been employed. To analyze the effective electromechan-
ical constants, the average physical variables of the representative volume element to a
uniform in-plane or out-of-plane mechanical and electrical loads are considered [6-9].
Based on the Voigt and Reuss hypotheses, the upper and lower bounds of the effective
elastic, dielectric, and coupled properties can be obtained, respectively [7]. The combi-
nation of these hypotheses, as demonstrated in particular in [9, 10], makes it possible for
aregular composite structure with plane parallel layers to determine effective properties
that coincide with the exact values obtained from three-dimensional modeling of the
representative volume element of the composite material.

Though, as is has been mentioned above the piezoceramic reinforced epoxy compos-
ites and piezoelectric polymers, which can be described by electroviscoelastic model of
material have numerous technical applications experimental studies of their dissipative
properties by using complex elastic, dielectric and piezoelectric constants are limited.
On the actuality, lack of investigations and necessity of solving of this problem have
been pointed out in [3]. There are very few analytical and numerical studies on the
effective dissipative and electroviscoelastic properties of piezoelectric composite mate-
rials [9-12]. At the same time, complex constants of homogeneous piezoelectric and
non-piezoelectric materials, which forms composite, can be relatively easy determined
and used to modelling of effective properties of electroviscoelastic composites. The
possibility of this approach has been demonstrated in [3, 11]. Besides, this approach
seems attractive in view of which effective complex frequency-dependent moduli can
be directly applied for analysis of non-stationary vibrations in the Fourier frequency
domain.

The aim of this work is to develop a model of layered piezocomposites, based on
the system of Voigt and Reuss hypotheses, for evaluating the complex-valued effec-
tive elastic, piezoelectric, and dielectric constants. Expressions for the effective moduli
were obtained by using conditions of homogeneity for mechanical and electrical field
variables, i.e. assuming that at certain loading conditions corresponding components of
stress and strain vectors, and also components of electric displacement and electric field
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vectors throughout the layered composite have to be constant. Energy losses in materials
of composite layers were taken into account by using complex elastic moduli, complex
piezoelectric and dielectric constants which are presented directly in the Fourier fre-
quency domain. The approach to effective complex moduli obtaining is based on the
usage of correspondence principle between quasistatic electro-viscoelasticity and static
electroelasticity [3]. Hence, modelling of effective complex elastic moduli, piezoelectric
and dielectric constants is carried out in terms of physical variables transformed in the
frequency domain. To demonstrate the applicability of obtained expressions, numerical
analysis of effective moduli, electromechanical coupling parameters, and effective elas-
tic loss factors for one- and two-dimensional periodic piezoceramic reinforced epoxy
composites are presented and compared with measurements which have been published
in the literature.

2 Method of Analysis

Let consider a N-phased composite material consisting of perfectly bonded layers in
the general case anisotropic electroviscoelastic materials. Element (Fig. 1) of layered
composite is represented in an orthogonal coordinate system x1, x2, and x3 so that the
layers are parallel to the xx3 plane.

(V)

Fig. 1. Element of one dimensional periodic layered composite material.

The physical relations for k-th component of layered composite made of electrovis-
coelastic can be presented by using hereditary-type integral equation [3, 10]. However,
they direct using for effective properties analysis is connected with the necessity of
determination of relaxation functions parameters. This circumstance complicates an
implementation of obtained effective properties of viscoelastic and electroviscoelastic
materials for the vibration analysis of composite structural elements. Therefore, the
usage of methods of direct analysis in the transformed Laplace or Fourier domains are



336 O. Derkach

advisable with established correspondence principle [3]. Wherein, in [13] have been
shown, that at the usage of Fourier frequency domain allows to take into account cor-
rectly experimentally obtained the complex moduli of materials without their additional
transformations at an analysis of transient vibration. Thus, taking the Fourier transform
(F) to linear constitutive equations [3] of k-phase (layer) made of electroviscoelastic
material we obtain constitutive equations in the transformed complex quantities in the
Fourier frequency domain:

60 iw) = F(REY 60 — ROT 1 £0) =

(la)
= P ()8 (iw) — e®T ()ED (iw);
NS k - (k k S(k)\ —
D()(za))z]:(Rg)*s()+Ri()*€( )>= (1b)
=W (2P (iw) + £°® () EP (iw),

T T
where 6 0 = {él(k) 62(k) e &ék)} and 6% = {é%k) égk) e éék)} are the represen-
tations of stress and strain vectors for k-phase (k = 1,2, ..., N) in the space of Fourier

transforms and D® = {ZA)YC) lA);k) ZA)ék) }T, E®) — {EAl(k) é’ék) ff?fk) }T are the same rep-
resentations for electric displacement and electric field vectors (T is the transpose sign);
axh = fioo a(t — t)b(t)d is the convolution of two vector-functions; @ = da/dt; t
is the time; @ is circular frequency.

Obtained constitutive Eqs. (1) are similar to those which in linear theory of elec-
troelasticity are, which exception that physical field variables, elastic moduli, dielectric
and piezoelectric coefficients have been replaced by their complex values': cEm =
CE®Y iCE® and g€ ®) = e ®) 1) €®) are symmetric 6 x 6and 3 x 3 non-Hermitian
matrices of complex frequency-dependent elastic moduli and dielectric constants respec-
tively; X = e®’ +je®"” is 3 x 6 matrix of complex piezoelectric constants; i = /—1.
Their real and imagine parts are positive definite and denoted by a prime and a double
prime. They are sine and cosines Fourier transform of correspondent relaxation function
matrices: R‘g(k), R® and RE®).

The problem of obtaining the effective properties of composite electroviscoelastic
material consists in determining the corresponding complex elements of the matrices

C’g, #¢, and e from the known complex-valued matrices C’g(k), ikt (k), and é® for each
phase of composite material. Solution of this problem follows from the hypotheses, that
at the certain homogeneous mechanical and electrical loadings the corresponding of
physical variables in the composite material are constant through the layered structure
[6, 7, 9].

Hence, for the layered representative volume element (Fig. 1) with one-dimensional
periodic structure (2-2 connection type) we assume that continuity of physical fields
across the interfaces is satisfied. For this purpose, the certain components of the strain
&5 (s=2,4,6)and stress 6, (r = 1, 3, 5) vectors at the corresponding uniform loadings

! For simplicity of notation, here and below we denote frequency domain values without circular
frequency.



Modelling of Effective Electroelastic and Dissipative Properties 337

along (Voigt composite) and across (Reuss composite) the layers are take homogeneous.
Other components of strain and stress vectors are obtained from the condition of static
equilibrium of representative volume element [6, 9]. Due to the laminate configuration
of composite, is assumed that the electric fields fp (p =1, 3) distributed uniformly in the
layers. Thus, the electric displacement @n (n = 3) is continuous across phase boundaries
in the laminate [6—8]. It should be noted that the present homogenization assumptions are
applicable to sufficiently thin layers compared with their in-plane dimensions. When the
ratio of layer thickness to in-plane size increases, the mismatch of out-of-plane strains
between adjacent layers may cause additional interlaminar stresses and alter the effective
properties. To emphasize the main coupling effects within the bulk layers while avoiding
additional uncertainties, the present model neglects the presence of an interphase layer
with distinct mechanical and dissipative properties, which could partially accommodate
the out-of-plane strain mismatch and influence the effective response.

The advantage of the proposed method, which combines the Voigt and Reuss
hypotheses with a subsequent Gauss elimination procedure applied to complex-valued
matrix equations, lies in the fact that the evaluation of the effective constants does not
require the stationarity of the potential energy functional of the considered system. This
makes it possible to avoid the problem of ensuring the correctness of the obtained solu-
tions, which arises from the fact that the energy functional of a non-conservative system
is sesquilinear, and the reliability of the numerical solution usually requires more sophis-
ticated approaches, such as the introduction of internal variables or the construction of
an appropriate functional space [14, 15]. However, it should be noted that the application
of the approaches considered in the present work requires a proper Gauss elimination
procedure for non-Hermitian matrices, which can be controlled during the computations.

