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The experimental laboratory, in which the properties of thermal water
“Khachmaz” (p,p,T) in Khachmaz district, Azerbaijan were investigated,
was air-conditioned at a constant temperature of T=293.15 K. The results
obtained for the aqueous solution of water, toluene and NaCl (m=2.96661
mol-kg™) were compared with the data given in various sources. The obtained
results are presented graphically in the figures. In article, the dependence of
the density of Khachmaz thermal water of the Khachmaz region of Azerbaijan
on the temperature of p/(kg - m3) was measured in the high-precision
temperature range T = (278.15-468.15) in a tubular densimeter 5000M
Anton-Paar DSA. Using experimental values at selected temperatures,
analytical relationships of thermal water were established. The obtained
values are described by mathematical equations.

1. Introduction

There are various geothermal technologies in the world with different levels of development,
which are widely used in district heating systems, greenhouses and other applications. The
technology of generating electricity from naturally high-conductivity hydrothermal tanks is
also considered reliable. The majority of the geothermal power plants currently in operation
in the world are based on dry steam turbines or “flash” devices (single, double and triple)
and are used at 180 °C above hot water sources. Furthermore, new technologies are presently
being developed, such as Enhanced Geothermal Systems (EGS)
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Another option for a geothermal power plant uses natural geothermal resources, such as,
water heated to a high temperature as a result of natural processes. However, the scope of
such resources is limited. For example, in Russia, Kamchatka and Caucasian mineral water
regions are among them. Otherwise, as a result of high geological pressure, water itself freely
rises through a specially dug hole. This is a general operating principle that is applicable to
almost all types of geothermal power plants.

Also, the substantial work is being carried out in this direction in Azerbaijan. By decision of
the Republic of Azerbaijan dated October 21, 2004, the Ministry of Energy was instructed to
ensure the implementation of the provisions of the State Program on “the Use of Alternative
and Renewable Energy Sources”. The State Program reflects the applications of energy
sources that are convenient for our republic in this area, such as the use of wind energy, solar
energy, geothermal waters, hydroelectric power of mountain rivers, canals, as well as the use
of biomass energy. There are also fundamental possibilities of using the internal heat from
the Earth’s subsoil. ~According to the temperature, water or steam-water mixture can be
used for hot water supply and heat supply, for the production of electrical energy, or for all
of these purposes simultaneously. High-temperature heat of near-volcano areas and hot dry
rocks are preferably used to generate electricity and heat. The potential total operating
capacity of global geothermal power plants lags behind that of most other power plants
using renewable energy sources. However, the high energy intensity of individual
geographical regions where fuel and minerals are not available or relatively expensive, as
well as government programs are developing in this direction.

2. The problem statement and solution

From 1950 to the present, the works of all researchers in Azerbaijan contain a lot of diverse
and valuable information about the sources of mineral waters in different regions of the
republic. Also, many questions of their formation and genesis are still insufficiently worked
out and require in-depth study. This issue depends on solving the problems of prospecting
and rational use of hydro-mineral resources. In hydrochemical and hydrodynamic
approaches, the transition zone from less mineralized water to saline water, which is of
greater interest in terms of the detection of different types of mineral waters, has not been
studied yet.

The temperature of the mineral waters of Azerbaijan fluctuates between 4-65°C. This applies
only to natural water sources. At the same time, water with a temperature of 95°C is
extracted from the bowels of the earth in Azerbaijan.

The investigated thermal waters were taken directly from their exit zones and prepared for
experimental purposes by various chemical processing methods. These areas are rich in
nitrogen and hydrogen sulfide thermal and cold mineral springs. Sodium (Na) constitutes
the majority of the chemical elements of the “Khachmaz” geothermal power resource in
Khachmaz district, Azerbaijan. It accounts for approximately 72.41+90.12% of all chemical
substances of the “Khachmaz” geothermal power resource in Khachmaz district, Azerbaijan.
Before conducting the main experiments, the operating capacity of the experimental device
to be used was confirmed by conducting verification experiments with materials that have
high-quality experimental data. Since this vibrating tube method needs to be calibrated with
at least two substances, water and aqueous NaCl solutions, methanol, ethanol and toluene
were chosen as the main substances used for the calibration for this purpose. The process of
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calibration was analyzed. After the calibration procedure, the calibrated items were
repeatedly measured and the average error of the comparisons was analyzed. In a number of
cases, the experiments were repeated 4-5 times at the same temperatures, and the operating
capacity of the device was checked at different times, regardless of its charging difference
and the experiment. The laboratory where the experiments were conducted was air
conditioned at a constant temperature of T=293,15 K. The comparison of the results obtained
for the aqueous solution of water, toluene and NaCl (m=2,96661mol-kg?') with the
information given in the literature is shown in figures 1, 2 and 3.

3.Discussion of the research work and its results:

As shown in the figures below, the difference between the newly obtained density data and
the data given in the literature does not exceed the estimated errors of the measurements on
this device. Bi-distilled water was obtained in various laboratory facilities. NaCl, methanol
and other reagents were purchased from Merck company (Germany). The results were
always close to each other with small errors. All this testifies to the high accuracy of the
developed experimental device.
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Fig. 1. Dependence of measured water density on pressure at temperature
T=(278,15-468,15) K and difference from literature data IAPWS 95
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Fig. 2. Dependence of the measured density of toluene on pressure at a temperature of
T=(278,15-468,15) K and the difference with data from various literature (data up to 2000).
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Fig. 3. Dependence of the measured density of aqueous NaCl solutions (m=2,96661 mol-kq?') at
temperature T=(278,15-468,15) K and difference with data from different literature (data up to 2000).

After testing water, NaCl, methanol, ethanol and toluene (p, o, T), dependences (p, o, T) of
thermal water in Khachmaz district of Azerbaijan, as well as high pressure and
experimental device where vibration tube method is implemented at different temperatures
were measured.When measuring the dependences (p, o, T) in each equilibrium state, it was
sought to create as low pressure values as possible in order to obtain highly accurate density
values using graphical extrapolation at atmospheric pressure, which were compared with
the values of density measured on the DMA 4500 device. The data obtained by these
different methods are in good agreement within +0.02%. Each isotherm experiment was
performed with pressure intervals of approximately 5 MPa. Researches for all studied objects
were conducted at temperatures starting from T=(278.15+373.15) K and pressures up to p=40
MPa. The obtained experimental parameters (p, o, T) are given in table 1.

Table 1. Experimental values of the density of thermal water “Khachmaz” in Khachmaz district,
Azerbaijan at various pressures and temperatures

_p P T _h P T
MPa kg-m? K MPa kg-m? K
0.624 1004.04 278.15 1.160 989.32 328.02
5.004 1006.21 278.15 5.024 990.99 328.04
10.023 1008.65 278.16 10.079 993.00 328.17
15.012 1011.05 278.15 15.576 995.38 328.18
20.035 1013.43 278.14 19.985 997.22 328.19
25.036 1015.76 278.15 25527 999.61 328.17
30.054 1018.07 278.15 30.023 1001.50 328.14
35.124 1020.37 278.14 35.513 1003.58 328.12
40.021 1022.56 278.15 39.978 1005.37 328.06
0.539 1002.59 288.14 0.846 981.22 34315
5.006 1004.66 288.16 5.097 983.06 343.16
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9.855 1006.87 288.17 9.967 985.17 343.14
15.151 1009.25 288.17 15.525 987.55 343.15
20.064 1011.43 288.17 20.000 989.45 343.15
25.121 1013.64 288.16 25.586 991.82 343.14
30.103 1015.79 288.16 30.045 993.68 343.16
35.111 1017.92 288.16 35.514 995.98 343.15
40.145 1020.04 288.15 40.050 997.87 343.15
1.025 1000.15 298.27 0.846 974.29 354.24
5.079 1002.02 298.22 5.097 976.23 354.25
9.818 1004.22 298.22 9.967 978.33 354.27
15.593 1006.61 298.17 15.525 980.63 354.27
20.018 1008.46 298.13 20.000 982.58 354.27
25.104 1010.69 298.13 25.586 984.92 354.27
30.155 1012.85 298.12 30.045 986.83 354.28
35.089 1014.82 298.13 35.514 989.17 354.27
40.040 1016.88 298.13 40.050 991.07 354.27
0.898 995.52 313.08 1.626 962.02 372.90
4.995 997.25 313.10 5.059 963.59 372.90
9.972 999.20 313.15 10.042 965.73 372.96
15.563 1001.65 313.17 15.525 968.08 372.97
20.008 1003.42 313.20 20.014 970.00 372.99
25.534 1005.80 313.18 25.596 972.31 373.00
30.057 1007.65 313.19 30.001 974.44 372.90
35.586 1009.82 313.17 35.576 976.79 372.91
39.970 1011.52 313.15 40.013 978.53 372.92

Isotherms are plotted in p-o coordinates in the pressure range of 0,1-40 MPa (Figure 4).

40 F
35
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20
15
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Fig. 4. Dependence of pressure (p) on density (0) of thermal water “Khachmaz” in Khachmaz district,
Azerbaijan, calculated according to formulas 1-2: 4, 278,15 K; m, 288,16 K; A, 298,17 K; e, 313,18 K; ¢, 328,18 K;,
343,15 K; A, 354,27 K; 0, 372,96 K.

The measured density of thermal water “Khachmaz” in Khachmaz district, Azerbaijan was
also calculated on the DMA 5000M device at atmospheric pressure with an accuracy of
0.01% (more precisely than at high pressures). This device allows accurate measurements at
temperatures up to T = 363,15 K. The results obtained are written by the following equation

of state:
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p=Ap’+Bp’+Cp* (1)

It is proved that with an increase in the third limit of the Akhundov-Imanov equation, the
error in the description of experimental data decreases to Ag/o=+(0.001+0.003)%. The
coefficients A(T), B(T) and C(T) depend on temperature in polynomial form:

3 ) ) 2 )
AM=3a,T, BN =3bT, CT)=3cT @)
i=1 i=0 i=0
The values of the coefficients aj, bj vo cj in equation (2) are given in table 2.
Table 2.

ai=-3.9508587 bo= 8322.6444921 co=-6583.286607275
ax=0.019210690563 bi=-56.828468335 c1=45.23492762848
as=-0. 3685081337-10+ b2=0.103286734291 c=-0.07893862924

Equation (1) makes it possible to write down the experimental values of the dependence of
thermal water “Khachmaz” (p, o, T) with an average error of 0.007%, taking into account the
values of the coefficients A(T), B(T) and C(T).
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The focus of this paper is on systematic approaches towards effective
decision-making in complex adaptive systems through the application
of chosen tactics aimed at increasing the accuracy of the decision-
making process and the efficiency of the operations. Decision-making
in organizations is a daunting task in the face of complexity and
unpredictability which is the defining feature of dynamic systems.
This paper also surveys the literature in decision-making and
estimation, in particular, multi-criteria decision analysis MCDA and
system dynamics, as well as Pareto optimization. The goals of this
paper are to show the readers how these models, in their practical
application, have been enhanced through the integration of modern
technologies such as Al or ML for optimized decision-making in fast
evolving and wvolatile environments. The results indicate that if
employed and executed properly, systematic analysis can do wonders
in improving the manner in which decisions are made and the
performance of the organization as a whole. The study further
examines the tension when decisions are being made in real-time
such as the interplay between the quality of information and the
complexity of the model. In particular, this paper asserts that
systematic analysis can be effectively utilized across industries.

INTRODUCTION

Dynamic systems are essential in a number of industries and sectors namely, production,
logistics, health care, environmental, and financial. Such systems are also very sophisticated
and have a very high level of tolerance meaning that the decision makers are always at the
case and have to be on the move to make decisions. Considering the high level of
competition in the market, there are a number of variables that organizations have to deal
with such as demand and supply, proper management of supply chains, technological
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development and also legal requirements.[2] A clear characteristic of dynamic systems is that
they are connected to one another. So, when one part is altered, it has a chain effect to the
other parts of the system and vice versa, making the whole system even more complex and
unpredictable than it already is.[3] For example, in international logistics when freight is
delayed in one area it results to inefficiency and increased cost in other places. Such
situations point out the issue of selective modification required not only to tackle present
concerns but also future dynamics regarding the workings of the system. Systematic analysis
emerges as a pertinent mechanism of addressing concerns arising from dynamic systems. It
addresses systems theory and use system problems and relations between the parts of the
system. In order to solve complex problems, decision makers need a systematic analysis,
which enables them to determine patterns, assess tradeoffs and optimize outcomes by
breaking down problems into parts.[5] This type of decision making is used greatly in
industries where effective optimization of operations along with accurate decision makes the
business able to sustain competition in the marketplace. Participation of other multi criteria
decision making models, for instance, system dynamics, and Pareto optimization have also
made the systematic analysis more useful.

The models add quantitative and qualitative data to system dynamics to allow an organization
to make decisions that can prioritize different pressures and still be effective. For instance, there
are low scales of optimization of the production schedules and use of the MCDA in the
manufacturing sector to target waste cutting and energy use. The introduction of the modern
technologies like Al, ML, and big data analytics has made it possible to systematically analyze
data at a different level. With these technologies data can be processed and modeled in real time
and also scenarios can be simulated in a way that provides insights that are so critical for making
decisions. The modern societies are hostile or rapid changing environments, the systematic
analysis and the advanced technology will assist the structures of motivation and the selection of
strategies that help reduce the effective change volatility.[1] The primary purpose of this paper is
to identify in a general manner as to how systematic analysis can enhance the systems decision
making. Thus, while presenting an analysis of theoretical backgrounds, applications of
descriptive norms, and the problems encountered in implementation, this research aims to
contribute to the development of practical recommendations for practitioners and future studies.
[4] Further, the study examines the possibility of concrete parallelism in auspices for sustainable
initiatives, especially for rising business sectors struggling with challenges of financial
profitability on the one hand and environmental stewardship on the other hand. In conclusion, it
is the intent of this study to show that if the concept of systematic analysis is to remain relevant
to the ever-evolving fields of study the systematic analysis needs to be a reality in the current
world. Proper use of systematic analysis places companies in a more favorable light to cope with
complexity thus delivering both operational efficiency and strategic value.

LITERATURE REVIEW

The application of systematic analysis for dynamic systems has been studied extensively in
different fields among them in the industrial, logistical and service industries. Research has well
pointed out that decision making is an obscure terrain particularly in a stochastic environment
whereby contending components interact in a given system. The application of systematic
analysis in these contexts provides the state-of-the-art approach for decision-making in order to
enhance the quality of decisions and the effectiveness of the processes as well as management of
means. The relevance of this approach is most apparent in industries concerned with tangible
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products like manufacturing and logistics sectors, as well as the healthcare industry where the
deployment of decisions made yields considerable consequences for cost, time and general
system characteristics. The systematic analysis of the WSN design comprises one of the most
popular and efficient methods that are referred to as Multi-Criteria Decision Analysis (MCDA).
MCDA has been most used in the scheduling of production, the transportation networks and
managing inventories. In the case of the logistics sector, for instance, MCDA has been employed
to analyze supply chain management where the utilization of resources must balance need to
meet clients demand. Likewise, System Dynamics which is another major methodology in
systematic analysis has used for predicting the dynamics of the systems with time underpinning
the feedbacks and interactions. SD has been useful in the implementation and projection of the
unforeseeable results of decisions made in areas like energy, transport and the environment.
Pareto Optimization of objectives along with the systematic analysis or decision-making that
seeks to identify the best tradeoff between two conflicting objectives is also a large tool in the
field of systematic analysis. This method has been implemented to effective decision making on
resource deployment, production scheduling, and even on sustainability opportunities in
industries running into the problem of the profit-loss equation and its impact on the
environment and social responsibility. Nevertheless, there is still a significant gap between these
systematic models and real-time decision-making systems, to which they are too often apply.