From the prescribed above conditions of continuity for the stresses and strains,
electric induction and electric field vectors there we have the following equations:

N N
§r=> wee =3 wels =206 =6"

k=1 (2a)
(r=1,3,5;s=2,4,6);
By =" ub® & =3 uER & = 0 B, = D
P k=1 p n k=1 k n *%~p P n n (2b)
(p_ 1737 n—2),

where v, = Vj, / Zivzl Vi are the coefficients of reinforcement determining the volume

fraction of the k-th phase.
In order to get compact form of the Eq. (2), the vectors of physical variables were
represented in the form of block matrices:

A k) k) '
S; = Z;cv:] UkSl§ ), S; = S; )(l < r,p; j < s,n);03)
R N c) e N .
Pj=Zk=lka;),Pi=P§)(l<—>r,p;]<—>s,n) 4)

where
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The physical relations (1) we also represent in block form, corresponding to the
division of the vectors (3) and (4):

0 — 19pY 4 p PP,

+L

(&)

S(k) (k) P(k) (k)

+L®P

.ok . . . C .
where each block-matrix L( ) is portioned into four blocks, which in turn were obtained
from matrices of complex coefficients of material:

( P ~D(k k N R
z((c) _ CD(k> _h(k) L ® C (k) _h({) A( y CsD(k) —h(k) "
' h(k) ﬁiﬁk) h(k) B | _i® 40

In Eq. (6) the following dependencies were used:
¢ = +eThh = Be B = (&%) " %
Substituting derived results into Egs. (3)—(4) we obtain representations in the space of
Fourier transforms of some physical field’s variables (stress, strain, electric displacement
and electric field) averaged over the representative element of layered composite made
of electroviscoelastic material. Their dependence can be represented in the form of the

following system of equations with complex coefficients:

?‘, = I:iilji +I:i1 o7 (8)
= jiPi+ij Jo
where
L=y (B9 -1 (1) L0 + Lokl
i = k=1 ii ij 7] JU v

_ 9
R N o) fs )\ ! o PENGS) N (k)
Lj= (Zk=1l’if (Lf/ ) >L/J’ Lji = Ly, Lj;” = (Zk:l (L]J ) )

Hence, in Eq. (8) the relation between the vectors of averaged mechanical and
electrical variables by means matrices of effective complex elastic moduli, complex
piezoelectric and dielectric coefficients is establishing.

3 Comparison Between Model Predicted and Experimental Results

To give a validation of the presented model of layered composite material, effective
properties of a two-phase lossless electroelastic and dissipative electroviscoelastic com-
posites are analyzed and compared with experimental data reported in the literature
[1-3, 12, 13]. We will focus on capturing the effect of piezoceramic fibers (1-3 piezo-
composite) and layers (22 piezocomposite) volume fraction in the non-piezoelectric
epoxy and piezoelectric copolymer matrices on effective electromechanical and damping
properties. Elastic moduli, piezoelectric coefficients and relative values of the dielectric
permittivity coefficients of the piezoelectric materials used in calculations are shown in
Table 1.
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The basic material constants and electromechanical coupling parameters, such as
short-circuit (C%;) and open-circuit (CL) elastic moduli, thickness electromechanical

coupling constant (k, = /1 — C353’ / Cg’ ), and piezoelectric (d33) constants are taken
for comparative analysis.

Primarily we made comparative analysis of a set of the test values with computed
results of the effective moduli of an 1-3 piezocomposite, whose fibers are aligned along
the direction x3, and both the piezoceramic fibers and matrix made of piezopolymer are
poled along the same direction. Figure 2 illustrate the variation in the short-circuit and
open-circuit elastic moduli, electromechanical coupling constant, and relative dielectric
permittivity at constant strain, their model predicted values and experimental data [2]
for TZL-5/VDF-TrFE piezocomposite (Table 1). The solid and dashed lines indicate
the computed results, and the symbols denote the experimental data; a good agreement
between the two sets of results is observed.

Table 1. Material data of the piezoelectric materials.

Parameter TZL-5[2] |VDF[2] |PZT7A[l1] |PZT-5A [3] PZT P188 [12]
Cé1=Cty | 126 8.5 148.0 121.0 + i00.885 | 145.33 + ie1.82
(GPa)

C%15 (GPa) |795 3.6 76.2 75.2 + ie0.061 | 102.57 + ie1.28
Cé13 = Cfy3 | 84.1 3.6 74.2 75.2 + i00.061 | 98.65 + ie1.23
(GPa)

C%33 (GPa) | 109 9.9 131.0 111.0 +ie0.71 | 129.8 + ie1.63
Ciyy = Ci55 |23 1.9 25.4 21.1 + i00.634 | 20.12 + i0.25
(GPa)

C%¢6 (GPa) | 235 245 359 21.1 + i00.634 | 20.53 + i0.26
e15 = e 17 —0.002 192 123 — ie0.291 [12.37

(C/m2)

e31 = e —65 0.008 | —2.1 — 5.4+ ie0.574 | —8.03

(C/m?)

e33 (C/m?) 24.8 —029 195 15.8 + i00.27 15.5

Kol = | 4200 9.0 235 916 — ie18.3 16.2

Kez3/Ko 4200 9.0 235 830 — ie16.3 14.15

1o = 8.8510712 F/m

The model also covers calculation of effective piezoelectric charge constant d33 of
fiber-reinforced PZT 7A/Araldite D 1-3 (Fig. 3, a) and laminated PZT-5A/Cement 2-2
composite materials (Fig. 3, b). Electromechanical parameters of piezoelectric reinforced
elements are prescribed in Table 1. Bulk and shear moduli of Araldite D matrix [2] are
5.6 GPa and 1.8 GPa, respectively; relative dielectric permittivity is 4. The cement matrix
equating with following properties [16]: Young’s modulus is 13.9 GPa, Poisson’s ratio
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Fig. 2. Comparison between model predictions (lines) and measured values (symbols) [2] of
TZL-5/ VDF-TrFE composite properties as a function of piezoceramic volume fraction: short-

circuit elastic modulus C?33 (solid line) and open-circuit elastic modulus (Cg ) (dashed line) (a);

thickness coupling constant k; (b); relative dielectric permittivity (xg = 8.85-10712 F/m) (c).

is 0.2; relative dielectric permittivity is 19. Only the inclusion phase was polarized. As
can be seen, the predicted effective properties are in good agreement with experimental
data obtained for 1-3 and 2-2 composites.

Although experimental studies of energy dissipation in electroviscoelastic composite
materials are limited, in order to demonstrate applicability of proposed model to these
purposes we established dependencies of the effective loss factor and made their match-
ing with known experimental [3] and numerical [12] results. In Fig. 5, the effective loss
factor of the PZT/epoxy composites are shown for varying volume fraction of the PZT
fibers. The loss factor was evaluated by the formula [3].

2 2
~E HE ~E ~E ~E ~E
n :1m<c11 - <c13) /c33>/Re<c11 - <c13) /C33>.

Experimentally obtained [3] values of loss factors (Fig. 4, a) were established for
PZT-5A/Epoxy FM 73 layered electroviscoelastic composite. Parameters of reinforced
piezoceramic material are prescribed in Table 1, properties of epoxy matrix are follow
[3]: complex Young’s modulus is 2.72-(1 + i#0.039) GPa; Poisson’s ratio is 0.3; relative
values of complex dielectric permittivity are x°11/xg = x°22/k0 = (4.43 + i00.059),

K°33lK0 = 4.43.

In [12] 3-D finite element method (FEM) analysis of lossless piezoceramic PZT 188
(Table 1) fiber element periodically reinforced in the dissipative epoxy (EPONS§28)
matrix was implemented for loss factor dependence on piezoceramic volume fraction
(Fig. 4, b). The viscoelastic epoxy matrix with the following parameters was considered:
complex Young’s modulus is 2.69-(1 + i-0.039) GPa; Poisson’s ratio is 0.36; dielectric
permittivity is 44-1076 F/m.
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Fig. 3. Effective piezoelectric charge constant d33 for PZT 7A/Araldite D 1-3 piezocomposite
(a) [1], and PZT-5A/Cement 2-2 piezocomposite (b) [16]: predicted (lines) and experimental data
(symbols).
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Fig. 4. Loss factor n of piezoceramic reinforced epoxy laminate as a function of piezoceramic
volume fraction: PZT-5A reinforced FM 73 epoxy (a), experimental data (circles) [3], predicted
with (dashed line) and without (solid line) ceramic damping; PZT 188/EPON828 composite (b)
obtained using FEM [12] (squares) and predicted (solid line).