It is, therefore, clear that most of the current studies have focused more on theoretical models, or
offline optimization methods that do not capture the dynamic and fast-evolving systems in the
current world. For example, simulations and optimization mean so much but they heavily rely
on non-real time data or heinous assumptions of the dynamic environment. In addition, there
appears to be a dearth of literature on the use of more advanced technologies in performance
modeling, including Artificial Intelligence (AI) and Machine Learning (ML).[7] In order to fill
these gaps, this paper will center its discussion on the combination of systematic analysis with
real-time decision-making systems, using Al and ML. These technologies can improve the
accuracy of systematic models, and improve the ability of decision-makers to address changes in
real time. For instance, Al and ML can analyze large amounts of data at a very fast rate, but also
to recognize patterns in data, and provide insights that can improve the decision-making process
in contexts characterized by risk and volatility. In addition, integration of the approaches can
improve questions that may be associated with data quality, model capacity, and scalability of
the systems used in making decisions. In this paper, the author aimed at synthesizing previous
findings on the systematic models and an attempt to examine the existing issues” strengths and
limitations while discussing the implications of Al and ML. It aims at present a systematic
information-sharing approach for illustrating how these sophisticated technologies can enhance
decision-making in the complex system, thus enhancing the systemic effectiveness, productivity,
and viability of organizations, all vying in uncertain contexts.[6]

THEORETICAL BACKGROUND

An approach to conducting a systematic analysis for decision-making in dynamic systems comes
from systems theory which in turn considers elements of the systems as intricately linked to one
another. As Ludwig von Bertillon, the father of general systems theory has it, the behavior of any
given system is a product of the interactions between elements of the system and not the
interactions between the parts. This integrated approach is critical in describing complex and
open systems with far reaching consequences where tweaks in one part may cause disruption to
the whole system.[10]
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1) Key Decision-Making Models
Several models are integral to systematic analysis in dynamic systems:

. Multi Criterion Decision Analysis (MCDA) aids in the assessment of multiple conflicting
factors in a single decision-making process. It is now applied in such sectors like manufacturing,
logistics and environmental to facilitate right decision making within the specified factors such
as cost, risk and time.[8]

J System Dynamics (SD) is a method that was designed to show how systems behave
within frameworks of positive feedback feedback loops, and time lags. Hence it is especially
handy in modeling future repercussions of some decisions, say in logistics or medicine.[8]

. Pareto Optimization is that the process of making decisions which means that ranking
objectives and balancing the positive results against the negative impacts of change to avoid
worsening any goal, while seeking to enhance the other. It is deemed appropriate for deciding
efficient use of the resources in a changing environment.[8]

2) Use of modern technology in production line

Al and ML improves systematic analysis through real time data processing, predictive data
analytics and automated decision making where necessary. Applications of Al and ML models
enhance decision-making since they provide highly accurate solutions in situations where there
is ambiguity and fluctuating conditions more so in the supply chain and production. [8]

3) Challenges in Decision-Making

However, it has been known that systematic analysis has certain limitations such as data quality,
complexity of the model, and incorporation of real time data. Even if data is not entirely accurate
or complete, the decisions made using the data may be flawed, on the other hand, complex
models make understanding and acceptance of their conclusions hard.[8]

4) Role in Decision-Making

Decision-making is well-coordinated when there are a flow, feedback, trade-offs, and other
factors are considered systematically as encompassed by systematic analysis. The integration of
Al and ML further enhances decision-making in dynamic environments, improving both
efficiency and adaptability.

RESEARCH METHOD

The approach taken by this paper is that of qualitative research with a view of extending the
application of systematic analysis in dynamic systems. The reason why the qualitative approach
is selected is that this approach takes into account the factors that characterize decision making
processes and the context in which they occur in practice. The research mainly focuses on action
research, case studies and simulations with respect to decision making models and its actual
application in working organizations especially in manufacturing and service sectors.
Management decision-making models used in this study are Multi-Criteria Decision Analysis
(MCDA) and Pareto Optimization. [7] MCDA is applied in order to evaluate and rank more than
one solution simultaneously when trade-offs are present: all criteria are considered leveraged to
the expected extent. For instance, in manufacturing the MCDA can be used to assess the best
manufacturing procedure by comparing the cost, time and resource use. For organizations in
service delivery, it assists in the distribution of resources in an efficient manner whilst at the
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same time delivering desirable satisfaction levels among customers. Pareto Optimization is used
to take decisions on the tradeoff between two objectives where one wants to optimize one
objective while keeping other objectives as low as possible in order not to harm other aspects. In
specific, logistics can try by use of Pareto Optimization where one tries to provide the best
outcome in two elements such as the cost of transport and time for delivery.[9] Furthermore,
there are simulations to detect and compare decision making approaches under actual
circumstances. As the research explores plausible situations it analyses present decisions on
future system behaviors taking feedbacks and system dynamics into consideration. The
simulations also demonstrate how decision support systems CDRSS can be supported using
technological assets of Al and proximate learning systems in real time decision support. The use
of these methodologies is to show the effectiveness of systematic analysis in enhancing decision
making of dynamic systems for effective performance hence sustainable results.

CHALLENGES IN DYNAMIC SYSTEMS

Systems are dynamic, and this in itself creates a number of issues with regard to decision
making, firstly they are unpredictable, secondly, they are constantly changing. These are due to
coupling between the elements of the system, risk and the necessity for synchronization of the
decision making.[9]

1) Uncertainty and Complexity

The systems dynamics models are very responsive to changes and variations and this implies
that-even if a slight change is made — a big difference is noticed. For instance, in the
manufacturing industry, slight variations in the manufacturing procedures cause significant
disturbances affecting the supply systems and chain both in terms of time and costs.

2) Data Quality and Availability

Timely and relevant information is important in the decision making of an organization.
However, dynamic systems have related issues such as, data inconsistencies, incomplete data
and delays which limits the applicability of decision models including MCDA or System
Dynamics.

3) Feedbacks and non-linear coupling

Complex adaptive systems are yet intertwined by feedback and present nonlinear relations.
Little negatives or positives may build up over time as they are magnified creating confusion,
where decision makers need to consider both the proximate gains or losses and the ultimate
impact of their decisions.

4) Decision Support and Flexibility in Real Time

Implementation of real-time decision support is relatively difficult as information flow may be
slower and environments dynamic. The structure of decision-making models has to be very
adaptable to changes because of the high dynamic nature of the system.

5) Decision making models provide the opportunity to scale up decision making within an
organization.

Decision making models are the cornerstone of an enterprise’s success, but as systems continue
to grow more massive, the model’s scalability becomes problematic. For extended structures like
global supply chains, more sophisticated models are needed on account of the growing quantity
of parameters and interrelations.
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Creating a System Dynamics Model
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Figure 1: Creating a System Dynamics Model [9]
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TECHNOLOGICAL INTEGRATION IN DECISION-MAKING

In dynamic environment the application of advanced technologies like artificial intelligence and
machine learning, big data analytics has enhanced decision making processes. They provide
capability to analyze large, big data sets, detect and understand patterns, and make optimized
decisions in near-real time, thus improving overall flexibility in heavily kinetic landscapes. [2]

1) Role of Al and ML

Al and ML are core enablers of technological solution deployment in decision making. Machine
learning algorithms continuously mine extensive data and then estimate the best course of
action. For example, in the supply chain sector, it generates demand forecasts, determines the
best way to deliver goods, and avoid excessive expenses. While, Machine Learning, gets adapted
to data and learns progressively to make better predictions and better decisions in the future. In
the field of healthcare, the use of ML is to try to predict the status of a patient which will lead to
efficient usage of resources and increase in the right measure of treatment.

2) Big Data Analytics

Dynamic systems produce massive volumes of data known as big data which cannot be
processed by conventional decision-making tools. Big Data Analytics ensures that organizations
are able to manage this incoming and outgoing information to find out significant trends existing
within an organization. For instance, in the financial sectors, big data analytic is applied in risk
evaluation d and formulation of preventive measures.

3) Decision-making models are one of AEP’s strengths; integrating them is its weakness.

AT and ML supplement conventional decision-making frameworks including the Multi Criterial
Decision Analysis (MCDA) and System Dynamics (SD). Al-integrated MCDA enhances decision
making under conditions of risk and uncertainty, while Al-based SD simulations give decision
makers insights into the future consequences of their strategies, and insights into system
behavior.
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Table -1: Programmability [2]

Low Task Programmability High Task Programmability
Low Asset High Asset Low Asset High Asset
Specificity Specificity Specificity Specificity
Low .
N bili 1. Spot Market 2. Long-Term 5. Spot Market 6. Joint
on-separability Contract Venture
High 3. Relational 7. Inside
v ili I 4. Clan I 8. Hierarcy
Non-separability Contract Contract

DISCUSSION

The conclusion of this investigation supports that systematic analysis contributes towards an
improved quality and utility of decisions in complex and unsteady environments. Therefore, if
organizations apply other models like the Multi-Criteria Decision Analysis (MCDA), System
Dynamics (SD), and Pareto Optimization, it will ease decision making processes in organizations
facing more challenging environments. These methodologies enable the decision-makers to
compare different contribution factors, probabilistic estimates and optimize the resources
adequately.

However, there remain problems in its utilization. Information quality still remains a challenge
because inefficient data creates a major problem in making decisions. Furthermore, due to the
complexity of many models such as SD and MCDA, they are not easily applicable, especially in
large and more complicated systems. Real-time decision-making systems are another challenge,
where technologies compatible with the actual infrastructure for performing fast data analysis
are integrated.

Every one of these challenges has an opportunity to be addressed by technological solutions like;
Artificial Intelligence (AI) and Machine Learning (ML). These tools allow one to make the
analysis and optimal decisions rather quickly as well as improve the flexibility of systematic
analysis in rapidly changing conditions. Nevertheless, it is crucial to ensure a proper mix of
technologies and people because contextual information and ethical concerns remain crucial
drivers for the choices made in the organization.

CONCLUSION

Another significant finding apparent from literature synthesis is that the systematic analytical
method is a valuable tool in making decisions in organizations operating in dynamic
environment, where conditions are volatile, complex and organizations experience change at
high rates. Structured models like Multi-Criteria Decision Analysis (MCDA), System Dynamics
(SD) and Pareto Optimization when applied can increase accuracy of an organization decision-
making, increase organizational effectiveness and reduce organizational susceptibilities. They
offer effective strategies for analysis of prospects, treatment of results as well as the maximization
of resources in various settings.

The advancement in technology, such as, Artificial Intelligence (AI), Machine Learning (ML), Big
Data Analytics have brought the potential of systematic analysis to the next level. These
technologies provide users with the ability to process data in real-time, make forecasts and adjust
to various conditions, which is possible to achieve due to support of organizations. For instance,
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Al and ML can improve production planning, supply chain demand forecasting and improve
decision-making in rapidly dynamic environment.

Nevertheless, data quality, model and framework’s complexity, and the scalability of using
decision-making frameworks are still big issues. Each of these challenges will need more
improvements in data governance, generating better and easily interpretable models, and
funding for training professionals equipped with adequate legal knowledge to manage such
technologies. In addition, decision-makers need to adopt sustainable decision-making
frameworks to address organizational performance with sustainable standards and
responsibilities.

Thus, the findings of this study make a valuable contribution to the literature for illustrating that
incorporations of technology into the processes of marketing and new product development
should be combined with human consideration to avoid a negative impact. Though systematic
analysis and particularly Al can offer quantifiable analysis, it is the end user who is individually
in charge of crucial discernment of the issue at stake, its cultural background, and the values that
govern solutions in sectors such as healthcare, environmental science or political science.
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The article is dedicated to the use of information technologies in the process
of ordering food through a mobile application. Here, users can get
information about certain food items, learn their prices, and add their
favorite dishes to the cart. Additionally, users must go through login and
registration processes to use the application. The profile screen will display
the details associated with the user’s login. On the Food screen, users can
complete the process by pressing the button on the dish they want to add to
the cart. This application also provides users with fast delivery and payment
options. Meals are divided into various categories, making the selection
process easier. Each dish comes with detailed descriptions and reviews.
Users can save their favorite dishes and reorder them later. The notification
system keeps users informed about the status of their orders. The mobile
application uses modern technologies to offer an intuitive and user-friendly
interface. Ordering food is easy, fast, and secure. These features make the
application stand out.

1. Introduction

Xcode—Xcode is a powerful integrated development environment (IDE) designed by Apple
for the macOS platform. It is used to develop applications for iOS, macOS, watchOS, and
tvOS. Xcode is intended for both beginner and experienced developers and is one of the most
essential tools within the Apple ecosystem.

Key features of Xcode include:

* Programming language support — Supports languages such as Swift, Objective-C, Ruby,
Python, C++, and C;

¢ Simulators — Allows testing applications on virtual devices for iPhone, iPad, Apple Watch,
and Apple TV;

¢ Interface Builder — Works with storyboard and XIB formats;

* Debugging — An essential tool for identifying and fixing errors and bugs in real-time.
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Xcode is the most optimal environment for developing Apple applications. It can be
downloaded for free from the Mac App Store.

Xcode is an indispensable tool for development in the Apple ecosystem, offering powerful
features that meet the needs of modern developers.

II. DESCRIPTION OF THE PROCESSING SYSTEM

First, to start the project, we need to download Xcode to our system. After the download
process is complete, we open Xcode, click on “Create a new project,” and select the “Single
App” option. At this point, Xcode generates several functions and classes in the background
to enable us to use the simulator and implement the code we will write. The stages of
application development can be outlined as follows:

A. Configuring the login and registration screens.

B. Creating a custom class for the main (home) screen and using a collection view.
C. Creating helper classes.

D. Utilizing a JSON file.

E. Preparing the cart and profile screens using a navigation item.

A. Configuration of login and register screens

There are two methods for creating a login screen: using storyboard or implementing it
programmatically. However, in this article, I will focus on extensive use of storyboard and
XIB files. First, we add a view controller to the storyboard. To link this controller to a file, we
create a separate view controller class. To establish the connection between the storyboard
and the class, we navigate to the Identity Inspector section in the storyboard and assign the
name of the created class to our screen. The same process can also be applied to the register
screen. The register screen will require basic user information, such as the user’s name,
email, email password, and mobile number. Once the user provides this information, they
can navigate to the login screen, where the data entered in the register screen will also be
visible. This process is called data transformation and can be implemented using closures.
Alternatively, it can also be achieved by creating a separate protocol and using a delegate.
The information entered by the user during registration will be stored in a separate file,
which will be used to verify the accuracy of the login details. If the entered login data does
not match the information in the existing file, an error alert will appear on the screen. If the
data is correct, the user will be redirected to the main (home) screen.To achieve this, the
following Ul elements will be used:

UlTextField: For entering text inputs like username, email, and password.
¢ UlButton: For actions such as login and register.
¢ UIView: For creating custom animations.

To incorporate animations, one of the most optimal methods is using Lottie files. On the
Lottie Files website, you can search for and find custom animations that suit your app’s
needs and integrate them into your code. To use Lottie in Xcode, you can download the
Lottie package manager from GitHub. Once the Lottie library is integrated into your project,
you can utilize it to enhance your application with custom animations. (Fig. 1)
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Fig 1. Login and register screens
B. Creating a Custom Class for the Main (Home) Screen and Using Collection View

A collection view is used on Apple devices to display multiple images or data items either
side-by-side or top-to-bottom. Examples of collection views can be found in market
applications or apps for selling clothing or goods. For the home screen, we assign a collection
view to the controller in the storyboard. However, we create a custom class for the cells and
define the cell size and the data to be displayed within that custom class. In addition to the
custom class, we also create a XIB file for the cell. This XIB file will be used across two
screens. One of the advantages of using XIB files is that if the same cell is required on
multiple screens, creating it once is sufficient. After creating the cell class, we register it to the
collection view on the home screen and call certain protocols to configure it. (Fig. 2)

Fig 2. Home controller code description
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To keep the code clean and organized in this controller, the following steps can be taken:

* Create a separate function to handle the logic inside viewDidLoad and call that function
within viewDidLoad.

* To avoid cluttering the HomeController class, write an extension for it.

¢ In the extension, call the necessary protocols required for the HomeController. These
protocols were mentioned above. Once we conform to these protocols in the extension, some
functionalities will need to be integrated into the code. These functionalities are
numberOfltemsInSection and cellForltemAt. With the help of these functions, we can display
data on the screen and handle navigation between screens.