4 Summary

A model of layered electroviscoelastic composites has been presented, based on the direct
use of complex elastic, dielectric, and piezoelectric coefficients in the Fourier frequency-
domain formulation and solved using Gauss elimination. Transformed in the frequency
domain equations were derived that provide a framework for modelling of the effective
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complex elastic moduli, complex-valued piezoelectric and dielectric constants which are
required for energy dissipation analysis in nonhomogeneous materials, piezocomposite
sensors and actuators with electroviscoelastic properties.

The model predicted results were compared with various experimentally obtained
data which have been presented in the literature. Effective properties of piezoceramic
reinforced epoxy composites are also analyzed. Their agreed with published results was
shown. For simplicity, a mathematical model was developed for the one-dimensional
periodic layered composites (2—2 type connectivity), but it is shown, that the conclusions
are also valid for the two-dimensional composite structures (1-3 type composite).

Proposed model can be employed in analysis of passive and active vibration damp-
ing of viscoelastic and electroviscoelastic heterogeneous structural elements, to eval-
uate frequency-dependent elastic and dielectric energy losses, and losses caused by
the electromechanical transformations in piezoelectric composite elements subjected to
non-stationary electromechanical loads [13].
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Abstract. Ensuring reliable and accident-free performance is the foremost con-
dition for nuclear power plant operation. This entails preventing the release of
radioactive materials beyond established safety limits under all normal and emer-
gency conditions, as well as under any internal or external influences. When
designing nuclear power facilities, engineers carefully analyze the possible influ-
ences of natural phenomena and anthropogenic events. One of the mandatory
modern safety considerations is the assessment of potential aircraft impacts on
nuclear power plant structures. Due to the challenges and limitations associated
with carrying out large-scale experiments, numerical modeling of protective com-
ponents under normal and extreme conditions has become particularly relevant.
This paper proposes a simulation-based approach for studying the load-bearing
capacity of nuclear containment structures in case of a military aircraft impact.
The study investigates the influence of the containment’s design and structural
configuration on its overall strength and resistance to impact loads. The results
make it possible to identify the most effective and promising design options from
the standpoint of safety and structural integrity.

Keywords: High-Risk Facility - Protective Cover - Airplane Strike

1 Introduction

Energy is one of the key pillars of stable economic development for the global community
[1, 2]. A special role belongs to nuclear power plants (NPPs), which offer significant
advantages over hydroelectric and thermal power facilities. This, in turn, highlights the
importance of maintaining operational safety and reliability of NPPs [3]. To achieve this,
it is essential to establish a comprehensive safety system [4, 5] capable of withstanding
both external and internal impacts.

Recommendations are continuously being developed to assess NPPs vulnerability
to accidental external events that were not foreseen in the original design under the
auspices of the International Atomic Energy Agency (IAEA). Such events may include
both natural and human-induced impacts, such as explosions at industrial sites, pipeline
ruptures, hazardous material leaks from storage tanks, and the crash of an aircraft or its
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debris [6, 7]. Although the probability of an aircraft crash impacting a nuclear facility
is extremely low, such an event would impose significant dynamic loads on the plant’s
structures and equipment.

In earlier designs of NPPs, the mass of a potentially impacting aircraft was assumed
to be approximately 5 tons. Modern NPPs, however, are designed to account for the
possible impact of an aircraft with a mass of up to 20 tons. Due to the complexity of
numerical simulations, the collision between an aircraft and NPP protective structures is
often modeled using a simplified one-dimensional representation of a flying body [8, 9],
and is typically treated as a quasi-static process. Although full-scale experimental tests
are extremely resource-intensive, they continue to be conducted to validate and substan-
tiate the adequacy of computational models. Currently, analyses commonly consider the
potential impact of military, commercial, and civil aircraft on nuclear facilities.

Most modern containment structures are made of reinforced or pre-stressed rein-
forced concrete, typically in the form of large cylindrical shells. Several design configu-
rations for containment domes are used: (1) a flat dome, (2) a hemispherical dome, and
(3) a flat cover. The shells generally include a steel liner on the inner surface, and in
some cases, an additional outer liner.

This study aims to analyze the structural integrity of a nuclear power plant con-
tainment cover of the third type — namely, the flat cover — under the aircraft impact
conditions. The problem solution is derived from a multilayer structures theory and
incorporates data from in-situ tests [10].

2 Literature Review

In analyzing aircraft impacts on NPP protective barriers, one must consider the dynamic
loads arising from the collision resulting from the destruction of the fuselage and engines,
as well as the potential explosion of aviation fuel. In such cases, irreversible deformations
within the structures are permissible, and the width of concrete cracks is not limited,
provided that these deformations do not compromise the overall safety conditions of
the NPP. Consequently, the problem of assessing the structural strength of containment
systems is highly complex. Research devoted to evaluating the effects of aircraft impacts
on NPP containment structures is therefore of particular current relevance.

In [5], the aircraft impact on reinforced concrete barrier was investigated. Finite
element fracture modeling was combined with the Smoothed Particle Hydrodynamics.
The degree of structural damage during impact was quantified as the proportion of the
destroyed volume using an integrated deterministic—probabilistic approach.

In [10], the finite element analysis was carried out to examine the reactor con-
tainment’s response to impacts from various aircraft types. Normal impacts along the
containment surface and near the dome—cylindrical junction were considered. A three-
dimensional deformable reinforced concrete structure was modeled, and the aircraft
load was defined using the corresponding time-dependent response curve. The analy-
sis showed that the protective structure would collapse if struck by a large commercial
airplane.

In another study [11], numerical simulations of reinforced concrete containment
structure using the finite element method were concluded. Simulations considered impact
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points at cylindrical section center, between spherical dome and cylinder junction, and
closer to foundation. The dynamic load from the aircraft was modeled using a time-
dependent response function, with elastic—plastic deformation of the steel reinforcement
included. It was found that the central part of the protective dome and the cylindrical
wall experience the most significant deformations.

Further research [12, 13] focused on creating finite element models to simulate
the impact of large aircraft on reinforced concrete containment structures. The studies
examined the influence of aircraft velocity, impact angle, and collision height on the
dynamic response of the containment system.

Overall, the strength analysis of NPP structures is most frequently conducted using
discretization-based methods such as the finite element approach. However, development
of analytical methods to evaluate NPP structures strength taking into account their het-
erogeneous composition remains an urgent and important task. Such approaches would
contribute to reducing both the design time and the overall cost of constructing nuclear
power plant containment structures.

3 Research Methodology

In this study, the third type of NPP containment cover —a flat circular plate —is considered.
This configuration is commonly used in several European Community countries [14]
because it provides convenient access to internal equipment and facilitates maintenance
operations.

As the impact load pulse, the “TAEA Pulse” [14, 15] was selected, as it is considered
the most reliable and experimentally validated model for simulating aircraft impacts.
Figure 1 illustrates the IAEA-recommended time dependence of the impact load Pjp, (7)
(Fig. 1a) and the corresponding area of load application Sipm (¢) (Fig. 1b), which accounts
for deformation of the impacting body during a vertical collision of an aircraft with a
mass of 20 tons on a flat surface.

This loading profile corresponds to experimental data obtained from full-scale impact
tests involving a Phantom RF-4E fighter jet. The results of these experiments demon-
strated that approximately 94% of the aircraft’s kinetic energy was dissipated in its
own destruction, while only the remaining 6% contributed to damage in the impacted
structure.

An analysis is performed for a multilayer NPP containment structure, which com-
prises several interacting layers. The plate occupies a domain €2 enclosed by an arbitrary
contour B:

xp = xg(0), yp = yp(9).

The first layer outer surface is taken as the reference coordinate surface.