* Navigation between screens is configured using the didSelectltemAt function. This
function allows us to display data and details on the food screen based on the cell clicked on
the Home screen.

The Home screen consists of 6 cells, and the navigation bar contains 2 items. (Fig. 3)

18:06

Fig 3. Home controller

When a user clicks on a cell in this view, the corresponding food items will be displayed, and
with each click on the button within the food item, that food will be added to the basket
screen. In this controller, we will use the same XIB file that was used in the Home screen. The
only difference is that this XIB file will be registered with the collection view in the
FoodController. Additionally, as mentioned above, we will conform to the necessary
protocols via an extension. This setup will ensure proper functionality for the food selection
and basket actions. (Fig. 4)
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Fig 4. FoodController class

Surrvng TooeApp on Snore 16 ro

Fig 4. FoodController extension

In the FoodController, we add an “Add” button to the cell, allowing the user to add the
desired food items to the basket screen by pressing the button. (Fig. 5)
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Fig 5. Food Controller screen

Creating helper classes

In this project, there are 2 helper classes and 3 struct models used. The struct models are
Foods, FoodCategory, and User, and they are utilized for data transfer between screens and
displaying data on the UL The helper classes are FileManagerHelper and
UserDefaultsManager. These classes serve different purposes.

¢ UserDefaultsManager is used mainly for handling small-scale data, such as checking
whether the user is logged in or not.

¢ FileManagerHelper is used for storing the user’s data in a file when they register.

However, there’s an important nuance here: both UserDefaults and FileManager store data
inside the application, meaning that if the app is deleted, all the stored data will be wiped
out. In such cases, using Keychain is more appropriate because it stores data on the phone
itself, not within the app. Keychain is better suited for storing larger data and handling
transformations. The best approach for using UserDefaults is to create a dedicated class for
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it. The class mentioned above is designed to handle this. Inside the class, enums and
functions are used, with the enum simplifying the creation of instances. This makes the code
more readable and easier for other developers to understand. This class will be used mainly
in the SceneDelegate and Profile screen. In the SceneDelegate, we check if the user is
logged in using UserDefaults. If they are, this information is saved in UserDefaults. When
the user clicks the login button, the information will be saved in memory. At this point, the
root screen of the app changes. The root determines which screen the user will see when they
open the app for the first time or the second time. Logically, if the user is already logged in
or registered, these screens will not be shown again. Therefore, when the user clicks the login
button, the root will change to the Home screen. From then on, whenever the user enters the
app, they will be greeted with the Home screen. (Fig. 6)

Fig 6. UserDefaultsManager class

Using JSON file

JSON files are typically used when fetching data from APIs. However, in this current project,
you can also use a JSON file to display data, but you will have to manually input the data
into the JSON file. The data inside the JSON file must match the structure of the struct
models so that the data can be transferred from the JSON file to the struct model. If they do
not match, no data will be displayed on the screen, and an error message will be shown in
the console. There is a common method to transfer data from JSON to the struct model,
which is widely used. (Fig. 7)
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Fig 7. Reading from JSON file

As seen, data is read from the JSON file using the JSONDecoder function. We assign the
decoded struct to the instance we created. For this, the instance must be of a variable type. If
it were a let constant, the compiler would throw an error.

Creating the basket and profile screens using navigation items

If you want to navigate to other screens from the home screen using the navigation item,
you first need to assign a button to the navigation item in the code. When the user clicks on a
button, the navigation controller will ensure the transition between screens and display the
content of the respective screen. For navigation items, system-provided images are used to
make the user interface more visually appealing. The basket button will be on the right side,
and the profile button will be on the left. Thus, by assigning Objective-C-style selector
functionality to each button, we define which screen will be shown when the user clicks on
each button. This is how the navigation item is provided in the code. (Fig 8).

: UICollectionView!

Fig 8. Navigation Items
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Thus, each button has its own functionality.

In the Basket screen, a TableView is used, and for the table, a custom class and xib file are
created. In the xib file, the design is structured according to the data to be displayed on the
screen. Inside the cell, UIlmageView and UlLabels are used. Three main labels will be used
here: one will display the name of the added food, one will show the quantity of the food,
and the other will show the total price of the food based on the quantity. Some mathematical
functionalities are also applied here. Below the TableView, a TableFooter is used. The
TableFooter will remain fixed at the bottom of the table, even as the table is scrolled down.
The footer will calculate the total amount of the added foods. (Fig 9).

Fig 9. Configuration of basket screen

As seen here, the register function is also used for the TableView. By registering, we specify
that the xib file will be inside that TableView. The user can delete the foods they have added
to the basket at any time. When this happens, the price of the deleted item will be subtracted
from the total amount. If we express the calculation of the foods in a mathematical formula,
it would look like this:
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count = addedFoods.count
price = addedFoods.price * count
deletedItemPrice = price * count
totalPrice = totalPrice — deletedItemPrice

it can be shown as follows. (Fig. 10).

< Home Basket
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Count: 1 $8.0

Beefcake Burger

Count: 1 $9.0

Chicken Burger

Count: 1 $11.0

BBQ Burger

Count: 1 $100

Total Price: 67.08

Fig 10. Basket screen

In the profile screen, the data associated with the email the user logged in with will be
displayed. To achieve this, when the user clicks the login button on the login screen, we use
UserDefaults. We store the logged-in email in the app’s memory using UserDefaults. Thus,
in the profile screen, the data corresponding to the logged-in email will be displayed. This
data will be shown on the screen using a filter function. (Fig 11).

Fig 11. Configuration of profile screen
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With the filter function, we filter from the existing instance and assign the filtered result to a
new instance. During the filtering process, we retrieve the data by matching the email from
UserDefaults. This way, the user will be able to see the account details of the last login. (Fig
12).

< Home Profile

Username: senan

Email: senan@gmail.com
Password: 12345

Number: 09919121919

Fig 12. Profile screen
III. PERFORMANCE IMPROVEMENT

The article presents an analysis of the development of a mobile application for the food
ordering process. While the proposed system is functionally appropriate, the following
suggestions could be made to further improve performance and user experience:

¢ Use of Database Instead of User Defaults and FileManager: Transition from using User
Defaults and FileManager to a more robust database solution like Core Data or SQLite to
handle large volumes of data more efficiently.

e Increase Asynchronous Processes: Enhance the app’s responsiveness by utilizing
asynchronous processes for tasks such as network requests, image loading, and database
operations, ensuring smoother performance and a better user experience.

¢ Optimize Memory Usage: Use memory efficiently by implementing strategies like data
caching and minimizing memory leaks, which can improve the overall performance of the

app.
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e Improve Network Performance: Optimize network operations by implementing
techniques like data compression, background fetching, and error handling to reduce latency
and enhance the speed of data transfers.

* Testing and Monitoring: Incorporate extensive testing (unit tests, Ul tests) and continuous
monitoring to identify potential issues early, ensuring the app works seamlessly across
different devices and network conditions.

This article not only addresses the technical aspects of app development but also focuses on
solutions aimed at enhancing user experience. Each suggested feature highlights effective
methods used in iOS programming for better performance and user satisfaction.

Conclusion and discussions

Using FileManager and UserDefaults as a small-scale database is aimed at simplifying the
user’s experience and making the food ordering process more accessible. This ensures that
user data is neither lost nor altered unintentionally. By leveraging FileManager, a secure
environment is created, which is crucial for safely storing and accessing user data. This
approach ensures that the information is protected and easily retrievable when needed,
contributing to a more reliable and secure app experience.
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Article history: This paper presents the deformation of the teeth of disk cutters when milling
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Received in revised form: 2025-03-05 depending on the cutting modes of the grooves, a significant cutting force
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Available online the direction parallel to the axis of the cutter, which affects the quality of

manufacturing rectangular grooves and the choice of the allowance for
sharpening the teeth of the cutter. And, to develop a new technology for
sharpening disk cutters, ensuring with minimal removal of the allowance, the
identity of the tool profile and the elimination of its runout.
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JEL Classification: L60, O33

I.  INTRODUCTION

Wood materials are widely used in the production of furniture for various consumer purposes,
with chipboard being the leading material. Depending on the furniture design, grooves of
various shapes and geometric dimensions are milled on wood boards. Most often, rectangular
grooves with a depth of up to 10 mm are milled on chipboard boards. Milling rectangular
grooves on chipboards uses disc cutters with different diameters and numbers of teeth.
Rectangular grooves 3-10 mm wide and up to 10 mm deep are milled with disc cutters with a
diameter of 100-125 mm and a count of teeth is 24.

The deformation of the cutting teeth of the cutter, along with other factors, largely depends on
the choice of the tool body material. The body of the disc cutter of the KONIG brand, type WZ
TUNGSTEN HARTMETALL with a diameter of 100 mm, having 24 teeth, which is used for
cutting rectangular grooves on furniture parts, produced according to GOST 14959-79 or to
GOST 5950-73, the disk hardness is 40-45 HRC». The material of the cutting part of the disk
cutters is made according to GOST 3882-74. The shape and dimensions of the carbide plates
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choosen according to GOST 13833-77. The thickness of the cutter is 3.0 mm. Carbide plates of
various shapes are soldered to the top of the teeth of the cutter body, after which the cutter is
sharpened and the necessary geometry is ensured [5].

When milling grooves wider than 3 mm, the cutter forms it in several passes. During the first
pass, the cutting teeth of the cutter on the front, rear and both end surfaces at a high rotation
speed (20-100 m/s) contact the processed wood material and chips are formed. Such a pattern of
contact of the teeth of disk cutters creates complex contact and force pressures on their surfaces.
Therefore, at a high cutting speed, large forces arise that affect the deformation of the cutting
teeth [6].

It is known that [1] in the production of furniture using wood-based materials, which are made
by pressing plasticized and glued laminated mass in the form of chipboard and MDF. Therefore,
when processing such materials, the deformation of the teeth of disk cutters depends on their
structure and indicators of physical and mechanical properties. Since, depending on the
properties of wood, the density of its structure and humidity significantly fluctuates within wide
limits. Therefore, the teeth of disk cutters when milling rectangular grooves under the influence
of cutting forces are subject to uneven deformation, leading to beating of the cutting tool.
Analysis of the process of milling rectangular grooves with disk cutters shows that the cutting
teeth of the cutter when processing chipboard are also subject to varying degrees of wear both
cutting edges and on the front and back surfaces of the tool. Uneven wear of the cutting teeth
leads to a change in the nature of the cutting forces, its direction, action, and trajectory, which
differently affect the resulting deformations of the cutting teeth of the cutter [7].

It is known that wood materials subjected to milling have a pronounced parallel-layered struc-
ture, in which the anisotropy of mechanical properties acts on the cutting tool in two directions,
i.e., parallel, and perpendicular to the planes. Therefore, when milling chipboard, its non-
uniform structure leads to varying degrees of wear of the working surfaces of the cutter, under
the influence of which the wear and deformation of the cutting teeth of the cutter separately
differ from each other. Based on the research work carried out on milling rectangular grooves on
chipboard, it was found that the study of the deformation of the cutting teeth of the cutter when
processing rectangular grooves will allow us to establish the direction of reducing the
deformation of the cutting teeth of the cutter to improve the quality of the processed groove [2].

II. RESEARCH METHODS

The experimental study was conducted at the furniture factory “HASANOGLU” on a machining
center with a CNC portal “profi line BHT 500", the processing was carried out with KONIG
brand cutters, type WZ TUNGSTEN HARTMETALL with a diameter of 100 mm and 24 teeth.
The dimensions of the milled groove were hxb = 10x3.0 mm, the grooves were milled with a
length of 50,000 m. The depth on each pass was 5 mm. The longitudinal feed rate was taken as
Steed = 12 m/min (So = 125 mm/tooth), the rotation speed of the cutter was 20 m / s. The milling
power was measured using a special setup consisting of an ACTDN24685 wattmeter, a UTT5
type current transformer and an additional resistor DV30 pA, 5000 Ohm. After measuring the
milling power of chipboards, the cutting force P: is calculated and, on its basis, the forces Pyand
Px are calculated [24,25,26,27,28].
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The method of measuring the deformation of individual teeth on the side surfaces, i.e. in the
axial direction of the cutter, is that the cutter is installed on the shaft of a special installation,
which is shown in Fig. 1,

Fig.1. Device for measuring the deformation of the teeth of a disc cutter

and an indicator with micron accuracy, fixed on a tripod, touches the side surface of one tooth,
the indicator readings are set to zero, after which the cutter is turned to the next tooth and the
indicator measures the magnitude of its deformation. In this case, the difference in the indicator
readings when measuring the next teeth is applied to the table and their deformation is
calculated. After measuring the deformation of all teeth, the runout of the disk cutters is
calculated to develop a technology for sharpening the cutter teeth [3,9,11]. (fig. 1).

As is known, when processing rectangular grooves with disk cutters, the cutting teeth are
affected by the cutting forces that arise during the chip formation process. In this case, the cutting
teeth of the disk cutters form chips within the rectangular grooves, a process that occurs in a
closed milling condition. In this case, the position of the processed surface and the feed direction
relative to the wood fibers are along the fibers. The scheme of milling rectangular grooves with a
milled disk cutter on a machining center with a CNC portal "profi line BHT 500" is shown in Fig.
2, from which the tangential (tangent) cutting force P at point "0" acts along the front surface of
the cutting teeth of the cutter, where the chip is formed. In this case, a normal cutting force Py
arises, which is directed perpendicularly to the cutting surface along the vertical axis of the
cutter. The force Py, which is the axial cutting force, acting along the horizontal axis of the cutter,
depending on the anisotropy of the cut wood, affects the end surfaces of the cutting teeth and
leads to the appearance of deformation of the cutter teeth in the axial direction (O - O)
[18,19,20,21,22,23].

Since when processing rectangular grooves on chipboards, the workpiece is installed and
secured on the machine table and the spindle with the tool, along with the rotational movement,
performs longitudinal feed, therefore, the accuracy of the formed surface and the dynamics of
the process are affected not only by the cutting forces, but also by the kinematic movements of
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the spindle unit of the machine. As noted above, the deformation of the cutting teeth of disk
cutters when processing rectangular grooves on chipboards occurs due to the kinematics of the
rotational and longitudinal movement of the machine spindle [8,13,14,15,16,17].

Vertical axe
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Fig. 2 Scheme of milling rectangular grooves on the machining center with CNC portal
“profi line BHT 500” (the drawing was made using the LibreCAD program)

It is known that when processing rectangular grooves on furniture parts, the cutting teeth of disc
cutters are affected by the cutting force “P”, which consists of the following components:
tangential (tangent) P, radial Py and axial Px. Considering these components of the cutting forces,
the total cutting force “P” when milling with a disc cutter can be determined from the following
equation [10,12]:

P= /sz +P7+P? N 1)

Analysis of the process of milling rectangular grooves shows that depending on the cutting
depth, the length of the arc of contact of the cutter with the surface being machined changes.
Depending on the length of the arc of milling L (Fig. 3) and the depth of groove processing, the
number of teeth simultaneously participating in the milling process will be different. Therefore,
the value of the tangential force P will be determined by the following formula [4]:

Py = Pyt * Zcye. )
where, P — tangential force acting on one tooth of the cutter,
Zart.- the number of simultaneously cutting teeth.

Zat. — can be determined from the following formula:
L

©)

Zour. = teeeth
teeth — the value of the axial pitch of the teeth.
Arc length at milling rectangular grooves we determine from Fig. 3 as follows [4,8,9]
2nR
L= :R * (@cont + Pout) (4)

where, @ent — contact angle of the tooth of the disk cutter

Pcont = Pout — Pin )
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¢in — angle of tooth entry into the material

@out— angle of tooth exit from the material.

Fig. 3 Parameter diagram for cutting rectangular grooves.