The plate is subjected to nonstationary loads F = {f, (¥)}, « = 1, 31+ 3, where 7 is
time. In particular, the impact load is given f; = Pipm(?) as shown in Fig. 1a. This load
is applied over a circular area Sipm, (1) (Fig. 1b).

The kinematic hypotheses of shear deformation, thickness compression and inertia
of rotation of normal elements within each layer are used to describe the deformation of
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Fig. 1. Dynamic characteristics of the IAEA shock pulse.

the plate. The displacement of a point in the ¢-th layer is expressed by

—1

EL =&+ ) haE3iie—nta + @ — L8416 £ =1,2,3, 1=TL (1)

a=1

Here & (k = 1, 2, 3) are reference surface point displacements in coordinate axes direc-
tions; £3414c+1)4« (k = 1,2) are the rotations of the normal element relative to the
axes in the t-th layer; &34 714, represents through-thickness compression of the normal
3 —
element; &, = Y hy, (1 <z=<¢,t=1, 1L
a=1
For each layer, the strain components are expressed according to Cauchy’s relations,
while the corresponding stresses are determined via Hooke’s law. The governing equa-
tions of movement under nonstationary loading and the boundary conditions on B are
obtained from the Hamilton variational principle

[K’]E.« — [H] E =F,

[n]

(=E =0, 2
[CB] = — F5 3)

Here, [K”] and [H] are symmetric square matrices, & = {§} (l =1, 31+ 3) is the
displacement vector, and the forms of [C" ] and [F" ] depend on the boundary conditions.
The vibration problem (2), (3) for the plate with arbitrary geometry and boundary
conditions is solved using the expansion method [16, 17]. The original plate is mapped
to an auxiliary rectangular plate with hinged boundaries, which allows the solution to
be expressed in terms of trigonometric series. The auxiliary plate retains the same layer
structure and loading as the original plate, while the geometry of the original domain is
accounted for analytically through compensating loads pg " (0, 1) (@ = 1, 31 + 3):

01 _
f ) =f Loep (0.0 8(x — xp,y — yp) d6, o,k =1, 31+3,
o
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where §(x — xp, y — yp) is two-dimensional Dirac function. These compensating loads
ensure that the stress-strain state in the domain €2 of the auxiliary plate is identical to
that of the original plate.

By expanding the compensating loads and boundary terms into trigonometric series,
the system of integral equations is reduced to a set of algebraic equations for the corre-
sponding load coefficients. Simultaneously, the equations of motion are converted into
a second-order system of ordinary differential equations, which are solved using the
Taylor series expansion method [17].

4 Results

The strength of the NPP containment cover of the third type, modeled as a circular plate,
was investigated. The plate diameter was of 45 m, with the height of the cylindrical part of
the containment shell of 68 m. The cover is constructed of reinforced concrete and lined
internally with carbon steel of from 6 to 10 mm thickness. Additional steel structures
are present on the exterior. Consequently, the containment cover can be represented as a
multilayer circular plate and described within the framework of the kinematic hypotheses
(1) outlined in Sect. 3. The connection conditions between the cylindrical part of the
containment and the cover allow the plate to be considered rigidly fixed.

Two design variants of the plate were analyzed: a two-layer plate and a three-layer
plate, subjected to the impact load Pjpm(?) described in Fig. la. The plate contour is
circular, with a radius r, while the dimensions of the auxiliary plate used for analytical
modeling are A and B in plan:

x(0) =A/2+rcosf, y(®) =B/2+rsinf .

The mechanical characteristics of the reinforced concrete were established using
the averaging method and have the following values: modulus of elasticity 2.0 - 10*
MPa; Poisson’s ratio 0.25, and density 500 kg/m>. The steel cladding is characterized by
modulus of elasticity 2.1-10° MPa, Poisson’s ratio of 0.3, with density of 7.85-103 kg/m?>.

Since experimental studies have shown [18, 19] that the strength of the protective
shell depends on the properties of both the reinforcement and the metal cladding, the
fourth strength theory was employed to evaluate the overall structural strength of the
containment cover.

Figure 2 illustrates the time variation of the deflection w(¢) (Fig. 2a) and the stress
0[2 (#) (Fig. 2b) at the central point of the steel cladding for the two-layer plate at h = 4 m.

Table 1 shows the maximum deflections and stress intensity at the center point of the
steel cladding of the two- and three-layer covers at different thicknesses of the reinforced
concrete layer. The two-layer plate includes a steel cladding with a thickness of 10 mm,
the three-layer plate contains outer and inner steel cladding with thicknesses of 0.5 cm
and 1 cm, in each case accordingly.

The analysis of stresses in the two-layer plate showed that, for a reinforced concrete
layer thickness of 3 m, the stress intensity does not exceed the steel yield strength
250 MPa. Increasing the thickness further leads to a substantial reduction in stress
intensity throughout the cover.
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Fig. 2. Time variation of deflection and stress in a two-layer plate.

For the three-layer structure, the results indicate only a minor decrease in deflections
and stresses in the inner steel cladding, suggesting that the additional outer layer has
little effect on the overall structural strength. Therefore, the thickness of the reinforced
concrete layer in both designs should be at least 3 m.

Table 1. Effect of design parameters on deflections and stress intensities in steel cladding

Two-layer plate

Thickness A, m | 1.0 2.0 3.0 4.0 5.0 6.0
Deflection w, m | 7.43 - 10~ [ 1.65-10~! [5.85-1072 | 2.55-1072 | 1.22- 1072 | 6.42- 1073
Stress 67, MPa | 1099.3 449.33 219.23 142.61 87.361 54.441
Three-layer plate

Thickness 2, m | 1.0 2.0 3.0 4.0 5.0 6.0
Deflection w, m | 6.64 - 10~' | 1.55.10~" |5.59.102 |2.46-1072 | 1.18 - 1072 | 6.26 - 1073
Stress o', MPa | 1107.7 450.00 213.72 141.79 87.469 54.125

The results presented in Table 1 can be used in optimal design of NPP protective
structures taking into account additional factors [20, 21].

5 Conclusions

An approach for investigating the strength of third-type NPP containment structures
under aircraft impact has been proposed. The containment shell was modeled as a multi-
layer plate, and its dynamic behavior was described using the refined theory of multilayer
plates. The problem of plate vibrations was solved using the expansion method.

The impact load was simulated using the “IAEA Pulse.” The stress—strain response
of two- and three-layer protective covers was analyzed at different time points during the
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impact. Strength assessments of the various cover designs indicated that the multilayer
configuration provides the most effective protection against unsteady dynamic loads.

The outcomes of this study may serve as a basis for optimizing the design of protective
envelope structures capable of absorbing the impact of high-speed military aircraft with
relatively small mass, thereby enhancing the safety and resilience of NPP containment
systems.
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Abstract. An advanced method for calculating crack growth in plate-like and
axisymmetric structural elements under repeated loading conditions modeled
using elastic—plastic material behavior, based on the principle of accumulation
of distributed damage in the material is proposed. Near the crack tip, the pro-
cesses of alternating elastic-plastic deformation and crack resistance of the mate-
rial are modeled based on experimental results obtained from fatigue testing on
smooth samples. Finite element analysis is conducted to determine the thermal
and mechanical responses of the structure under different loading conditions. To
assess accumulated metal damage from low-cycle fatigue, an improved method is
used that takes into account the loading history. The ranges of equivalent elastic-
plastic deformations are determined according to the Neuber’s rule. Damage is
assessed using low-cycle fatigue curves based on the hypothesis of linear damage
accumulation. At the same time, crack propagation during both the tensile and
compressive stages and possible contact between the crack edges are taken into
account. As the damage accumulates to a critical magnitude at the crack tip, the
material is considered destroyed, and the crack grows stepwise. The developed
method has significant advantages, since it does not impose restrictions on the size
of the plastic zone and small crack depth. The results of calculations are compared
with data obtained using the Newman’s formula.