III. RESEARCH RESULTS AND THEIR DISCUSSION

A rectangular groove on chipboard is milled with a disc cutter with a diameter of 100 mm, the
number of teeth is 24. Considering the parameters of the cutter, the following can be calculated:

nD  3.14 %100

trooth = 7 = T = 13.08mm

Qin = arccos% (6)
where h - is the distance from the center of the disc cutter to the processing surface
h=R-t )
where, t — milling depth, mm
R — cutter radius, mm.
When processing rectangular grooves, t=10mm is taken, while
h=50-10 =40 Mmm
then from here ¢;,, = arccos % = arccos0,8¢;, =

= 36,87°

40-10 _

h—t
Also @,y = arccos —— = arccos
= arccos0,6 = 53,13°

We determine the number of cutting teeth simultaneously involved in cutting as follows:
L

Zeut = T— ®)
where L is the length of the contact arc
2nR 2-3,14-50
L= 360" (Pcont T Pout) == a0 " (53,13 + 16,26) == 0,8722- 69,39 = 60,523 MM
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60,523

—— = 4,63 tooth is taken as 5 teeth.
13,08

Then z.,; =

Thus, when processing chipboards with cutters of 100 mm diameter, with a processing depth of
10 mm, 4.63 teeth are simultaneously involved in cutting. We determine the quantities tangential
(tangent) cutting force on the arc of contact. We determine the average tangential force on the arc
of contact of the blade with the workpiece Fxand the average cyclic Fx:

Fye = Fy1 b acor, (9)

where, Fx is the tabular tangential force for particle boards, amea=0.16; density of chipboard is 700
kg/m?, Fx=8.1 N/mm? [4].

b — milling width per pass, equal to 3 mm,
acor — general correction factor, determined from the following equation [4]:
Acor. = Atw ¥ Ay * Ap ¥ Ag ¥ Ay * A¢ (10)

where aw —correction factor for the type of wood used to make the particleboard (on average, we
take it equal to 1)am=1;

aw — correction factor for particleboard humidity (with humidity of 5-8% equals 0.9) aw=0.9
ao— correction factor for blade dullness, ac=1.7

as — correction factor for the cutting angle, as=0.86

av — correction factor for cutting speed, av=1.07

at— correction factor for the processing depth, a:=0.8
Thus acor = agy *ay *xa, xag *a, *xa, = 1 *
*0,9 % 1,7+ 0,86+ 1,07« 0,8 = 1,1263
Fye =Fy1-b-agr =8,1-3-1,126 = 27,362N
Total tangential cutting force is
Fyy = Fx¢ * Zeye = 27,3625 = 136,81N

Fxy — cutting forces are designated as the total tangent force equal to P.. Then the normal cutting
force during groove milling can be determined from the following equation

P, = P, % cos@qy = 136,81 * c0s53° = 136,81 *
*0,6018 = 82,333N
The axial force when milling a rectangular groove 3 mm wide will be:
P, = P, * cos@iy, = 136,81 * cos37° = 136,81 0,7986 = 109,261N

Thus, the total cutting force coming per 1 mm? of area during milling will be

P= |PZ+P}+P2 == \/136,812 + 82,3332 4+ 109,2612 == \/18716,9761 +6778,722 + 11937,966 =

= \/37433,664 = 193,478 N

If we take into account that rectangular grooves with a width of 3 mm and a depth of 10 mm are
milled, at the same time in this case the total area of the cut layer was . Based on this, when
cutting a given groove, the cutting forces that arise willbe: P=b-t =35 = 15 mm?
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Py=P:-b-t=193,478-3-5=2952,17N
We calculate the total cutting forces proportionallyPzot, Pytot and Puot
Puot=P,-b-t=13681-3-5=2052,15N

Pyor = P, - b-t =82,333-3-5=1234,95N

Pytot = Py b+t =109,261-3 -5 = 1638,93N

As noted above, under the influence of cutting forces, the cutting teeth of disc cutters are subject
to deformation, which increases the runout of the cutter, which has a negative impact on the
quality and accuracy of the cuts. rectangular grooves. The deformation value of individual teeth
of the disk cutter in the direction of its axis was investigated. The results of the deformation

measurement of all teeth of the cutter are shown in Table 1.
Table 1. THE VALUES OF DEFORMATION OF THE TEETH OF A DISC CUTTER

Parameters of a disc cutter Parameters of a disc cutter
Teeth The magnitude of deformation, Teeth The magnitude of deformation,

No. microns No. microns

1. 0 13. 44

2. 12 14. 8

3. 16 15. -9

4, 20 16. 25

5. -8 17. -33

6. -40 18. -11

7. 30 19. 41

8. 40 20. -8

9. 23 21. 2

10. 21 22. 2

11. 30 23. 5

12. -40 24. -4

The measurement scheme is shown as graph in fig4.
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Fig4.The measurement scheme of deformation
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IV. CONCLUSION

1. It has been established that when processing rectangular grooves on chipboard, the
deformation of the cutter teeth along the axial direction of the tool is uneven, which shows the
complexity of the process of milling wood materials, which is associated with the kinematics of
the cutting process, the influence of cutting forces and the properties of the cutter material, etc.

2. When processing rectangular grooves with disk cutters, it was found that the size and signs of
deformation of the cutting teeth of the cutter require the development of a new technological
process for sharpening the tool to ensure the identity of the profile and eliminate the runout of
the cutter, ensuring the milling of rectangular grooves with the required accuracy of the product.
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The acid open-hearth process allows steel to be produced with a lower gas
content compared to the basic process. However, depending on the melting
process factors and the type of process used (active or silicon-reducing), the
hydrogen content in the resulting steel fluctuates from 2.5 to 6.5 sm3 /100
g, and nitrogen — from 0.006%. This was the reason for a lengthy
discussion between [1] and [4] about the behavior of gases in the bath of an
acid open-hearth furnace. For a long time, it was believed that the main
reason determining the behavior of gases in the metal of an acid open-hearth
furnace was the rate of silicon reduction from high-silica materials into
metal. [2] was the first to draw attention to the significant influence of the
gas-protective properties of the slag cover. However, in the study [5], based
on several melts with one acid slag, carried out in an induction furnace, the
opinion was expressed that acid slags are impermeable to hydrogen and
reliably isolate the molten metal from the water vapor of the open-hearth
furnace atmosphere.

Introduction

Hydrogen permeability of acid steelmaking rust. The process of hydrogen transfer from the
furnace atmosphere through acid slag into metal includes the stage of dissolution of water
vapor in the rust melt without considering in detail the data available in the literature on the
solubility of water vapor in the rust melt, it can be noted that they were first obtained in a
study the results of which have recently been mainly confirmed by the work of American
and Japanese scientists. The degree of acidity of the slag melt can be described by the
equations of hydrogen mass transfer through the rust melt layer to the rust and metal
interphase surface and the transition of hydrogen from the rust to the metal.

H20:+02; = 20H;,; 1)
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H20:+2Si0%;,, = 20Hg + Si, 05, ()

H20:+Si, 05~ =20H,,, + 2Si03,. 3)
The last stage, depending on the process conditions and the degree of oxidation of the metal,
can proceed in different ways. For example, the decomposition of hydroxyl into oxygen and

hydrogen can proceed with the participation of iron atoms of the surface layer of the metal or
without the participation of iron atoms.

Fig. 1. Inclusions in steel 30KhGSNA. X500: a, b, aluminum additive after alloying steel with silicon; c-aluminum
additive before alloying steel with silicon

B, sm*/100 g-min)

0o _O | | | 0
0,7 1,1 1,5 19 (ca0),%

$i0:/(FeO+MnO)

Fig. 2. The effect of the Si2O /(FeO + MnO) ratio on the hydrogen permeability (1) and viscosity (2) of
acidic open-hearth rust at 1650 °C and p_(H20)= 150 mm Hg.

THEORETICAL PART

In the conditions of experiments on studying the hydrogen permeability of slag melts, all the
above-mentioned stages of hydrogen movement took place. Some researchers claimed that
with an increase in the basicity of the slag, the hydrogen content in the steel increases, while
others reported a decrease in the hydrogen concentration in the metal with an increase in the
basicity of the rust melt [6]
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Therefore, in the first series of experimental melts, the effect of the basicity (CaO/SiO2) of
electric steel-making rust on their hydrogen permeability was studied. The technique was
similar to that previously described in as applied to the main electric steel-making rust. With
the method used for supplying the steam-nitrogen mixture (see Fig. 1), which primarily
washes the crucible with molten metal and rust, the gas permeability of the crucible could
greatly affect the results obtained.

[ = SAT2ei/T, (5)
where I - is the emission current;
S -is the cathode area;
A - is a constant;
¢ -isthe electron charge.

Accordingly, the activation energy of the process of hydrogen transition from the gas phase
to the slag increases. Comparison of hydrogen permeability of basic and acid steel-making
slags shows that the hydrogen permeability of the latter is four to five times lower than that
of the basic rust.

4 8 12 (Ca0),%

B, sm*/100 q-min)

Fig. 3. Effect of CaO on hydrogen permeability (1) and viscosity (2) of acidic open-hearth

Slags of the silicon-reducing process contain up to 4.0% calcium oxide, and in the active
process the concentration of this component reaches 15.0%. In this regard, it is extremely
important to know the effect of calcium oxide on the hydrogen permeability of acid steel-
making rust [7], The chemical composition of the melts studied for this purpose is given in
Table 1 (Group II rust). The results obtained are presented in Fig. 4, from which it is evident
that an increase in the calcium oxide content in the acid rust is accompanied by a significant
increase in its hydrogen permeability. Such an effect of calcium oxide on the hydrogen
permeability of acid rust is explained by the strong thinning effect of this component under
these conditions and a decrease in the viscosity of the melt (see Fig. 3). In addition, with an
increase in the calcium oxide content in silicate melts, the activity of oxygen anions increases,
which promotes the dissolution of water vapor in the rust.

The effect of alumina content in acid slags on their hydrogen permeability is shown in Fig. 4.
Alumina present in the acid slag increases its hydrogen permeability not only due to a
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decrease in the viscosity of the melt, but also due to an increase in the solubility of water
vapor in the rust, since one weight unit of alumina binds a smaller amount of oxygen anions
compared to silica.

Si02 + 20% —Si0}~; ALO+O* — 2A103. (6)

Depending on the fuel used (blast furnace, generator, natural gas or fuel oil) and its humidity,
the amount of water vapor in the atmosphere of the open-hearth furnace varies widely.

lgvh _

0,2

-0,4

0,6

0,8 ~

0.50 0.51 0.52 UT-10°

Fig. 4. Influence of temperature on hydrogen permeability of acidic rust 1 —49,0% SiOz; 2- 54,2% SiO:

To do this, we represent the equation (vy = fS(Ci-C2)) in the following form:

vy = ABo e FRT(Ci-C2) (7)

lg = vx = Ao - Bo/T (8)
Where,
Ao=1g ABo )
Bo=E/RIge= E/4,575 (10)
Table 2. Chemical composition of synthetic slags and their hydrogen permeability
Rust Contents of components, % Hydrogen permeability, sm3 /100
Si02/FeO+MnO g-min at 1650 ° C and different
values of py,o=150 mm Hg.
Si02 FeO MnO AlOs 55 100 170 260
1 62,12 7,64 18,73 10,60 2,36 - - 0,18 -
2 57,20 7,40 21,30 13,40 2,00 - - 0,30 -
3 50,60 22,10 15.25 12,70 1.36 - 0,37 0,43 0,52
4 45,60 11,90 29,10 13,50 1,11 - 0,43 0,54 0,63
5 44,00 36,80 9,20 12,00 0,95 0,36 0,55 0,74 0,90
6 46,40 27,75 14,00 13,60 1,12 0,30 0,37 0,42 0,51
7 46,00 19,82 21,56 13,55 1,11 - 0,38 0,45 0,55
8 46,00 14,30 26,20 13,50 1,13 0,32 0,40 0,50 0,58
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Stirrer rotation speed, ob/min.

Fig. 5. Effect of mixing intensity on hydrogen permeability of rust with different compositions:
1-52,2% SiOz2; 14,6 % CaO; 11,6 % FeO; 16,8 % MnO; 2-49,0 % Si02; 4,9 % CaO; 22,2 % FeO; 15,6 % MnO;
3-59,4 % SiO2; 4,3 % CaO; 1,1-2,0 % FeO; 19,6 % MnO
In this case, the tangent of the angle of inclination of the straight line to the abscissa axis (Fig.
4) will characterize the apparent activation energy of the slag hydrogen permeability process.
For the rust containing 49.0% silica, this value was equal to 56.8 kcal/mol, and for the melt
with 54.20% silica, 74.6 kcal/mol [8],

Thus, the study of the hydrogen permeability of unstirred slags showed that the limiting link
in the process is the mass transfer of hydrogen in the slag layer, determined mainly by the
viscosity of the latter.

UH = KOH-(OH') = I<OH-1 / KHZO(OZ_)PHZO =Ku A/ PHZO (10)

The next series of experimental smeltings was carried out to study the effect of rust mixing
intensity on its hydrogen permeability. The slag was stirred with a special molybdenum
mixer connected to an electric motor. It was noted (Fig. 6) that with an increase in the slag
mixing intensity, the hydrogen mass transfer rate increases only to a certain limit and then
remains unchanged at a certain level, depending only on the slag composition (for given
values of py,o in the gas phase and slag temperature) [9]. The rate of hydrogen transition
from the gas phase through the slag to the metal is expressed as the rate of the first-order
reaction and is proportional to the square root of the partial pressure of water vapor in the
furnace atmosphere:

The activation energy of the process of hydrogen transfer from slag to metal was found to be
equal to 70.0% kcal/mol for slag containing 49.0% silica and 97.0 kcal/mol for melt containing
59.4% silica.

The kinetic mode of hydrogen transfer through intensively stirred slags to metal is also
confirmed by the peculiar influence of the MnO/FeO ratio in slags on their hydrogen
permeability. This part of the study was carried out by us on synthetic rust melted from
chemically pure reagents (Table 2).

The first series of experiments was carried out with unstirred slags. From the obtained data
(Fig. 7, curve 1) it follows that with an increase in the MnO/FeO ratio from 0.50 to 2.42, the
hydrogen permeability of rust increases from 0.42 to 0.54 sm?/(100 q-min). Under conditions
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of mixed slags [10], the MnO/FeO ratio has a dual effect on the rate of hydrogen transfer
from the slag to the metal (Fig. 7, curve 2).

B. sm¥/100q-sek.) B
3
0.6 1
\ 41 ®
=

0, 0,7
[] | | D,E

0, 1.3 2.1 MnO/FeO

Fig. 6. Effect of the MnO/FeO ratio in slags on their hydrogen permeability at 1650 ° C 1 — unstirred slags;
2 —intensively stirred slags;

using the "narrowing" method when processing experimental data on the hydrogen content
in the slag and metal, he determined the equilibrium constants of the latter reactions (12) and
(13). The values of the changes in the isobaric potential under standard conditions for these
reactions are expressed respectively

AG = 118000 - 61,5T (14)
AG = 192800 -91,0 T (15)

These equations allow us to conclude that the reactions of hydrogen transfer from slag to
metal are sharply endothermic, and the reaction involving iron cations is of greatest
importance in the process of hydrogen transfer from slag to metal, because it requires less
energy. It is evident from this that at a high value of the MnO/FeO ratio (from 1.85 and
above), hydrogen transfer from slag to metal occurs mainly due to manganese cations. This
process requires a large energy expenditure, therefore, the hydrogen permeability of slags,
starting from the MnO/FeO ratio of 1.85, decreases. After laboratory studies, the effect of the
slag regime on the behavior of hydrogen in the metal of acid open-hearth and electric
steelmaking furnaces under industrial conditions was studied. The smelting was carried out
using an active and silicon-reducing process. The open-hearth furnaces at both plants (Baku
Steel Company) had the same capacity (90 t) with a hearth area of 30.0 and 28.0 m2 and were
heated with fuel oil. The electric furnace had a capacity of 5 t.
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Table 3. Hydrogen behavior in metal during melting carried out by silicon-reducing
and active processes using recycled slag.

Rust composition, % v, sm3/
Melt Sampl [Cl,% [Mn], (H), (100 r-¢c)
number e % 5i02 ALOs  FeO CaO MgO  MnO sm3/100q

numb

er

1 0,94 0,14 56,30 5,34 15,67 3,56 0,17 16,77 2,60
1 2 0,46 0,25 57,54 4,54 12,48 3,73 0,14 19,47 2,48

3 0,33 0,25 58,80 4,32 10,94 4,14 0,15 19,42 2,70 0,18

4 0,36 0,35 60,56 4,08 9,86 3,77 0,16 19,44 3,90

1 1,04 0,12 50,93 5,50 21,18 441 0,12 13,67 4,63
2 2 0,44 0,31 57,37 3,92 12,48 4,36 0,13 18,91 4,18

3 0,36 0,27 61,34 3,44 10,15 3,40 0,13 1891 3,09 0,14

4 0,36 0,45 61,46 3,04 9,72 4,02 0,14 17,84 4,54

1 0,90 0,28 55,96 4,13 13,78 7,36 0,12 1575 3,91 0.19
3 2 0,36 0,30 59,41 3,10 10,59 4,64 0,13 18,62 3,26

3 0,25 0,27 61,74 3,32 10,61 4,13 0,13 15,24 2,84

4 0,27 0,27 60,80 3,76 10,01 4,30 0,14 18,46 4,40

1 0,96 0,07 50,82 4,32 19,81 5,02 0,13 17,84 5,02 0,11
4 2 0,45 0,16 57,52 4,40 13,54 5,18 0,15 1791 2,90

3 0,35 0,23 60,02 4,30 12,33 4,70 0,13 17,52 2,70

4 0,38 0,50 59,92 4,24 12,19 4,58 0,14 18,11 4,30

1 1,01 0,10 54,20 5,82 16,68 7,41 0,15 13,37 3,50 0,15
5 2 0,47 0,29 56.08 4,18 13,06 5,83 0,14 19,03 2,81

3 0,32 0,20 58,32 4,46 10,83 5,65 0,14 19,61 2,80

4 0,33 0,31 58,48 4,48 10,60 5,77 0,13 19,59 4,06

Samples were taken: 1 - after melting; 2 - at the end of ore boiling; 3 - at the end of clean boiling; 4 - before tapping.

Silicon reduction smelts were carried out by a duplex process (the main one was acid open-
hearth furnaces). The data on these smelts are given in Table 3 (the first six smelts). The last
four smelts (see Table 3) were carried out by an active process on a solid charge using 3.5%
recycled slag and 0.5% iron ore. The smelts presented were carried out by an active process
on a solid charge without the use of recycled rust.

In view of this, the issue of rust formation in an acid steel-making furnace, which has been
discussed in detail in various works, is of extreme importance. Early slag formation in an
acid steel-making furnace also plays a positive role in preserving the furnace bottoms and
slopes from corrosion by rust rich in iron and manganese acids.

Comparison of the hydrogen content in the metal of the studied melts (Table 3). It can be
noted that when using recycled slag in the charge, the average hydrogen content in the metal
after melting and during the melting process is lower than in the metal of melts carried out
without using recycled rust.

To obtain a lower hydrogen content in the metal after melting, it is necessary to have a rust
in this period with a SiO:z (FeO + MnO) ratio of 1.07 - 1.20 (Fig. 10). For melts carried out by
the silicon-reducing process, this ratio can have a higher value

During the period of ore and pure boiling, the hydrogen content in the metal decreases and
the more so, the higher the value of the ratio in the rust SiO:z /(FeO + MnO + CaO) (Table 3).
When the billet is transferred from the main furnace to the acid furnace in a liquid state,
when using recycled rust in the charge, the average hydrogen content in the steel during the
entire smelting is lower than in smelts on a solid charge and without recycled slag additives
(Fig. 7). Additions of manganese ore instead of ferromanganese to the metal bath give a
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lower hydrogen content in the steel (melts 1-5 in Table 3). This is explained by the rapid
increase in the silica content in the ruls due to the interaction of manganese ore with the
lining of the slopes.

5
L‘.—-"."‘..,_ 01
~ e:?
g o ™ A3
= —
= 40" TN ]
- AN
“ N o
€ of ~¢---
| | |
2
0 1 2 3

Sample number

Fig. 7. Behavior of hydrogen in metal the course of acid open-hearth smelting (zero) sample - 1 hour before ore
boiling, numbers - number of heats 1 - active process with additives turnover- a lot of rust; 2- without slag
additives; 3- cream- recovery process

In an acid electric furnace, due to the lower content of water vapor in the gas phase, the
concentration of hydrogen in the metal is significantly lower than in open-hearth steel. But
even under these conditions, the rust is not a complete insulator of the metal from the
hydrogen-containing atmosphere. Based on our data on the study of the behavior of
hydrogen in the metal bath during 60 melts in an acid electric furnace, 14 of which are
described in detail, the following pattern was revealed for the melting periods As a result of
this study, it was established that in order to obtain a low hydrogen content in acid electric
steel upon melting and throughout the entire melting process, it is necessary to obtain a silica

content in the slag upon melting of at least 45—48%, for which it is advisable to add calcined
sand or recycled rust.

Melting period Hydrogen content in steel, sm3/100 q
Half an hour before melting 2,10 - 3,50
By melting 2,54 -5,40
By melting 1,40 -1,93
Before release 1,96 -2,94
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Conclusions
1. By reducing the acidity of the slag, the service life of refractory materials with basic properties was increased

2. By creating a basic slag, the service life of furnaces built from basic refractory materials increased from
approximately 1 to 3-3.5 times

3. It was found that the quality of the produced steel also depends on the nature of the slag created.
4. The chemical composition of the steel obtained during the smelting process also has a significant effect
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Keywords: condition of the adhesion layer all affect the friction process. Furthermore, the
Friction; deformation; tension; adsorption; work expended on frictional adhesion varies depending on surface tension and
adhesion. the wetting angle. The research shows that if adhesion is diffusive, the primary

JEL Classification: 033, L60, C61 controlling factor is the enerqy generated between crystal defects. This energy
varies based on the inter-defect distance and inter-defect electrification. If
adhesion during friction is of a diffusive nature, the nature of diffusion around
any axis and the speed of diffusion can be mathematically described. If adhesion
during friction is deformational, deformation occurs in different directions.

1. Introduction

The mechanism of friction in machines and the factors that influence it remain a critical research
topic. Finding an optimal solution to this problem requires examining it from nanotribological,
microtribological, and macrotribological perspectives [1].

From a nanotribological standpoint, understanding the adhesion mechanism and its effect on
friction allows for a more comprehensive analysis of the issue. During friction, one material
exerts force on another, and at the points of contact, atomic interactions occur as the atoms attract
each other [2]. A key aspect of this phenomenon is the behavior of atoms in frictional contact and
the physical modeling of adhesion effects, which can help address the problem.

The impact of adhesion on friction depends on multiple factors. These include the adhesion layer
formation mechanism, the strength of the adhesion layer, the influence of dynamic conditions,
the interaction between adhesion and cohesion, and the effect of surface tension on the adhesion
layer [3]. Additionally, molecular forces, the nature and variation of these forces, the surface
condition of the adhesion layer, and the influence of air humidity on adhesion all play a role in
determining friction behavior [4].
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2. Research methodology

Initially, the study focuses on the work of adhesion during friction, particularly its relationship
with surface tension (8) and wetting.

Wadg = qurface tension(1 + cos@) + N (1)

The wetting angle plays a crucial role in adhesion, and the first challenge is to control the factors
that influence it during friction. One of the most intriguing aspects of adhesion is the mechanism
by which it occurs during friction.

From a mechanical perspective, adhesion takes place when the adhesive substance fills the pores
of the material. If adhesion follows an adsorption mechanism, it occurs at the molecular level
through surface contact. In cases where adhesion follows a chemical mechanism, it results from
the formation of chemical compounds between two substances. It is also possible that frictional
adhesion occurs through an electrification mechanism.

A key area of interest is how these mechanisms interact. Depending on the conditions of friction,
they may replace one another, combine to form a more complex adhesion mechanism, or alter
the nature of friction. If adhesion occurs via diffusion, the primary concern is the energy
generated between defects in the crystal structure.

2

E=L )

&R

It is clear that if the mechanism of adhesion during friction is diffusion, the distance between R-
defects and the electrification between g-defects depend on the dielectric permeability of the
& —material.

_ vC(x,T) (3)

iX
] (24

When there is friction on the surface, we can write the mechanism of diffusion around any axis

as follows:

v =% _ pgrttxn (4)

dt VX

The rate of diffusion in adhesion during friction is:
j=-D grad C(x,y,z, 7)=-DVC(x,y,z, T) 5)
If diffusion goes in 3 directions in the process of adhesion during friction, then:
f = Fsige/Fn = (Faif + Faa/Fy) (6)

If the adhesion during friction is of a diffusion nature, then the basic formula that characterizes
the friction is as follows:

My = [(FiXg — FrX)dV )

If adhesion during friction is deformational, the friction mechanism will behave as follows: The
friction in different directions changes depending on the processes occurring within a single
volume. However, if one part of the rubbing surface experiences adhesion deformation while
another part follows a diffusion mechanism, the overall friction mechanism will differ. Friction
progresses more rapidly in the deformation-dominated region.
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On the other hand, if adhesion during friction follows an adsorptive mechanism, the friction
mechanism will behave differently. The way adhesion changes during friction depends on
various factors, especially when adsorption is involved. In this case, key influencing factors
include the integral changes in thermodynamic functions, variations in Gibbs energy, and the
mechanism of adsorption change based on surface parameters:

We =K;(1-6)p (®)

If adhesion during friction follows the adsorption mechanism, the main controlling factors are
the speed and pressure of W, —adsorption. Additionally, one of the key factors in this process is
the thermal effect of adsorption. If adhesion during friction is governed by adsorption, the
variation in thermal effects plays a crucial role in determining the overall mechanism:

AH = AG + TAs 9)
3. Discussion of results

The thermal effect of adsorption during friction depends on the mechanism of change in surface
enthalpy (H), surface free energy (G), and entropy change (S). However, if we were to physically
describe the adsorption mechanism of adhesion during friction:

S — Kw

Dy=p =" (10)

It is clear that the adhesion K, — during friction depends on the coefficient characterizing the
shape of the particles on the surface and the surface-volume coefficient:

S = 4mR?,n?/? (11)
V =2 (mR%n) (12)
It is clear that the radius of atoms and molecules (Ry) varies depending on the surface-to-volume

ratio and the number of molecules and atoms in the particle (N). If adhesion during friction is
adsorptive, then the surface energy changes depending on the following parameters:

2
= 2
Gy = 4mv |22 - (13)

It is clear that the mechanism of adsorption-type adhesion during friction depends on surface
tension (v), surface area (s), and the volume of v-atoms and molecules. At the same time, the
freedom of the mechanism of adsorption-type adhesion during friction is influenced by:

Gy = —nKyTkin () (14)
We can express the effect of energy as follows: If adhesion during friction follows the adsorption
mechanism, the free energy (Kp) depends on the Boltzmann constant, the absolute temperature
(T), and the vapor pressure (P1P).

If the adhesive deforms during friction, the direction of friction depends on the stresses. It is clear
that, in this case, the stresses can change direction depending on various parameters. These
stresses are influenced by several factors, including the mechanisms of adhesion and adsorption,
as well as the friction mechanism itself.

- ﬁ Oirdfr (15)

Distribution of the force applied to friction in different directions and coordinates:
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My = [(FiXg — FrX;)dV (16)
The stress distribution during friction is:
9ie Y0Re 9(BieXy—PreXi vX 9X;
Mstress aistrib = f (19Xe Xr— 19_}2) av = f;—XLR)dV - I(Q)ie 0_}(}2 - (Z)Re 19_XL)dV (17)

During friction, if adhesion is deformational, we can express the change in internal energy (de)
as follows: (Provide the equation or description here)

de = Tds + @, dusg (18)

In general, the processes that occur during friction, the factors that influence them, and the
physical modeling of their effects on the mechanism are highly relevant.

4. Conclusion
1. Adhesion has a significant impact on the mechanism of the friction process.

2. The formation mechanism of the adhesion layer during friction directly affects the friction
process.

3. The work required for frictional adhesion varies depending on surface tension and the wetting
angle.

4. If adhesion is diffusive during friction, the primary controlling factor is the energy generated
between crystal defects.

5. If adhesion during friction is deformational, the distribution of deformation and stress changes
direction under the influence of various parameters.
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study, and how maximum efficiency can be achieved with less experimentation
is demonstrated with solutions. As a result, the generalizability of the method in
Taguchi method;, experimental results; engineering applications and the potential benefits it can offer in different
process optimization; Signal-to-Noise ratio;  industrial areas are discussed. In addition, in the processing of the results of the
orthogonal arrays; statistical analysis. experiment, the practical results of the Taquchi method have been processed.

Keywords:

JEL Classification: C15, C61, L60

1. Introduction

Experimental designs play an important role in improving quality in production and operational
processes, increasing efficiency to high levels and achieving the best results with minimum cost.
Traditional experimental design methods generally require a large number of experiments,
resulting in high costs in terms of time and resources. In contrast, the Taguchi method allows
parameter optimization with a small number of experiments. This method is an effective
approach widely used in the field of quality engineering and experimental design.

Studies in the literature on the Taguchi method show the effectiveness of the method in different
industrial applications. For example, Ross has shown that the Taguchi method provides a
significant cost advantage in quality improvement projects in the automotive sector [1]. Phadke,
on the other hand, has emphasized the simple and systematic structure of the method in design
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optimization and emphasized how valuable the results obtained with a small number of
experiments are in the decision-making process [2]. Similarly, Giillii et al. have shown that the
Taguchi method is an effective method in optimizing surface roughness in applications in the
steel industry [3]. In [6] and [7], experimental values of wear on shafts subjected to longitudinal
bending deformation and shafts with different widths were analyzed using the Taguchi method.
The optimal combination of controlled factors for obtaining the smallest wear was determined.
The percentage of factors that most affect wear is shown.

The aim of this study is to present the theoretical background of the Taguchi method and an
application example to reveal the advantages and application potential of the method.

2. Theoretical Foundation of the Taguchi Method

The Taguchi method, developed by Genichi Taguchi, focuses on robust design to enhance
product and process performance by reducing the influence of noise factors. The Taguchi
method involves several key concepts that allow for effective experimentation and data analysis.
The main components include:

e  Factorial Design: This involves selecting a set of factors that may affect a given process and
evaluating their interactions. Taguchi typically uses a fractional factorial design to reduce
the number of experimental runs.

e Orthogonal Arrays (OAs): These arrays are pre-arranged matrices that allow for the efficient
and balanced study of the effects of multiple factors on an experiment. By using OAs, the
number of experiments can be minimized, ensuring an optimal combination of factors.

o Signal-to-Noise (S5/N) Ratio: The S/N ratio is a crucial metric in the Taguchi method. It
quantifies the variability in an experiment, where the "signal" represents the desired output
and the "noise" signifies the variability or unwanted influences. Maximizing the S/N ratio
leads to improved robustness by minimizing the effects of noise factors.

e  Control Factors and Noise Factors: In the Taguchi method, control factors are variables that
the experimenter can manipulate, while noise factors represent uncontrollable elements that
may affect the outcome. The goal is to identify settings for the control factors that minimize
the influence of noise.

Benefits of the Taguchi Method

o  Efficiency: Reduces the number of experiments without compromising reliability.

e  Simplicity: Straightforward implementation using predefined orthogonal arrays.

e Robustness: Focuses on minimizing variability and achieving consistent performance.

o Cost-effectiveness: Lowers experimental costs and resource requirements.
3. Taguchi Method in Experimental Design

The Taguchi method is an experimental design method used in quality control and product
development processes. This method aims to conduct a minimum number of experiments to
optimize the performance of a particular process or product. The application steps of the Taguchi
method can be summarized as follows:

1. Problem Definition: Targeted quality characteristics and parameters to be improved are
determined. The output of the problem (e.g. maximum yield, minimum error) is defined.
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2. Determination of Controllable and Uncontrollable Factors: Controllable factors: Process or
product parameters (e.g. temperature, speed, pressure). Uncontrollable factors: Environmental
effects or external conditions (e.g. humidity, vibration).