Keywords: Crack Kinetics - Cyclic Loading - Elastic-Plastic Deformation

1 Introductions

One of the most important tasks in the design and manufacture of aviation, transport and
power engineering structures is to increase their strength and reliability under cyclic load-
ing. Ensuring the reliable operation of these structures demands’ a calculated assessment
of durability and the thermal stability of their components, built on the application of new
calculation models and methods that consider a number of important factors, continuing
heterogeneity of material properties, damageability, the presence of cracks, and the influ-
ence of non-stationary temperature fields. Among the most hazardous defects affecting

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2026
H. Altenbach et al. (Eds.): CAMPE 2025, LNME, pp. 352-363, 2026.
https://doi.org/10.1007/978-3-032-16381-3_34


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-032-16381-3_34&domain=pdf
http://orcid.org/0000-0002-8503-0959
http://orcid.org/0000-0002-4890-8152
http://orcid.org/0000-0002-8968-5581
http://orcid.org/0000-0003-1489-2081
http://orcid.org/0009-0006-9040-7497
https://doi.org/10.1007/978-3-032-16381-3_34

Investigation of Crack Kinetics Under Multi-Mode Cyclic Loading 353

operational safety are the initiation and propagation of cracks. Modern achievements
in the mechanics of material deformation and the solution of boundary value problems
make it possible to obtain improved methods for predicting the behavior of structures
with cracks under complex loads.

The calculated survivability of power equipment, aviation and transport technology
components is critical when determining their service life and the intervals between main-
tenance inspections [1]. Kinetic fatigue fracture diagrams and their governing equations
are widely used to assess crack growth kinetics under cyclic loading. Determining the
crack resistance parameters included in these equations (e.g., Paris’ equation) requires
laborious testing of special samples with cracks [2-7]. This complicates and restricts
the analysis of the durability of a structure in conditions of insufficient experimental
data on the behavior of samples with cracks. It should be noted that in classical fracture
mechanics, the size of the plasticity zone at the crack tip is assumed to be small com-
pared to its depth, which is not always true. Moreover, it is assumed that the crack does
not propagate in a half-cycle of compressive loads, and calculations are performed for
a zero cycle [8, 9]. At the same time, a number of studies on crack propagation under
alternating loading cycles have shown that the compressive half-cycle also influences
crack growth.

Therefore, it is important to develop a method for calculating the kinetics of cracks in
structural elements under multi-mode asymmetric repeated loading in an elastic-plastic
formulation based on the principle of accumulation of scattered damage in the material
and data from fatigue failure diagrams of conventional cylindrical samples.

2 Method for Calculating Crack Kinetics

Taking into account the survivability of equipment elements with cracks is important
when assessing their reliable operation. Usually, to assess crack kinetics under cyclic
loading, the principles of brittle fracture mechanics are widely used, using stress intensity
factors K1 and Paris equations

di_ CAK] (1)
dN ~ I’
where:

[ is crack length;

C, n are constants of material;

N is number of loading cycles;

AK1 = Kimax—K1min 18 stress intensity factor range;

KTmax 1s maximum stress intensity factor (SIF) in the cycle;

K1min 1s minimum SIF in the cycle.

The kinetic diagram of fatigue failure are determined by a large number of experi-
mental tests of special samples with cracks at operating temperatures and loads, which
requires the use of complex equipment and a significant amount of time.

Most often, the crack resistance characteristics of materials required for calculating
the service life of elements are not available in reference data. It should be noted that
in this case, the plasticity zone at the crack tip is assumed to be small compared to the
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crack length, which, as shown by numerous researches, the results of which are given
below, does not always correspond to reality.

The crack growth rate, in addition to the amplitude AK7, depends on the load cycle
asymmetry coefficient R:

_ KImin

R - ’
KImax

which is taken into account in the refined formulas of the Paris’ type [6].

The SIF is calculated based on the solutions of elasticity theory problems, and its sign
corresponds to the sign of the stresses that open the crack. In brittle fracture mechanics,
it is assumed that compressive stresses do not affect the kinetics of a fatigue crack [6].
It is believed that under compressive forces, the crack edges close and the crack closes
along its entire length, so calculations should only be performed for a zero cycle (R =
0). The same approach is proposed in the ASME recommendations [8]. According to
elasticity theory, under tensile stresses, the crack edges diverge, and under compressive
stresses, they converge. In the case of compressive stresses, the stress intensity factor Ky
= 0 and the crack does not develop. However, it has been experimentally shown that the
compressive stage of loading affects the crack growth rate under cyclic loading, albeit
to a much lesser extent than tensile loading. When the crack edges interpenetrate under
compressive stresses, the SIF becomes negative. Taking into account the full range AKy
in Paris’ equations, the calculations give an underestimated design life of the material.
The error will be significantly smaller for a zero cycle, although the calculated resource
will be slightly overestimated.

Due to plastic deformation, the edges of the crack remain open when tensile stresses
are completely removed, while compressive stresses appear in the crack tip area, which
in some investigations has been termed the phenomenon of crack ‘closure’ [6, 9-11].
In works [10], equations are proposed that take into account the cyclic load asymmetry
coefficient R and are based on the phenomenon of crack ‘closure’. ‘Closure’ of a crack
in this case is not a suitable term because only compressive stresses occur at the crack
tip, and the crack edges do not contact each other. Experimental data [10] show that
negative stresses at the crack tip also occur under tensile loads.

Another approach to calculating crack kinetics is based on assessing the accumu-
lation of scattered damage in the material during elastic-plastic cyclic deformation and
creep, and on using data from tests on smooth samples [12]. This approach uses the
characteristics of the elastic-plastic behaviour of the material and the accumulation of
damage in the area of the crack tip along the crack propagation path, which are deter-
mined numerically using the finite element method (FEM) with mesh refinement at the
crack tip [1, 13, 14].

In the proposed method, the thermal and stress-strain state of the structure is deter-
mined using FEM for different load modes. To assess the accumulated damage to the
metal from low-cycle fatigue, the method [1, 14] recommended for assessing the service
life of rotors and turbine housings is used. Low-cycle fatigue is assessed by the maximum
value of local elastic stresses, reduced to the design temperature, which is taken as the
maximum temperature in this area under steady-state operation. The ranges of equiv-
alent elastic-plastic deformations are determined according to the Neuber’s rule [15].
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According to this principle, using experimental fatigue curves for an isothermal sym-
metrical load cycle, the number of cycles before a crack appears is found. The damage
assessment under multi-mode cyclic loading is determined using the linear damage sum-
mation hypothesis. When the damage parameter value close to unity is reached in one
of the elements, it is excluded from further consideration. It is assumed that this element
was destroyed and the crack propagates stepwise along its entire length. At the same
time, the damage achieved in other structural elements is recorded. Then, the stress-
strain state of the structure is recalculated with the new crack length. The structure is
subjected to further multi-mode cyclic loading. At the same time, the accumulation of
damage in all elements along the crack propagation path is assessed, which is summed
up with the damage achieved in them during the last destruction of the element. When
critical damage is reached in one of the following elements, it is excluded from further
consideration, and the above calculation procedure is repeated until the avalanche-like
destruction of the structure.

The calculation procedure is given below. For all load modes, the FEM is used to
calculate the stress state in an elastic setting in the crack propagation area at several
possible crack lengths.

Finite element discretization is performed with refinement at the crack tip. The
minimum element size is taken to be 0.05 mm, which is consistent with previous inves-
tigations on the convergence of results. The crack is modelled by a notch with a width
of 0.1 mm. Haywood’s experiments [16] show that a radius of curvature at the crack
tip of less than 0.1 mm does not affect fatigue strength. Based on this, to determine
the stress-strain state near the crack tip with sufficient accuracy, the dimensions of the
minimum finite elements should be 0.1-0.2 mm. Figure 1 shows a fragment of the finite
element discretization in the crack tip area.

0.05mm 7

[ X

Fig. 1. Finite element discretization in the vicinity of the crack tip: / — crack length; x,,, — distance
from the crack tip to the centres of the finite elements.

The software package developed by the authors for solving plane and axisymmetric
problems using the FEM [14] allows solving elastic-plastic problems taking into account
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alternating loads. The boundary value problem is solved using the method of steps in
time of loading.

The selected crack propagation direction is divided evenly into small segments d; —
steps of jump-like crack growth. A generalized load cycle is introduced, which averages
the damage from all load modes. Each j-th mode is characterized by the interval of
combined elastic and plastic deformation, which are determined at the centres x; of the
segments d; by quadratic interpolation through their values obtained at the centres of
the finite elements in the direction of crack propagation. The number of cycles to failure
N, from the j-th loading condition is obtained from fatigue diagrams corresponding to
the relevant temperature.

The damage increments from the j-th load mode in the generalized cycle are found
by the formula

1

AWQ)ZEEBW%

where dy; = N; / N is the relative share of cycles of the j-th mode in the generalized
number N of cycles.
The damage increment per generalized cycle from all load modes

Ky
ATI(x) = Y ATTj(x).
j=1
The number of cycles to failure in the element d; closest to the crack tip with a length
[; is determined by the formula

_ I =TI0)
RN
where I1(x1) the damage accumulation adjacent to the fracture zone during crack growth

to the current depth /;. The total cycle count during which the crack reached a depth of
l; is determined as follows:

N(,) = ZNi.

Damage at other points x; on the crack growth path after the failure of the next
element d; is determined:

I(xi41) = I(xit1) + ATT(Xi41)N;.

Next, the calculation is repeated for a crack with a depth of #; = #; + d; until its next
growth.

The proposed methodology was tested on a series of calculated estimates of crack
development in simple-shaped elements under various cyclic loads.
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3 Calculating Crack Kinetics Taking into Account the Contact
Between Their Edges and the Elastic-Plastic Deformation
of the Material in the Crack Tip Zone

The growth of a surface crack with an initial length of [ = 2 cm in a strip (Fig. 2.)
subjected to loads whose patterns are shown in Fig. 3. (conventionally denoted as Type I
and Type II), are investigated. The formation of cycles is determined by the rainflow
method [17]. Here 61zmax, O1zmin are the maximum and minimum stresses in the first
load cycle; 62;max, O2;min are the analogical stresses in the second load cycle.
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Fig. 2. Scheme of a plate with a crack
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Fig. 3. Loading schemes for the plate: a — Type I loading; b — Type II loading
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Tables 1 and 2 present the values of strain intensity amplitudes for Type I and Type I
loading, respectively. In Tables 1 and 2, the numerators give the values for the first loading
cycle, and the denominators — for the second loading cycle (Fig. 3.).

The plate material is 25Kh1MI1F steel. Low-cycle fatigue diagrams at various
temperatures are given in Fig. 4.

£/2

10 10 10 10° 107 N,cycles

Fig. 4. Low-cycle fatigue curves for 25Kh1M1F material

The obtained crack growth results are compared with those calculated using New-
man’s method. The constants in the Eq. (1) were taken as follows: C = 42.69 x
10~ 19, 5, = 3.8457. The stress intensity factor AKy are equal to 34.24; 50.81; 74.73;
112.04 MPa-(m)'? for cracks with lengths of 2; 3; 4; and 5 cm, respectively.

Figure 5 presents the results of crack growth in the strip under Type I loading
(Fig. 5, a) and Type II loading (Fig. 5, b). Solid lines indicate results obtained using the
present methodology, while dashed lines show results obtained by Newman’s method.

The results obtained using the proposed method and Newman’s method are satisfac-
torily consistent. The discrepancy between the results can be explained by the inconsis-
tency of material properties when determining kinetic and fatigue diagrams, as well as
by the difference in the material failure models used in the calculation methods.
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Table 1. Values of strain intensity amplitudes ¢;, for Type I loading of the plate
Xm, Mm Amplitudes of strain intensities &;,, %
[ =20 mm /=30 mm [ =40 mm [ =45 mm [ =50 mm
0.0250 1.3185 2.2391 3.6169 4.5826 5.4757
1.3381 2.3388 4.1192 5.6135 8.4311
0.0750 0.5167 0.9398 1.6122 2.1041 3.1732
0.5200 0.9768 1.8492 2.6082 4.0691
0.1800 0.1405 0.2392 0.4074 0.5452 1.2383
0.1462 0.2446 0.4680 0.6857 1.1457
0.2550 0.1028 0.1614 0.2510 0.3178 0.7079
0.1104 0.1619 0.2844 0.3938 0.6296
0.5456 0.0662 0.0974 0.1446 0.1754 0.2709
0.0768 0.1031 0.1432 0.2094 0.2912
1.1281 0.0428 0.0677 0.0983 0.1193 0.1735
0.0538 0.0788 0.1088 0.1327 0.2018
2.2699 0.0296 0.0450 0.0695 0.0842 0.1146
0.0416 0.0574 0.0837 0.1015 0.1393
6.3353 0.0208 0.0264 0.0370 0.0467 0.0541
0.0364 0.0398 0.0524 0.0661 0.0837
11.6887 0.0189 0.0209 0.0244 0.0280 0.0372
0.0357 0.0365 0.0390 0.0443 0.0575
14.8932 0.0187 0.0197 0.0212 0.0224 0.0417
0.0357 0.0359 0.0361 0.0381 0.0474
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Table 2. Values of strain intensity amplitudes ¢;, for Type II loading of the plate

Xm, Mm Amplitudes of strain intensities &;,, %
[ =20 mm [ =30 mm [ =40 mm [ =45 mm [ =50 mm
0.0250 1.3381 2.3388 4.1192 5.6135 8.4311
1.7387 2.9580 5.0219 6.9438 10.2975
0.0750 0.5200 0.9768 1.8492 2.6082 4.0691
0.6985 1.2711 2.3107 3.2929 5.0373
0.1800 0.1462 0.2446 0.4680 0.6857 1.1457
0.1874 0.3164 0.5969 0.8946 1.4652
0.2550 0.1104 0.1619 0.2844 0.3938 0.6296
0.1336 0.2073 0.3464 0.4989 0.8073
0.5456 0.0768 0.1031 0.1432 0.2094 0.2912
0.0930 0.1272 0.1919 0.2465 0.3525
1.1281 0.0538 0.0788 0.1088 0.1327 0.2018
0.0711 0.0935 0.1349 0.1750 0.2374
2.2699 0.0416 0.0574 0.0837 0.1015 0.1393
0.0513 0.0689 0.0938 0.1226 0.1683
6.3353 0.0364 0.0398 0.0524 0.0661 0.0837
0.0389 0.0471 0.0637 0.0761 0.0936
11.6887 0.0357 0.0365 0.0390 0.0443 0.0575
0.0392 0.0387 0.0492 0.0553 0.0677
14.8932 0.0357 0.0359 0.0361 0.0381 0.0474
0.0394 0.0387 0.0438 0.0474 0.0579
I, mm I, mm

10+ 10

30

» N.thousands of cycles e
0 4 8 12 0 3 6 9
a b

——— —present methodology; - ----- — Newman’s method

N, thousands of cycles

Fig. 5. Crack growth: a — Type I loading; b — Type II loading
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4 Conclusion

The proposed method for assessing crack kinetics under cyclic loading using scattered
damage parameters takes into account the amplitude of plastic deformations near the
crack tip during contact interaction of its edges. To calculate crack kinetics in flat and
axisymmetric structures, low-cycle fatigue curves for conventional crack-free specimens
are used. Plastic deformation zones are determined using the FEM. The crack growth
rates for different cycle asymmetry coefficients correspond to the data obtained by the
Paris’ equation and the Newman technique, which use experimental constants for cracked
specimens.

The presented method allows taking into account the stage of crack initiation from
a stress concentrator, which can be used in assessing the service life of structures. Its
application will reduce the cost of designing new equipment, determine the survivability
of structures, ensure operational reliability, reduce the number of experimental studies
[18], and contribute to increasing the competitiveness of domestic equipment [14]. The
results obtained can be useful in the design of structures for of power equipment and
aircraft construction [1].

In the future, it may be possible to develop the proposed methodology for studying
the nonlinear behaviour of materials under cyclic loading conditions. Conducting exper-
imental studies is of particular scientific interest, as it will provide additional validation
of the reliability of the results obtained.