3. Determination of Experiment Levels and Factors: Appropriate levels are selected for each
controllable factor (e.g. low, medium, high). Levels are important for determining the variety of
experiments.

4. Selection of Orthogonal Array: The Taguchi method uses orthogonal arrays in planning
experiments. These arrays provide a balanced distribution between factors and levels. A suitable
orthogonal array is selected to reduce the number of experiments (e.g. L4, L8, L16).

5. Conducting Experiments: Experiments are performed in accordance with the plan prepared
according to the orthogonal array. Process or product performance is measured under each
condition.

6. Calculating Signal-to-Noise (S/N) Ratio: S/N ratio is used to evaluate performance variability.
The S/N ratio formula is selected according to the targeted quality characteristic:

o Smaller is better: Minimum error is desired.
o Larger is better: Maximum performance is desired.

o Nominal is better: Closeness to a specific target value is desired.

7. Analysis and Optimization: Based on the experimental results, the effects of factors and levels
are analyzed. The combination of factors and levels that provides the best performance is
determined.

8. Verification Experiment: A verification experiment is performed using the optimized
parameters. The obtained results are compared with the predicted results.

9. Interpretation and Application of Results: The effect of the optimum parameter combination
on the process or product is evaluated. If necessary, the method is integrated into practical
applications.

4. Practical Applications of the Taguchi Method

The Taguchi method has been applied in a wide variety of fields, with notable success in
manufacturing, materials processing, and quality control. Some of the key applications include:

e Manufacturing and Process Control: In manufacturing, the Taguchi method helps identify
optimal settings for machine parameters, tooling, and operational procedures to reduce
defects and improve product consistency. It is commonly used for process optimization in
the automotive, electronics, and aerospace industries.

e Quality Improvement: The Taguchi method is instrumental in achieving consistent product
quality by identifying factors that contribute to variability and providing solutions to
minimize their impact. It has been used in the production of consumer goods,
pharmaceuticals, and other sectors where quality is paramount.

e  Materials Science: In materials processing, the Taguchi method has been used to optimize
the properties of materials such as metals, polymers, and composites. By systematically
studying factors such as temperature, pressure, and time, researchers can fine-tune
processing parameters to achieve desired material characteristics.
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Sample work. Problem: In a production process, it is desired to minimize the surface roughness
(Ra) during a material processing operation. Cutting speed, feed rate and depth of cut are
determined as process parameters. Taguchi method will be used to analyze the effect of these
three factors on surface roughness and to find the most suitable parameter combination.

1. 1. Factors and Levels:
1.1. Cutting Speed (m/min):
o Level 1: 100

o Level 2: 150

o Level 3: 200

1.2. Feed Rate (mm/min):
oLevel 1: 0.1
oLevel 2:0.2
o Level 3:0.3

1.3. Depth of Cut (mm):
o Level 1: 0.5

oLevel 2: 1

o Level 3: 1.5

2. Experimental Design: Taguchi method uses orthogonal arrays to minimize the number of
experiments. Since there are three factors and three levels in each, L9 array was deemed

appropriate. A total of 9 experiments will be conducted in this array.

Table 1. Level values of the factors managed
Feed Rate

Experiment No.  Cutting Speed
50

50

50

100

100

100

150

150

150

O 00 NI O Ul i W N -

3. Experimental Results: Surface roughness (Ra, in micrometers) will be used to evaluate the
machined quality of the metal surface. Surface roughness (Ra) was measured for each

0.1
0.2
0.3
0.1
0.2
0.3
0.1
0.2
0.3

combination and the results were recorded:
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Depth of Cut
0.5
1.0
1.5
1.0
15
0.5
15
0.5
1.0
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Table 2. Measured value of the surface culture

ExperimentNo.  Cutting Speed Feed Rate Depth of Cut Ra (um)
1 50 0.1 0.5 12
2 50 0.2 1.0 15
3 50 03 15 2.1
4 100 0.1 1.0 1.0
5 100 0.2 15 14
6 100 0.3 0.5 1.8
7 150 0.1 15 0.9
8 150 0.2 0.5 13
9 150 0.3 1.0 17
3. 2. Analysis of Data: Based on the analysis of the surface roughness values obtained at the

end of each experiment, it can be determined which factors and levels provide the lowest
roughness (i.e. the highest quality).

Calculation of Signal/Noise Ratio (S5/N Ratio): Taguchi method tries to optimize the signal/noise
ratio. As a measure of surface roughness, smaller-the-better approach is usually used. In this
case, lower roughness is better. Since the surface roughness is to be minimized, the "Smaller-the-
Better" criterion is used. The S/N ratio is calculated as follows:

S/y=-10-logyo (*3,¥2) (O

Interpretation of Results: The effects of factors on surface roughness are calculated. Average S/N
ratios are found for each factor and graphs are drawn. It will reveal which factors and levels
show better performance.

Result: For example, as a result of the analysis, the following finding can be obtained:
¢ Cutting speed =150 m/min

¢ Feed rate = 0.1 mm/min

¢ Cutting Depth = 0.5mm

This combination results in the lowest surface roughness (highest quality).

6. Validation Experiment: Experiment is performed with the obtained optimum parameters and
the results are compared with the predicted improvement.

This example shows an application and analysis of the Taguchi method, which allows you to
quickly assess the effects of factors and determine the conditions that will provide the best
performance.

Conclusion and discussions

This study has shown that the Taguchi method is an effective tool for parameter optimization
with a small number of experiments. The simple and effective structure of the method has a
wide application potential in the field of engineering and quality control. Future studies can
contribute to the method becoming more generalizable by examining its applications in different
industrial areas.

The Taguchi method provides a powerful and systematic framework for processing
experimental results. The Taguchi method, through the use of orthogonal arrays and S/N ratios,
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helps identify optimal operating conditions for processes and products efficiently while
minimizing the number of trials required. The method’s application spans numerous industries,
offering valuable insights into process improvement, quality control, and product design. As
industries continue to demand higher levels of precision and efficiency, the Taguchi method
remains a valuable tool for achieving these objectives.In future applications, the integration of
modern statistical software and machine learning techniques could further enhance the power of
the Taguchi method, enabling even more precise optimization in complex systems.

The theoretical foundations of the Taguchi method are developed here, and the application areas
are shown. In addition, the application sequence of the Taguchi method is developed in the
development of the experimental results.

An example of the application of the Taguchi method is shown here. Here, the effect of cutting
depth, cutting speed and feed rate on the surface roughness was analyzed using the Taguchi
method. As a result of the analysis, the optimal values of cutting depth, cutting speed and feed
rate were determined. With these values, the minimum value of surface roughness is obtained.
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ARTICLE INFO ABSTRACT
Article history In neutral-isolated networks, testing insulation under load requires determining
Received:2025-04-07 the dependencies between parameters characterizing single-phase non-
Received in revised form: 2025-04-15 stationary ground faults. Identifying such dependencies is often accompanied by
Accepted: 2025-04-22 a number of difficulties. Therefore, simple mathematical models that allow
Available online understanding the relationships between these parameters in practical
Keywords: conditions must be developed. This paper considers the issue of determining the

neutral-isolated network; non- stationary  relationship between the overvoltage arising in a neutral-isolated network as a

ground  fault;  overvoltage multiplicity;  result of non-stationary ground faults, the ground fault resistance, and the

regression equation, 3D modeling. network phase capacitance to ground. For this purpose, a regression equation

JEL Classification: O32 was obtained to describe the dependence of the overvoltage multiplicity on the
ground fault resistance and network phase capacitance to ground, and the
corresponding 3D visualization was constructed.

Introduction

Neutral-isolated networks play a significant role in supplying consumers with electrical energy.
Such networks primarily perform the distribution of electrical energy among consumers,
comprising numerous overhead and cable lines. During operation, the insulation of these lines,
especially cable lines, deteriorates due to prolonged electrical, thermal, and mechanical impacts.
This results in a decrease in insulation resistance and electrical strength, which can cause sudden
damage and disrupt the power supply to consumers. Therefore, timely detection of weak
insulation sections in networks and restoration of damaged areas is of great importance. For this
reason, network equipment is periodically disconnected and subjected to insulation testing [1,2].
However, such tests are considered inconvenient as they require considerable time and labor.
Consequently, methods for testing network insulation without disconnecting equipment have
been proposed [3-5]. These methods are based on the principle of creating artificial ground faults
under load conditions. However, the devices used in these methods cannot perform regulation
and control functions. Therefore, a new method for testing insulation in neutral-isolated
networks has been proposed [6]. According to this method, controlled and regulated artificial
non-stationary ground faults are created in the network to test the insulation under load
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conditions. It is important to note that the overvoltage value arising during such ground faults,
based on Petersen's theory, depends on the network’s phase-to-ground capacitance, ground fault
resistance, and ground fault angle. Hence, determining the test voltage value requires prior
identification of the ground fault resistance and ground fault angle. For this purpose, the
dependence of arc overvoltage multiplicity on ground fault resistance, ground fault angle, and
network phase-to-ground capacitance is determined based on non-stationary ground faults in
neutral-isolated networks.

1. Problem statement

To determine the dependence of arc overvoltage multiplicity on ground fault resistance, ground
fault angle, and network phase-to-ground capacitance, the numerical solution of the system of
differential equations characterizing the transient process of non-stationary ground faults in
neutral-isolated networks must be performed using modern computational technologies.
However, the numerical solution of the problem is significantly complicated due to the
"stiffness" of these differential equations, which in some cases disrupts the stability of the system
solution and distorts the results. Therefore, to overcome such difficulties, it is necessary to obtain
analytical expressions that define the dependencies between the arc overvoltage multiplicity (k),
the ground fault resistance (Ro), the ground fault angle (¢), and the network phase-to-ground
capacitance (Cy). It should be noted that analytical expressions for the dependence of arc
overvoltage multiplicity on ground fault resistance were previously considered in [7,8], on
ground fault angle in [9,10], on network phase-to-ground capacitance in [11,12], and on both
ground fault resistance and ground fault angle in [13-16]. As a continuation of these studies, this
work focuses on obtaining the regression model of the dependence of arc overvoltage
multiplicity on ground fault resistance and network phase-to-ground capacitance.

2. Problem solving

The analytical expression for the dependence of the arc overvoltage multiplicity on the ground
fault resistance and the network's phase capacitance relative to the ground in a neutral-isolated
electrical network during single-phase ground faults is considered. For this purpose, the results
of experimental studies carried out on a low-voltage model of a neutral-isolated network,

presented in Table 1, are used (go = 90°) [6].
Table1. k = f (Ro , Cf ) dependence

R,,Om C,,mkF
1 2 3 4 5 6 8
5 3,30 2,99 2,85 2,74 2,66 2,58 2,47
10 2,96 2,74 2,59 2,47 2,39 2,33 2,21
15 2,77 2,54 2,39 2,28 2,20 2,14 2,08
20 2,62 2,38 2,24 2,13 2,06 2,01 1,92
25 2,49 2,25 2,12 2,02 1,95 1,91 1,84
30 2,38 2,15 2,02 1,93 1,88 1,84 1,80

As seen from Table 1, the dependence between the arc overvoltage multiplicity, the ground fault
resistance, and the network's phase capacitance relative to the ground can be approximated by
the following regression equation [17, p. 133-135]:

a b
k=—+—+c¢, (1)
R0 Cf
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Here, a, b, C — is referred to as the regression coefficients.

1
If we assume the substitutions in equation (1) as — =Xve — =Y

Ry C
k=ax+by+c, (2

Thus, the dependence between the arc overvoltage multiplicity (k), the conductance of the
ground fault circuit (x), and the reciprocal value of the network's phase capacitance relative to
the ground (y) can be approximated by a linear regression equation (Table 2).

Table2. K = f(X, y) dependence

X y

1,00 0,50 0,333 0,250 0,200 0,167 0,125
0,200 3,30 2,99 2,85 2,74 2,66 2,58 2,47
0,100 2,96 2,74 2,59 2,47 2,39 2,33 2,21
0,067 2,77 2,54 2,39 2,28 2,20 2,14 2,08
0,050 2,62 2,38 2,24 2,13 2,06 2,01 1,92
0,040 2,49 2,25 2,12 2,02 1,95 1,91 1,84
0,033 2,38 2,15 2,02 1,93 1,88 1,84 1,80

Regression coefficients are determined by the following expressions [17, p.133-135]:

o, 1-r;
o, Ty —Tuly
R
y Xy
c=k—ax-hy

Here, X — the mean value of the quantity X, 9— the mean value of the quantity Y, k — the mean
value of the quantity k, o, —the root mean square deviation of the quantity X, o, —the root
mean square deviation of the quantity y, o, —the root mean square deviation of the quantity k,
I, — the linear correlation coefficient between the quantities X and Yy, r,, — the linear correlation
coefficient between the quantities k and X, and My — the linear correlation coefficient between

the quantities K and y are determined based on the correlation table (Table 3). The following

notations are adopted according to the correlation table:
A =(x-xF; B =(%- ) € =l —kf; D = (x —%)-( -7);

E :( i _R)'(Xi _)_(); F :(ki _R>'(Yi _7); M, :IaXi +byll_+c_ki I; N; :(axi +by; +C—ki)2'

n=42;

n n n

D x =343 >y, =1545, > k =97,62;

i=1 i=1 i=1
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> (x, —x[ =013747222; 3y, - y) =335869048; 3"k, ~k | =5,259829;
i=1

i=1 i=1

32l = ~5)- Sl - x)- 06259 3~y - 3)- 2000828

i=1

n n

in ZnZYi _ Zki

x|

== -0,082 y="21—=0,368;, k="1—=2324;
n n n
Table 3. Correlation table

i x; Vi k; A; B; C; D; E; F; M; N;