This method will be used to conduct computational investigations of the residual
durability of an aircraft engine fan disc when varying the parameters of the initial crack
under conditions of multi-mode cyclic loading within the framework on IEMS-2025/3
project of the Specialised Scientific and Technical Programme of Defence Research of
the National Academy of Sciences of Ukraine.
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Abstract. The method and results of the study of the mechanical properties of
some materials during high-speed deformation are presented. The methodology
used is based on the indirect determination of material tensile curves under condi-
tions of constant deformation rate of test specimens. Deformations are measured on
adynamometer rod and then converted into stresses in the specimens. The research
is conducted on dog-bone-shaped specimens whose geometric dimensions are sig-
nificantly smaller than those of samples used for static testing. A pneumatic gun is
used to ensure the required strain rates, and the strains are measured using broad-
band strain gauges. Experimental determination of the strength limits of a number
of materials used in aircraft construction has been carried out under tension at
different strain rates. The dynamic mechanical properties of aluminum alloy and
carbon fiber reinforced plastic have been investigated. The results for high strain
rate are compared with data obtained using the classical quasi-static approach.
The problems arising in the investigation of the dynamic behavior of isotropic and
anisotropic materials are discussed, as well as some features of carbon fiber com-
posite failure under impact loading. It has been shown that the strength limit of
the materials under study increases with increasing deformation rate. This proves
that the study of the dynamic properties of materials should become an essential
component of strength assessment for structures operating under rapidly changing
loads.

Keywords: Strength - Stress-Strain Curve - Tensile Strength - Experiment

1 Introduction

One of the main tasks in designing structures for modern aircraft and space-rocket
construction is to increase their strength and reliability while reducing weight, which
allows for an increase in the payload of aerospace vehicles [1]. This can be achieved
through the rational design of structures and the use of new materials. In some cases
(explosive forces, various emergency situations etc.), structural elements of aerospace
vehicles are subjected to intense impact loads [2]. They all have a common feature: a
rapid increase in pressure on the contact surface from zero to a maximum value. Quite
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often, such loads are characterized by high intensity of influence and lead to high-speed
deformation of structures. At the same time, depending on the type of load, the strain
rate of the structure in a short time varies in a wide range from 0 to 10® s~! (sometimes
this range is even wider). The physics of the processes occurring in structural elements
under the action of such loads is quite complex and has not been sufficiently studied.
This is especially relevant for promising and new materials (e.g. composite, polymer,
and additive materials).

To analyze the strength of structures under dynamic loads, it is necessary to create
an extensive database of the mechanical properties of materials at high strain rates. It
is not always acceptable to rely on existing values of material properties obtained for
static deformation, as this can lead to an incorrect assessment of their strength. Such data
are available for classical materials. At the same time, for new materials, which often
have anisotropic properties, the results are insufficient and sometimes contradictory.
Therefore, the theoretical and experimental studies of the behavior of materials during
high strain rate are one of the most pressing tasks in continuum mechanics.

The aim of this work is to determine the dynamic properties of materials for aircraft
construction during high strain rates.

2 Literature Review

To date, numerous results of experimental studies of the properties of materials (usually
metals and metal alloys) under dynamic loads have been accumulated [3-6]. These
studies have shown that the mechanical characteristics of materials significantly depend
on the deformation rate [3, 5]. As a result, a number of dependencies ¢ = o(g, de/dt)
between stresses and strains were identified, that take into account the deformation rate.
Among the most well-known such models are the Cowper-Symonds [7] and Johnson-
Cook [8] relationships. A more detailed description of these models and the definition
of parameters for some materials are given in the works [9-11].

Currently, scientists are paying considerable attention to the theoretical and experi-
mental study of the properties of new materials, the improvement of experimental meth-
ods for studying the transient processes of their deformation, as well as mathemati-
cal models and computational methods for analyzing the processes occurring in them
[11-14].

Experimental studies of high-rate strain of materials, especially anisotropic ones, are
quite complex. They require appropriate equipment capable of providing the necessary
loading conditions and reliable recording of strains (stresses). In addition, effective
methods are needed for the reliable processing of dynamic dependencies.

Currently, there are no standardized approaches to these studies. The most
widespread use in practice is the Hopkinson bar and its modifications [15-20]. The
basic principles of conducting experiments using the Hopkinson bar and processing the
results obtained are described in paper [21].

Another way to study stresses in a test specimen under tension at a constant strain
rate is to use a long measuring rod-waveguide on a vertical acceleration device and direct
or indirect strain gauging [22]. A similar approach is used in this work.
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3 Research Methodology

The research methodology is based on the indirect determination of stress-strain curve
for tensile materials under conditions of constant strain rate. Material tensile curves are
determined for different constant strain rates of the test specimen. This makes it easy
to compare the tensile curves obtained for different deformation rates. As a result of a
number of experiments at different strain rates, the deformation surface of the material ¢
= o(g, de/dt) is determined (Fig. 1). On this surface, the deformation process at variable
rates will be represented by some curve I'.

The experimental research method consists of impact stretching of the test specimen,
one end of which is fixed in arigid anvil, and the other in a dynamometer rod. A simplified
test setup for high rate tensile of the linear specimens is shown in Fig. 2 (1 — projectile;
2 — anvil; 3 — specimen; 4 — strain gauges; 5 — dynamometer rod).

Q
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Fig. 1. Stress-strain surface Fig. 2. Test setup for linear specimens

The longitudinal force in the specimens is determined based on the deformation
data recorded on the dynamometer rod. The anvil is subjected to impact by a projectile
with kinetic energy sufficient to ensure a constant strain rate of deformation of the
specimen until it destruction. For this purpose, the kinetic energy of the projectile must
significantly exceed the work required for the dynamic deformation of the specimen
until its destruction, i.e.

Qprojectile > 10 - Questruction = /O’,‘(S, é)de,

where o; is the stress intensity; é = de¢ / dt.

In this case, the specimen elongation changes linearly vs time Al = (de/dt)-t, and the
strain rate is equal to de/dt = Vo / I, where [ is length of narrow section of specimen.

For a qualitative determination of the magnitude of longitudinal forces in the speci-
men during tension, based on the measurements of bar strain, it is necessary that the bar
be long enough so that the deformation waves reflected from its attachment point do not
interfere with the tension process under study. Therefore, the length L of the rod must
be such that at the studied speed V it satisfies the condition

L>Ciq-eun-1/2- Vo (1)

where C14 is the velocity of wave deformation in the rod;g,, is the limiting uniform
strain of the specimen.
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The geometric dimensions of the test specimens are selected in such so as to ensure
that condition (1) is satisfied and to ensure a practically uniform state of deformation.
For a rapid transition of wave processes to a practically uniform state, the working part
(narrow section) of the specimen must be relatively small. Moreover, the higher the
strain rate under study, the shorter the working zone of the specimen should be.

The sought dependencies 6 = o(g, de/dt) for the specimens are determined based on
the results of measurements of the strain of the dynamometer rod by a simple mathe-
matical transformations, which is based on the equality of the longitudinal forces in the
specimens N:"“ and the rod szd.

N“(z1,0) = N (2.t — 1)

where z1, z» are axial coordinates of sections; #1 is the time lag of the start of the rod
deformation process relative to the specimen deformation process.
Longitudinal forces in the specimen and the rod are determined by the formulas

Népec — U;pec(Zl , t) . Sspec(z1 , t), (2)

NPt = o1 (5t —11) - Sz, t — 1) = E - 65 F (20, — 11) - S (22, 1 — 11), (3)

where 0.7 (z1, 1), S (z1, t) are the axial component of the stress tensor and the area

of cross section in the specimen correspondingly; a{”d (z2,t — 11), S (z0,t — 17) are
similar parameters of the rod; E is the Young’s modulus of the dynamometer rod; e "
is the longitudinal component of strains of the rod.

In general cases, formula (2) is more complex. For the test specimen with general
anisotropy, it is impossible to ensure a uniform distribution of stresses across the cross
section. It is known that in anisotropic rods under the action of tensile force, rotation and
bulging of the cross section can be observed. In some cases, uniformity can be ensured
by manufacturing test specimens in the direction of the principal axes of anisotropy.

In result, taking into account dependencies (2) and (3), to determine the unknown
stresses in the specimen, we obtain.

Thus, to obtain a stress-strain curve at a constant strain rate, it is sufficient to measure
the longitudinal strains of the rod and determine the cross-sectional areas of the specimen
during deformation.

At a constant deformation rate of the end of the specimen, the longitudinal defor-
mation of the specimen changes over time according to the formula ;% = (de/dt) 1.
Using the law of conservation of mass, the cross-sectional area of a round isotropic test
specimen can be determined by the formula $*7¢¢ = R% [1 - 2(Vo/Dt], where R is the
initial radius of the specimen.

4 Experimental Stands and Test Specimens

Experimental setups for static and dynamic tests are presented in Fig. 3 and Fig. 4,
respectively. A universal testing machine MRM-10C (Fig. 3) was used for static tests.
During the static tests, the external loading and strains of the specimen along and across
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the load axis were fixed. For high strain rate tests, a pneumatic acceleration device [22]
was used (Fig. 4). The longitudinal strains of the dynamometer rod were recorded by
the measuring strain gauge complex. The detailed description of this complex is given
in [22].

Fig. 3. Tensile testing machine Fig. 4. Pneumatic gun

The mechanical parameters of specimen made of aluminum alloy and carbon fiber
reinforced plastic were studied. Rectangular cross-section specimens were used.

For static tests of aluminum alloy, the length of the working part was 120 mm, the
width was 20 mm, and the thickness was 1.4 mm. Dynamic tests were performed on two
types of specimens with a working area length of 10 mm, a thickness of 1.4 mm, and a
width of 8 mm and 5 mm.

The carbon fiber reinforced plastic is an orthotropic material. This complicates the
selection of the length and width of the test specimen for dynamic studies. The specimens
for both static and dynamic studies were cut in the same direction from a 2.1 mm thick
carbon fiber reinforced plastic plate. The carbon fiber reinforced plastic was made from
a simple weave carbon fabric of the T33K200P brand with a density of 200 g/m? and a
fiber tensile strength of 4480 MPa and compounds CHS-EPODUR 525-0269 and CHS-
EPODUR C55. Layers of fabric with a thickness of 0.25 mm were laid out in the 0 and
90° directions alternately, thus ensuring equal strength of the material in the longitudinal
and transverse directions. After that, a polymerization mode under pressure was carried
out. The density of the resulting carbon fiber sheet is 1.5 g/cm>. Specimens with a width
of 15 mm were used for static tests. For dynamic tests, specimens with different working
area sizes, 8—10 mm long and 2.1-5 mm wide, were used. Figure 5 shows some types
of carbon fiber composite test specimens (Fig. 5, a) and their fixation during testing
(Fig. 5, b). During the experiments, it was found that specimens with greater thickness
were destroyed not in the working area, but at the fastening point. Therefore, most of
the results presented below were obtained on experimental samples with a thin working
area (2.1 mm).
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Fig. 5. Dog-bone-shaped composite specimens and their fixation in setup

5 Results and Discussion

Figure 6 shows experimentally obtained tensile curves in static testing for aluminum
alloy (Fig. 6, a) and carbon fiber reinforced plastic (Fig. 6, b). Deformations are given
in percentages, and force is given in Newtons. It can be seen that aluminum alloy is a
very ductile material, while carbon fiber reinforced plastic is a brittle material.

As aresult of static tests, it was established that the elastic modulus of aluminum alloy
is 69.47 GPa, the yield strength is 324.3 MPa, and the tensile strength is 461.94 MPa. For
carbon fiber reinforced plastic, the elastic modulus is 63.12 GPa, and the tensile strength
is 717 MPa. Thus, the elastic moduli of carbon fiber and aluminum alloy are almost
identical, but the strength of carbon fiber reinforced plastic exceeds that of aluminum
alloy by more than 50%, while its weight is 1.8 times less.
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Fig. 6. Dependence of strains on force

Figure 7 shows the characteristic deformations of the dynamometer rod as a function
of time for the specimen from aluminum alloy (Fig. 7, a) and the specimen from carbon
fiber reinforced plastic (Fig. 7, b). The results are given for two deformation rates.
For the aluminum alloy specimens, the strains rates are 0.303-10% s~! (solid line) and
1.96:10% s~! (dotted line). Results for specimens from carbon fiber reinforced plastic
are presented for strain rate 0.403-10% s~ (solid line) and 2.135-10° s~! (dotted line).
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It can be seen that an increase in the deformation rate is accompanied by a decrease in
the time required from the start of specimen deformation to its destruction.

100 A 100 A
oy "\
100 4, 100"
Ty on
' ! '
- : ‘I - I' T
50/ 504 y
D h
,': :"l‘l ; i )
' L MS
0 9| NI . 0
250 500 2 780° ]
] - 0 " - b
\) LY .
-50 s £ ’ -50
‘e LAY .
TIs ‘\ i J
a b

Fig. 7. Strains of the dynamometer rod depending on time

Figure 8 show an enlarged image of the place of destruction of the test specimens.
It can be seen that noticeable residual deformations are observed for the aluminum
alloy (Fig. 8, a). The destruction of carbon-plastic specimens is a process of tearing
apart individual layers, which in some experiments was accompanied by significant

delamination and pulling out of individual fibers (Fig. 8, b).

b

a

Fig. 8. Failure surface for aluminum alloy (a) and composite (b) specimens

Table 1 shows the obtained stress limits for aluminum alloy without and with con-
sideration of the change in sectional area during deformation. It can be seen that as the
speed increases, the ultimate values also rise. For an impact at a speed of 19.6 m/s,
the strength of the aluminum alloy is at least 1.48 times higher than the similar values
obtained for the static case. In the considered speed range, an increase in the strength of

the aluminum alloy is observed.
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Table 1. Strength of aluminum alloy under dynamic loading (without/taking into account the
change in the cross-section of the specimen)

Deformation rate, s~} | Yield strength, MPa | Ultimate strength, MPa | Strength enhancement
factor

0.303-103 528,7/539,3 610/681,8 1,32/1,47

1,960-103 596,7/623,0 685,6/763,3 1,48/1,65

The stress limit values for composite are given in Table 2. As the deformation rate
of carbon plastic increases, a significant increase in its strength is observed. When the
deformation rate is 2.135-103 s~!, the strength limit exceeds the corresponding static
characteristics by at least 57%.

Table 2. Strength of carbon fiber reinforced plastic under dynamic loading without/taking into
account the change in the cross-section of the specimen)

Deformation rate, g1 Ultimate strength, MPa Strength enhancement factor
0.403-103 788.82 / 828.69 1.10/1.16
2.135.103 1128.52/1212.44 1.57/1.69

6 Conclusions

The study of material behavior under intense short-term loads is a relevant and complex
problem in modern mechanics. Theoretical and experimental studies of the dynamic
behavior of new materials under high strain rate are of particular importance.

A theoretical and experimental study of the strength of materials used in aerospace
structures has been conducted. The limit values of the strength of aluminum alloy and
carbon fiber reinforced plastic at different constant deformation rates have been obtained.
The former is a highly ductile material, while the latter is characterized by brittle fracture.
Ithas been shown that as the strain rate increases, the strength of these materials increases
significantly relative to the characteristics obtained for static tests. At a strain rate of
approximately 2-103 s~!, the increase in strength for aluminum alloy is more than 48%,
and for carbon fiber reinforced plastic — 57%. For the carbon-plastic sample, this increase
is more noticeable compared to the aluminum alloy. However, the destruction of carbon-
plastic is more complex and depends on the orientation of the fibers. The destruction
of carbon-plastic is accompanied by partial delamination of the layers, cracking of its
matrix, and sometimes pulling out of fibers. Research into the dynamic properties of
carbon fiber reinforced plastic is accompanied by a greater spread of experimental values
than for aluminum alloy specimens, which is explained by the heterogeneous structure
of the specimens under consideration. This is further complicated by the use of small
(in size) specimens for dynamic testing.

A significant increase in the strength of the studied materials with an increase in
strain rate proves that when studying the strength of structures made of these materials,
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it is necessary to take into account the dependence of mechanical properties on the strain
rate.

The results obtained can be useful in the design of aviation constructions for the
accurate determination of the strength of structures under the influence of high-speed
loads.
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