1 0,200 1,000 3,30 0,01400278 0,39960459 0,952018 0,07480357 0,1154595 0,6167908 0,013993 0,002132
2 0,100 1,000 2,96 0,00033611 0,39960459 0,404133 0,01158929 0,0116548 0,4018622 0,023350 0,004777
3 0,067 1,000 2,77 0,00022500 0,39960459 0,198661 -0,00948214 -0,0066857 0,2817551 0,011148 0,000954
4 0,050 1,000 2,62 0,00100278 0,39960459 0,087447 -0,02001786 -0,0093643 0,1869337 0,016503 0,001870
5 0,040 1,000 2,49 0,00173611 0,39960459 0,027461 -0,02633929 -0,0069048 0,1047551 0,051289 0,016310
6 0,033 1,000 2,38 0,00233611 0,39960459 0,003104 -0,03055357 -0,0026929 0,0352194 0,087125 0,042997
7 0,200 0,500 2,99 0,01400278 0,01746173 0,443176 0,01563690 0,0787762 0,0879694 0,008682 0,000674
8 0,100 0,500 2,74 0,00033611 0,01746173 0,172818 0,00242262 0,0076214 0,0549337 0,084398 0,053477
9 0,067 0,500 2,54 0,00022500 0,01746173 0,046533 -0,00198214 -0,0032357 0,0285051 0,072053 0,033494
10 0,050 0,500 2,38 0,00100278 0,01746173 0,003104 -0,00418452 -0,0017643 0,0073622 0,041553 0,009781
11 0,040 0,500 2,25 0,00173611 0,01746173 0,005518 -0,00550595 0,0030952 -0,0098163 0,006412 0,000208
12 0,033 0,500 2,15 0,00233611 0,01746173 0,030376 -0,00638690 0,0084238 -0,0230306 0,025684 0,003049
13 | 0,200 0,333 2,85 0,01400278 0,00119189 0,276376 -0,00408532 0,0622095 -0,0181497 0,004680 0,000178
14 | 0,100 0,333 2,59 0,00033611 0,00119189 0,070604 -0,00063294 0,0048714 -0,0091735 0,080552 0,043526
15 0,067 0,333 2,39 0,00022500 0,00119189 0,004318 0,00051786 -0,0009857 -0,0022687 0,067110 0,025726
16 | 0,050 0,333 224 0,00100278 0,00119189 0,007104 0,00109325 0,0026690 0,0029099 0,038516 0,007443
17 0,040 0,333 2,12 0,00173611 0,00119189 0,041733 0,00143849 0,0085119 0,0070527 0,005568 0,000139
18 | 0,033 0,333 2,02 0,00233611 0,00119189 0,092590 0,00166865 0,0147071 0,0105051 0,028635 0,003346
19 0,200 0,250 2,74 0,01400278 0,01389031 0,172818 -0,01394643 0,0491929 -0,0489949 0,012034 0,001087
20 | 0,100 0,250 247 0,00033611 0,01389031 0,021233 -0,00216071 0,0026714 -0,0171735 0,061668 0,023201
21 0,067 0,250 2,28 0,00022500 0,01389031 0,001961 0,00176786 0,0006643 0,0052194 0,050036 0,013015
22 0,050 0,250 2,13 0,00100278 0,01389031 0,037747 0,00373214 0,0061524 0,0228980 0,018763 0,001597
23 | 0,040 0,250 2,02 0,00173611 0,01389031 0,092590 0,00491071 0,0126786 0,0358622 0,012132 0,000601
24 0,033 0,250 1,93 0,00233611 0,01389031 0,155461 0,00569643 0,0190571 0,0464694 0,043603 0,007082
25 | 0,200 0,200 2,66 0,01400278 0,02817602 0,112704 -0,01986310 0,0397262 -0,0563520 0,028105 0,005589
26 0,100 0,200 2,39 0,00033611 0,02817602 0,004318 -0,00307738 0,0012048 -0,0110306 0,046248 0,012217
27 | 0,067 0,200 2,20 0,00022500 0,02817602 0,015447 0,00251786 0,0018643 0,0208622 0,032862 0,005227
28 0,050 0,200 2,06 0,00100278 0,02817602 0,069847 0,00531548 0,0083690 0,0443622 0,003970 0,000067
29 0,040 0,200 1,95 0,00173611 0,02817602 0,140090 0,00699405 0,0155952 0,0628265 0,028868 0,003169
30 | 0,033 0,200 1,88 0,00233611 0,02817602 0,197390 0,00811310 0,0214738 0,0745765 0,051032 0,009204
31 0,200 0,167 2,58 0,01400278 0,04047761 0,065390 -0,02380754 0,0302595 -0,0514473 0,050110 0,016714
32 | 0,100 0,167 2,33 0,00033611 0,04047761 0,000033 -0,00368849 0,0001048 -0,0011497 0,032622 0,005777
33 0,067 0,167 2,14 0,00022500 0,04047761 0,033961 0,00301786 0,0027643 0,0370765 0,017651 0,001427
34 | 0,050 0,167 2,01 0,00100278 0,04047761 0,098776 0,00637103 0,0099524 0,0632313 0,008132 0,000267
35 0,040 0,167 1,91 0,00173611 0,04047761 0,171633 0,00838294 0,0172619 0,0833503 0,037077 0,005015
36 0,033 0,167 1,84 0,00233611 0,04047761 0,234533 0,00972421 0,0234071 0,0974337 0,060035 0,012202
37 | 0,200 0,125 247 0,01400278 0,05897959 0,021233 -0,02873810 0,0172429 -0,0353878 0,083983 0,043031
38 0,100 0,125 2,21 0,00033611 0,05897959 0,013061 -0,00445238 -0,0020952 0,0277551 0,005496 0,000148
39 | 0,067 0,125 2,08 0,00022500 0,05897959 0,059676 0,00364286 0,0036643 0,0593265 0,004624 0,000092
40 0,050 0,125 1,92 0,00100278 0,05897959 0,163447 0,00769048 0,0128024 0,0981837 0,038803 0,005550
41 0,040 0,125 1,84 0,00173611 0,05897959 0,234533 0,01011905 0,0201786 0,1176122 0,059224 0,011875
42 0,033 0,125 1,80 0,00233611 0,05897959 0,274876 0,01173810 0,0253405 0,1273265 0,065899 0,014070
& 3,430 15,450 97,62 0,13747222 3,35869048 5,259829 0,00000000 0,6259000 2,5669524 1,520226 0,448307
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Based on the expressions (3), the regression coefficients are:

a=455, b=0,76; c=1,67.

Thus, after determining the regression coefficients, the dependency (2) between the overvoltage
multiplicity caused by non-stationary earth faults in isolated neutral networks and the inverse
value of the phase capacitance of the network relative to the ground, along with the conductivity
of the earth fault circuit, can be explicitly written as follows:

k =4,55x+0,76y +1,67 (4)

Let us verify the adequacy of the obtained regression equation (4) between the overvoltage
multiplicity during non-stationary earth faults, the conductivity of the earth fault circuit, and the
inverse value of the phase capacitance of the network relative to the ground. To do this, the value
of the multiple correlation coefficient can be calculated and its significance can be verified using
the Fisher criterion [17, p. 133-135].

The value of the multiple correlation coefficient is determined by the following known
expression:

2 2
R \/rkx +1y —22rerkyrXy _0.96.
1-r,

The fact that the multidimensional correlation coefficient is close to unity (R =0,96 —)1)

indicates that the dependence between the conductivity of the ground closing cycle and the
inverse value of the network’s phase capacitance relative to the ground, with the variation of
extreme voltage, can be considered a strong linear correlation.

We check the significance of the multidimensional correlation coefficient using the F —Fisher
criterion. It is known that, at the significance level ¢, the regression equation is considered
adequate if the condition F > F(,q,,q,) is met [18, p.50], where (;,0, — the degrees of
freedom.

The calculated value of the F —Fisher criterion is determined based on the data as follows:

_ R* n-m-1
1-R*  m

» (5)

Here, N—is the number of experiments, n=42; M—is the number of factors, m=2. Then,
based on expression (5), F =229,22.

F — Fisher criterion table value, is taken from the table depending on the significance level (a)
and degrees of freedom (ql, q2) [18, p.370]:
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=005 g, =m=2;0,=n-m-1=42-2-1=39; F(a,q,,q,)=3,24.

F=229,22> F(a, ;. q2)= 3,24 thus confirming the statistical significance of the multivariate

correlation coefficient (R =0,96) and the regression equation.

The mean relative and mean square errors of the approximation are determined by the following
corresponding expressions:

ax; +by, +e—k, % -100% = 3,62%;

-1
E=—
n'zl‘

n

> (ax; +by; +c—k;)?

o=\ =0,103.
n

The determination index of R? = 0,96° = 0,9216 indicates that 92,16 % of the change in the arc
overvoltage multiplier (k) is due to the changes in the ground fault current (X) and the inverse

value of the network's phase capacitance relative to ground (), while the remaining 7,84 % is
caused by the changes in other factors not considered.

The average elasticity coefficients are determined by the following well-known expressions [18,
p.102]:

E, =KX

=KX _aX_o016
ox k k

E,=XY_pY_0121
vk K

From this, it can be concluded that a 1% increase in the ground fault current (X) results in a
0.16% increase in the arc overvoltage multiplier (k), while a 1% increase in the inverse value of
the network's phase capacitance relative to ground (y) causes a 0.121% increase in the arc
overvoltage multiplier (k) Since Ex =016>Ey, =021, the ground fault current (X) has a
greater effect on the arc overvoltage multiplier (k) compared to the inverse value of the
network's phase capacitance relative to ground (y) The fact that the average elasticity
coefficients are smaller than 1% indicates that the arc overvoltage multiplier (k) is not elastic to
changes in the ground fault current (X) and the inverse value of the network's phase capacitance

relative to ground (y)

Thus, the dependency (1) between the arc overvoltage multiplier (k), ground fault resistance,

and the network’s phase capacitance relative to ground, resulting from non-stationary ground
faults in neutral-isolated networks, can be expressed as follows:

455 0,76
=4 —

k +167, (6)

0 f

62



Regression Model of the Dependence of arc Overvoltage on Ground Fault Resistance and Network Phase Capacitance Relative to Ground

Using the OriginLab [19] program, based on the regression equation (6) obtained, a 3D (spatial)
plot was created showing the dependence of the arc overvoltage deflection on ground fault
resistance and the network phase capacitance relative to ground (Figure 1).

Figure 1. 3D plot of the dependence of arc overvoltage on ground fault resistance
and network phase capacitance relative to ground.

3. Conclusion

Based on Petersen's theory, a regression model was developed, which shows the relationship
between the overvoltage deflection of the arc due to non-stationary ground faults in neutral-
isolated networks, the fault circuit's conductivity, and the inverse value of the network's phase
capacitance relative to the ground. This model can be easily implemented in practice. The
analytical dependence proposed between the mentioned parameters can be considered a strong
linear correlation.

The obtained results can be used during the insulation testing of neutral-isolated networks in the
Azerbaijani power system under load conditions.
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The development of sophisticated, effective, and sustainable power generation
technologies is required to meet the expanding energy demands of modern
society. Despite their benefits in generating electricity without direct greenhouse
gas emissions, conventional nuclear power plants (NPPs) have relatively poor
efficiency. This study investigates a new setup that combines a VVER1000 NPP
with MGT-80 Gas Turbine Units (GTUs): a Combined Cycle Power Plant
(CCPP). The third energy recovery loop in the integration uses the Supercritical
Carbon Dioxide (sCO,) Brayton Cycle or the Organic Rankine Cycle (ORC).
The goal is to improve the NPP’s steam cycle by utilizing the thermal potential
of GTU exhaust gases, which will raise system efficiency overall. The
Engineering Equation Solver (EES) program was used to create thermodynamic
models, which were verified against operational data. Compared to standalone

plant operations, the research shows that the suggested system structure offers
greater efficiency and economic viability.

Introduction

Although humanity hasn't reached Type 1 civilization status, our position on the Kardashev
scale is rapidly advancing. Scientific and industrial revolutions have speeded up the
development of our technology. Recent breakthroughs in artificial intelligence have further
increased this demand. For example, a single ChatGPT query consumes about 0.0029 kWh—
nearly ten times that of a Google search —collectively, ChatGPT uses roughly 2.9 million kWh
daily. This is equivalent to the daily energy use of 100,000 average U.S. households. Therefore,
our energy consumption has increased not only linearly but also exponentially from the early
1800s, as we can see in Figure 1 [1]. In addition to this exponential increase in energy demand,
limited fossil fuel supplies, and climate change push the global energy industry to adopt more
efficient and sustainable technology. To achieve that we need to build new eco-friendly power
plants or increase the power and efficiency of the current ones. Building new facilities is
expensive and takes much more time than increasing the current ones’ capacity and efficiency.
Previous studies [2, 3] showed that the efficiency of the VVER1000 of the Bushehr nuclear power
plant can be increased. In this study, we aim to increase the efficiency of Bushehr NPP, as well as
the capacity, by adding Gas Turbines.
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Due in large part to lower operating pressures and temperatures than fossil-fueled systems,
nuclear power's moderate thermal efficiency of about 33% limits its potential as a substantial part
of the low-carbon energy mix.

] 1 Our World
Global primary energy consumption by source
Primary energy’ is based on the substitution method® and measured in terawatt-hours®.
180,000 TWh :L Other renewables
L Modern biofuels
Solar
160,000 TWh ‘, Wind
] Hydropower
140,000 TWh Nuclear
Natural gas
120,000 TWh
100,000 TWh
80,000 TWh ol
60,000 TWh
40,000 TWh
— Coal
20,000 Twh
__Traditional biomass
0 TWh
1800 1850 1900 1950 2000 2023
Data source: Energy Institute - Statistical Review of World Energy (2024); Smil (2017) OurWorldinData.org/energy | CC BY

Note: In the absence of more recent data, traditional biomass is assumed constant since 2015.

1. Primary energy: Primary energy is the energy available as resources - such as the fuels burnt in power plants - before it has been transformed.
This relates to the coal before it has been burned, the uranium, or the barrels of oil. Primary energy includes energy that the end user needs, in the
form of electricity, transport and heating, plus inefficiencies and energy that is lost when raw resources are transformed into a usable form. You can
read more on the different ways of measuring energy in our article.

2. Substitution method: The ‘substitution method’ is used by researchers to correct primary energy consumption for efficiency losses experienced

by fossil fuels. It tries to adjust non-fossil energy sources to the inputs that would be needed if it was generated from fossil fuels. It assumes that
wind and solar electricity is as inefficient as coal or gas. To do this, energy generation from non-fossil sources are divided by a standard ‘thermal
efficiency factor’ - typically around 0.4 Nuclear power is also adjusted despite it also experiencing thermal losses in a power plant. Since it's

reported in terms of electricity output, we need to do this adjustment to calculate its equivalent input value. You can read more about this adjustment
in our article.

3. Watt-hour: A watt-hour is the energy delivered by one watt of power for one hour. Since one watt is equivalent to one joule per second, a
watt-hour is equivalent to 3600 joules of energy. Metric prefixes are used for multiples of the unit, usually: - kilowatt-hours (kWh), or a thousand
watt-hours. - Megawatt-hours (MWHh), or a million watt-hours. - Gigawatt-hours (GWh), or a billion watt-hours. - Terawatt-hours (TWh), or a trillion
watt-hours.

Figure 1. Global primary energy consumption. [1]

In the meantime, NPPs and Gas Turbine Units (GTUs), renowned for their quick deployment
and adaptability, can be strategically combined. When coupled with heat exchangers, their high-
temperature exhaust gases offer a chance for enhanced heat recovery and steam production. The
possibilities of merging several MGT-80 GTUs with a VVER1000 NPP. Using sophisticated
simulation in EES software, the integration seeks to maximize operational performance and
thermal efficiency. The study evaluates the technical and thermodynamic viability of each
component cycle by modelling it separately and then in combination.
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The characteristics of the NPP

The commercially available NPPs are PWR, BWR, and PHWR known as CANDU. The steam
generated to drive the steam turbines in these NPPs is almost saturated steam of relatively low
pressure, compared to that in fossil power plants. With technological advancements, fourth-
generation nuclear reactors can achieve efficiency levels of approximately 45%. However,
commercially operated reactors typically exhibit efficiency levels ranging from 33% to 37%. In
the previous studies, the NPP of the Bushehr nuclear power plant using PWR, known as
VVER1000 was discussed and a detailed exergy analysis has been made.

Table 1. Principal features of the VVER1000 NPP. [3]

Reactor core thermal power output (MW) 3000
Coolant flowrate (kg/s) 16800
Net thermal efficiency (%) 33.33
The pressure of the coolant at the core outlet (MPa) 15.7
The temperature of the coolant at the reactor outlet (°C) 321
Coolant heating in the reactor (°C) 30

The difference in the pressure in the reactor (MPa) 0.381
Number of loops (pcs) 4
Feedwater temperature at steam generator inlet (°C) 224
Steam temperature after steam generator (°C) 280
Steam pressure (MPa) 5.88
Steam flow rate (kg/s) 1661.11
Enrichment of the fuel - UO: (%) 3.6-4.95

To meet the Soviet Union's increasing demand for reliable and effective electricity sources in the
1970s, the VVER1000 nuclear power station was built. It is an improved version of the VVER440
NPP, which was created in the 1960s. The VVER1000 transfers heat from the core to the steam
generators, which create the steam that powers the turbines and generates electricity, using a
pressurized water system. Compared to other NPP models, the VVER1000's architecture enables
it to function at higher temperatures and pressures, which increases efficiency. [4] The main
characteristics of the VVER1000 NPP steam cycle are given in Table 2. The VVER-type nuclear
power plant has gained widespread adoption in various countries, including Belarus, China, the
Czech Republic, Finland, Germany, Hungary, India, Iran, Russia, and Turkey. This widespread
adoption is due to the plant's reputation for reliability, efficiency, and advanced safety features.

Several cutting-edge safety features are included with the VVER1000. These include an
emergency core cooling system to prevent fuel rods from overheating and melting in the event of
a coolant loss accident and a double containment system to prevent the escape of radioactive
material in the event of an accident. The reactor also has a passive heat removal system that may
release heat from the core in an emergency without the need for outside power or assistance.

To improve the efficiency of the NPP cycle, the hot gases released from these GTs can be used to
superheat the steam produced in the NPP before it enters the steam turbines. Additionally, by
preheating the feed water that returns from the condenser to the NPP's steam generators, these
gases can boost the plant's power output. More power will be produced by utilizing the steam
drawn from the NPP steam turbine for the feed heaters. To put it briefly, the efficiency and
power production of both cycles may be greatly increased by combining the gas turbine GT cycle
with the NPP.
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The steam cycle of the suggested VVER1000 NPP

Figure 2 shows a schematic diagram of the VVER1000. The first loop of VVER1000 transfers heat
from fission in the reactor to the steam generators. The steam produced is then sent to the steam
turbine through a secondary loop. The steam cycle includes high-pressure turbines, low-pressure
turbines, a moisture separator, a reheater, closed-feed water heaters, a deaerator, a condenser,
and an electric generator. The produced steam has a mass flow rate of 1661.11kg/s and is nearly a
saturated vapour at a pressure of 5.88MPa and a temperature of 274.3C. In the high-pressure
turbine, the steam expands to a mid-pressure level (P10), aiming for a steam quality (x10) of
more than 0.86. The extracted steam from the high-pressure turbine is directed to the high-
pressure feed water heater 5 and the deaerator. The isentropic efficiency is 0.957 for the high-
pressure turbine and 0.8637 for the low-pressure turbine. At the exit of the high-pressure turbine,
the steam conditions are as follows: P10=770KPa, T10=168.8C, x10=0.861, and
h10(enthalpy)=2482.4k]/kg. Following its expansion in the high-pressure turbine, the steam
proceeds through a reheater and a moisture separator. Moisture is extracted in the moisture
separator and sent to a low-pressure feed water heater running at 741KPa. The reheater
generally has a 33KPa pressure loss, resulting in a steam pressure of P14=708KPa. In order to
raise the steam temperature, there is also a direct steam supply from the steam generator to the
reheater, and the condensed steam is directed to the reheat cooler (RHC). Three steam extraction
lines from the low-pressure turbine are directed to the low-pressure feed water heaters 3, 2, and
1, operating at pressures of 196, 86.2, and 35.3 KPa, respectively. After the low-pressure turbine,
the steam goes to the condenser with a pressure of 7.5KPa, 40.3C, and 2328.7k]/kg enthalpy. [4, 5]
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Figure 2. A schematic diagram of the VVER1000 steam cycle. [2]
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Gas turbine unit

The gas turbine selected for this study, the MGT-80, is manufactured and developed by the
Iranian technical company MAPNA Group. This heavy-duty gas turbine has a gross efficiency of
up to 40% and a significant nominal power output of 308 MW. The MGT-80 has a 15-stage axial
flow compressor, a dry low-emission combustor with 24 burners, a 4-stage axial power turbine,
and a generator.

Atmospheric air enters the compressor with a particular mass flow rate (,;,), temperature, and
pressure. After passing through the compressor with a pressure ratio (PR) of 19, the air exits the
compressor at a determined pressure. Fuel is injected, ignited, and burned in the combustor
downstream of the compressor at a specific fuel flow rate (1sy¢;).

The turbine inlet temperature (TIT), which represents the highest temperature (T2) in the cycle, is
achieved when the combusted mixture of air and fuel, at a specific flow rate (ry4s), exits the
combustor and enters the turbine. The turbine transforms the energy of the expanding hot
mixture into work. The expanded gases leave the gas turbine as exhaust at a particular
temperature and pressure.

If the gas turbine is equipped with a heat recovery steam generator (HRSG), it can recover waste
heat at this stage and produce steam. This steam can then be utilized for process heat, space
heating, or to drive a steam turbine for additional power generation. The performance data of the
gas turbine unit are outlined in Table 2.

Table 2. The performance data of MGT-80 gas turbine. [5]

Gross Power Output (MW) 308

Gross Efficiency (%) 40.1

Turbine Inlet Temperature (°C) 1265

Exhaust Gas Temperature (°C) 581

Exhaust Mass Flow Rate (kg/s) 724

No. of Compressor Stages (EA) 15

No. of Turbine Stages (EA) 4

Pressure Ratio 19

Type of Combustors Annular, 24 Burners

Modified combined NPP-GT analysis

This chapter examines the technical feasibility and potential benefits of integrating gas turbine
units into a nuclear power plant. The goal is to increase the nuclear facility's overall efficiency
and power-producing capabilities. We used modern modelling techniques and thorough
analysis based on relevant books and scientific journals.

Using the EES software package, we developed a trustworthy computational model to analyse
and simulate the proposed integrated system. This model took into account several important
factors, such as thermodynamics, heat transfer, fluid dynamics, and system dynamics. The
simulation model was created to accurately replicate the behaviour of integrating gas turbine
units with a nuclear power station in the actual world by utilizing empirical data and previous
research findings.

We assessed several crucial performance metrics using the simulation, including the system's
overall efficiency, power output, and long-term viability. To quantify these characteristics and
determine the potential advantages and disadvantages of the integrated system, we carried out a
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comprehensive analysis. The technological feasibility, and operational characteristics of
integrating gas turbine units with a nuclear power station are explained in this paper.

The study's findings contribute to the body of scientific knowledge already available on nuclear
power generation and offer wise counsel to academics, decision-makers, and industry experts
who wish to explore innovative strategies for enhancing the sustainability and effectiveness of
nuclear energy systems.
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Figure 3. A simplified illustration of the GT-NPP combined cycle.

A possible strategy to increase power generation efficiency is the integration of gas turbine units
into nuclear power plants, often known as a GT-NPP combined cycle. The gas turbine's exhaust
waste gases raise the steam temperature after the nuclear power plant's steam generator in this
combined cycle. This enables a more effective utilisation of the heat produced by the nuclear
reactor, as the gas turbine's exhaust gas can complement the reactor's heat generation. Figure 3
presents a simplified illustration of the GT-NPP combined cycle.

The nuclear reactor and the gas turbine operate as independent systems in the GT-NPP
combined cycle. Whereas the nuclear reactor creates heat by fissioning uranium or other nuclear
fuels, the gas turbine uses natural gas or other fuels to produce electricity. A steam generator is
used to boil feed water and create steam by transferring the heat from the nuclear reactor's core
to a seperate circuit. This steam then drives multiple steam turbines that, in turn, generate
electricity. The temperatures of the steam after the steam generator (around 250-300) and the
exhaust gases (around 550-600) of the GTU differ significantly. So, in an additional stage of
CCPP, the exhaust gas from the gas turbines passes through another section of the heat
exchanger to increase the steam temperature further before expansion in the turbines, thereby
optimising the use of the nuclear reactor's heat. [6]

When compared to traditional power plants, the VVER-1000's present thermal efficiency of about
33% is rather low. This is mainly because the steam does not enter the turbine in a superheated
state. Furthermore, around 30% of steam extraction must come from the steam turbines to heat
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the feed water coming back from the condenser to the steam generator and to reheat the steam
leaving the high-pressure turbine before it enters the low-pressure turbine. As a result, the main
flow's mass flow rate is lowered, which lowers the overall work output. So, integrating gas
turbine units (GTUs) and nuclear power plants (NPP) is an effective way to increase efficiency
and power output significantly. This can enhance the availability of steam, thereby increasing the
work output of the steam turbine, by elevating the steam temperature delivered to the high-
pressure turbine of the NPP.

The waste heat from the GTUs' exhaust gas can be used to increase the steam's temperature by
using a superheater, which is comparable to the heat recovery steam generator (HRSG) of
combined cycle power plants (CCPPs). As exhaust gases maintain their relatively high
temperatures after the superheater section (around 300°C), this waste heat can also be used as a
reheater between high- and low-pressure turbines and as an economizer to heat the feed water
delivered to the NPP's steam generator (SG) from the steam condenser. When feedwater heaters,
a moisture separator, and a reheater are eliminated from the nuclear power plant's steam cycle,
steam is not extracted from turbines. This allows more steam to expand in the turbine and
produce more power.

The proposed GT-NPP combined cycle, illustrated in Figure IV.8, incorporates six MGT-80 gas
turbine units and the VVER1000 with its stream cycle. This modified design utilised two low-
pressure-closed feedwater heaters and a deaerator (open feed water heater). Unlike the original
VVER1000 setup, we excluded the reheat cooler, a high-pressure-closed feedwater heater, a
cooler, and two low-pressure-closed feedwater heaters. We used hot gases from the six MGT-80
gas turbines to superheat the steam before the high-pressure turbine, reheat it in between the
turbine's two stages, and preheat the condenser's feed water to the steam generator. Only the
installation of heat recovery steam generators (HRSG), which are a superheater, reheater, and
economizer, was necessary to do this without changing the NPP steam-generating process.

Table 3. Given data from previous research papers. [3, 4, 6]

Tes Gas temperature at gas turbine outlet (°C) 581
P: Steam pressure at steam generator inlet (MPa) 5.88
T Steam temperature at steam generator inlet (°C) 224
T2 Steam temperature at steam generator outlet (°C) 280
Pe Steam pressure at extraction 6 (MPa) 0.196
Py Steam pressure at extraction 7 (MPa) 0.0862
Ps Steam pressure at extraction 8 (MPa) 0.0353
Po Steam pressure at extraction 9 (MPa) 0.0075
NupT HP turbine 95.72
et LP turbine 86.37
Np2 Main condensate pump 2 92.08
Nps Main condensate pump 5 96.9

Data from previous sources was used to model this configuration, and some assumptions have
been made, shown in Table 3 and Table 4, respectively. The turbine and pump efficiency, the
steam generator's inlet and outlet temperatures (from the nuclear reactor's safety perspective),
and the pressure readings are identical to those found in earlier studies [3, 4, 6]. At the same
time, all heat exchangers are taken to be isolated devices (n=1) and small kinetic and potential
energy differences are ignored. The temperature difference between the hot medium's inlet and
the cold medium's outlet is mainly considered 10°C in closed feedwater heaters (LP1 and LP2),
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while in HRSG, this difference is 15°C. It is worth to note, Ty is used when n={3,4,5} and Ts is

used when n={6,7}.
Table 4. Assumptions made to simulate.

Tes Gas temperature at gas turbine outlet (°C) 581
Te7 Gas temperature at ecomoniser outlet (°C) 120

T3 Steam temperature at superheater outlet (°C) 565

Ts Steam temperature at reheater outlet (°C) Test15
T Water temperature at outlet of LP1 (°C) 66

T Steam temperature at outlet of LP2 (°C) T1+10
T Steam temperature at outlet of LP1 (°C) Tu+10

The superheater section's inlet temperatures of steam (280) and exhaust gases (581) and their
mass flow rates are known. To maximize heat transfer while taking technological constraints into
account, the ideal output temperatures for steam and exhaust gases are acknowledged to be
565°C and 300°C, respectively. Thus, we can find the minimum number of GTUs:

n* mgas * (hg4 - th) = Msteam * (hg — hy)

where n is the number of GTUs, 145 and 1Mseqm are mass flow rates of a single gas turbine and
NPP, hg4, hys, h3 and h, are enthalpy values of those points on the cycle. By solving this
equation, we can found n as 5.327. This means we should have a minimum of 6 GTUs to achieve
maximum heat transfer in the superheater section. Even though this configuration needs a
minimum of 6 GTUs for the maximum heat transfer in the superheater section, to find the
optimal number of GTUs for the cycle efficiency, we have simulated the same cycle with
n=(3,4,5,6,7}. Knowing the effectiveness of the reheater and LP2 at the same time is preferable.
We should have enough heat supply to the system to add a reheater section. However, when
n<6, we can neither reach the possible maximum temperature (565) for the steam entering the
turbine (T3) nor decrease the exhaust gases’ temperature after the superheater section until 300.
The need for an economiser can explain the main reason for this issue. Due to the removal of
several components from the cycle, which were heating steam entering the steam generator, an
economiser needs more heat input. According to this information, we did not perform a
simulation, where we have reheater, for the cases n<6. You can see the generated data in

Table 0.

Table 0. Results of the simulation.

n | RH LP2 Ts (°C) Tes (°C) Te(°C) Wiet (MW) o (%)
+ - 317.9 162.6 4418 45.88
i + 317.9 1932 4358 4554
- - 367.2 2119 4289 44,54

- + 367.2 240.8 4259 4423

- 565 298.4 117.3 4040 46.54

+ 298.4 152.1 4009 46.18

6 I - 3315 150.4 3970 45.72
- + 3315 184.1 3940 4538
N + 529.5 314.2 3551 4591
- - 504.5 337.3 3512 45.40
A + 4311 362.8 120 3014 44.41
- - 4075 391.6 2981 4391
NE + 3417 4437 2503 42.86
- - 322.1 482.2 2476 42.40
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Analysis and Discussion

With a stunning 46.5% gain in thermal efficiency while using six GTUs, the integration of
VVER1000 with MGT-80 gas turbine units has produced a much more efficient system.
Comparing this to the respective efficiencies of MGT gas turbines (34%) and commercial nuclear
power reactors (33%), there is a noticeable improvement. Several changes are responsible for the
efficiency gain. A superheater has been installed in the GT-NPP combined power plant to raise
the steam temperature from 280°C to 565°C, improving the steam availability. In addition to
increasing the overall output work, reheating steam between high- and low-pressure turbines
assisted in bringing the exhaust gas temperature down to about 120C. The HRSG's economizer
now manages the process of heating the returning feed water from the condenser to the steam
generator, doing away with the requirement to extract steam from the high-pressure turbine.
Additionally, more steam expands in the turbines as a result of the removal of a reheater, a
moisture separator, and feedwater heaters, producing greater power.

The power output of the improved VVER1000 has increased by an impressive 112.5% to 2125
MW. Consequently, the GT-NPP combined power plant's total power production is 4040 MW,
which is 41.9% higher than the combined power output of the individual power plants, which
comes to 2848 MW (1000 MW + 6 x 308 MW).

Better use of high-temperature exhaust, reduced thermal losses, and optimal load distribution
among system components were credited with the efficiency increases. These findings were
corroborated by energy analysis, which showed that the improved system has less irreversibility.

Conclusion

This study offers a solid framework for strategically integrating gas turbines and low-grade heat
recovery cycles to increase the sustainability and efficiency of nuclear-based power generation.
Significant gains in thermal efficiency and economic performance can be made by combining
five MGT-80 GTUs with a VVER1000 NPP.

The suggested system layout provides a scalable answer to today's energy problems, especially
in areas looking to increase nuclear capacity while reducing their environmental impact. The
EES-based modelling and simulation demonstrated the approach's practical viability and offered
precise thermodynamic insights.

The power output of the improved VVER1000 has increased by an impressive 112.5% to 2125
MW. Consequently, the GT-NPP combined power plant's total power production is 4040 MW,
which is 41.9% higher than the combined power output of the individual power plants, which
comes to 2848 MW (1000 MW + 6 x 308 MW).

According to our baseline models, each MGT-80 GTU produces roughly 308 MWe at 34%
efficiency, while a solo VVER-1000 generates about 1,050 MWe at about 33% thermal efficiency.
The total net production increases to 4,040 MWe and the thermal efficiency rises to 46.5% when
six GTUs are integrated with the NPP's steam cycle, rerouting their combined exhaust through
economizers and superheaters to elevate steam conditions. Without using more fuel, this results
in a power output increase of 41.9% and an efficiency gain of 13 percentage points compared to
separate operation.

In terms of operation, the hybrid plant seamlessly responds to peak demand by combining the
GTUs' quick start-up (30 MW/min) and load-following capabilities with the NPP's steady base
load. Environmental benefits include lower water use through closed-loop cooling in the tertiary

cycles and the avoidance of almost 2.2 million tons of CO, annually when compared to simple-
cycle GTUs.
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The findings support the idea that combining various thermal cycles into a single power-
generating platform can be crucial to the shift to more efficient and sustainable energy systems.
Future studies should include dynamic load-cycle simulations, and real-world integration issues
such waste-heat management, safety procedures, and regulatory compliance. To validate model
predictions, pilot-scale demonstrations or experimental validation would be crucial.

In conclusion, the suggested GT-NPP combined cycle shows notable gains in output, economic
performance, efficiency, and environmental effect. This arrangement presents a viable route
toward more flexible, and sustainable power generation by efficiently recovering GTU waste

heat to superheat nuclear steam.
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