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COMPUTER SIMULATION OF GAS-DYNAMIC PROCESSES:
A ONE-DIMENSIONAL APPROACH

The relevance of this work derives from the need for effective information technologies and software tools for modeling
gas-dynamic processes in technical systems. Under modern conditions, the use of full-scale multidimensional models is associated
with significant computational costs and complexity of software implementation, which limits their application in practical
problems. In this context, one-dimensional models gain particular importance as a basis for developing optimized numerical
solution algorithms that provide a reasonable balance between accuracy, computational efficiency, and implementation
complexity. The objective of the study is to develop a one-dimensional mathematical model and a software package for numerical
simulation of thermogasdynamic processes in flow elements of technical systems, as well as to verify and analyze the accuracy
of the developed model. The aim of the study is to develop, implement, and verify a unified method for investigating gas-dynamic
processes based on one-dimensional mathematical modeling using modern numerical analysis techniques. Special attention is paid
to the development of efficient computational algorithms that take into account key physical processes (gas flow, heat and
mass transfer, energy transformations, turbulence, and hydraulic losses), as well as ensure stability, convergence, and computational
efficiency in software implementation. The object of the study is the processes of numerical modeling of gas-dynamic phenomena
in flow elements of technical systems (pipelines, channels, heat exchangers, piston units), which are characterized by unsteady
behavior, wave effects, and intensive heat and mass transfer processes. The subject of the study is methods based on a generalized
one-dimensional mathematical model for calculating gas-dynamic processes in flow elements of technical systems. The results
of the study showed that methods for improving numerical stability and reducing computational errors have been
investigated and implemented, which ensured stable operation of algorithms in modeling unsteady gas-dynamic processes.
The developed model is implemented as a software package designed for computational experiments and further analysis
of simulation results. The performed verification, based on comparison with known analytical, numerical, and experimental
data, confirmed the correctness, accuracy, and efficiency of the proposed algorithms. The conclusion confirms the feasibility
of using one-dimensional computational models as an effective tool for computer modeling of complex physical processes.
The proposed approach can be applied in the development of modern information technologies and in further scientific research
in the field of gas dynamics and thermophysics, while the relative error does not exceed 5%.

Keywords: modeling; numerical methods; mathematical modeling; software implementation; computational systems;
systems analysis; technologies; design.

1. Introduction focused on performance, scalability, and integration

into application software packages.

A current trend in computer science is the In this work, as part of a project to develop

development of algorithmically efficient software tools
for modeling gas-dynamic processes. The use of modern
numerical methods and computational approaches
makes it possible to create software systems capable
of accurately reproducing complex non-stationary
phenomena in technical systems. Mathematical modeling
is a fundamental tool of computer science that formalizes
complex physical processes into computational models
suitable for implementation in a software environment.
In today’s context, the development of effective
numerical methods and algorithms for modeling
processes in technical and energy systems [1] is of
particular relevance, where high calculation accuracy
must be ensured with limited computational resources.
This necessitates the creation of optimization models

a software package for calculating gas-dynamic processes
in gas-jet acoustic generators, a unified computational
model of gas-dynamic processes is proposed, focused on
studying the filling and emptying of closed containers
in technical systems. Particular attention is paid
to the algorithmization of the model, the selection of
discretization methods, and the implementation of
efficient computational procedures. The developed
model was verified by comparing the results of
numerical simulations with  known experimental
and calculated data, which confirms its correctness
and suitability for use as part of engineering analysis
software tools. Further development of this approach
opens up opportunities for creating intelligent
decision-support  systems, parameter optimization,
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and the automation of the analysis of complex
energy processes.

The aim of the study is to develop a generalized
mathematical and computational model of
thermogasdynamic processes in gas-jet cooling-heating
acoustic  generators  with  subsequent  software
implementation. The main focus is on constructing
an efficient numerical solution algorithm that
provides a comprehensive description of the interaction
of wave, thermal, and hydrodynamic phenomena
in a technical system.

The ultimate goal is to create a software-oriented
complex for conducting numerical experiments, analyze
operating modes, and optimize the performance
parameters of gas-jet acoustic generators, which will
improve the energy efficiency of the systems, enable
adaptive adjustment of operating modes, and expand
their application potential in modern information-
controlled technical systems. The use of the developed
software complex within the scope of this research
will allow for the creation of a database of operational
characteristics and results of numerical experiments
for further analysis and systematization of the
object’s operating parameters.

2. Analysis of Recent Publications

In modern computer science research, mathematical
modeling is a key tool for analyzing complex dynamic
systems, particularly physical and gas-dynamic processes,
as it allows for the formalization of equations into
computational models and their implementation as
software algorithms within software packages [2].
Computational models are based on numerical methods
for solving nonlinear differential equations, including
approaches such as the finite difference method, the finite
volume method, and other algorithmic schemes that
enable the construction of approximate solutions [3, 4].

Modern approaches in computer modeling include
multidimensional (2D, 3D) computational models,
which provide a detailed reproduction of the
spatiotemporal dynamics of processes, but are
characterized by high computational complexity and
significant demands on resources and optimization
of implementation algorithms [5]. In turn, one-
dimensional models are viewed as a method for reducing
the complexity of the problem, allowing for reduced
computational costs, simplified algorithm structures, and
efficient software implementation while maintaining
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acceptable accuracy for analyzing general trends in
system behavior [6]. Such approaches are widely used
in the development of software for modeling technical
systems, ensuring a balance between computational
productivity and accuracy of results.

Within the framework of modern information
technologies, hybrid and adaptive computational models
are actively being developed, combining various
numerical methods to improve algorithm stability and
resource efficiency. Such approaches allow for the
dynamic adaptation of the discretization of the
computational domain depending on the complexity of
the process, which is particularly important for
optimizing the operation of software simulators of
complex physical systems [4, 5].

A key role in such approaches is played by the
algorithmic implementation of models, the selection
of numerical methods, and the optimization of
computational procedures. This includes the use of finite
difference methods, finite volume methods, solvers
for hyperbolic systems of equations, as well as their
integration into software environments using modern
programming languages and libraries (Python, C++,
Lazarus, etc.). The result is the creation of flexible
software packages that provide numerical modeling,
visualization, and analysis of the dynamics of
complex processes.

An analysis of contemporary scientific sources shows
that computer modeling methods are a fundamental tool
of information technology in scientific and engineering
problems, as they combine high computational accuracy,
algorithmic efficiency, and the ability to automate
process analysis across various applied areas. Based on
such approaches, it is possible to develop formalized
mathematical and computational models of complex
physical processes, which provides the foundation
for the development of effective software systems for
simulation and optimization.

3. Materials and Methods
for Modeling Technical Systems

Methods for modeling technical systems involve
representing one-dimensional unsteady gas flow as
a formalized system of computational gas dynamics
equations (see Equations 1-3) [6-8], which enables
their  algorithmization and subsequent software
implementation within the framework of numerical
methods for computer modeling. This approach allows
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for the creation of computational models suitable

for integration into software packages for simulating

dynamic processes and forms the basis for performing
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numerical analysis, optimizing system parameters, and
supporting decision-making in information-controlled
technical systems [9, 10].
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where p is the density of the working fluid; @ is the

flow rate; p is the pressure; « is the thermal

conductivity coefficient; & is the gas resistance

coefficient; T is the temperature; d is the tube diameter.

The model for calculating technical processes is
based on the use of linear approximations, which allows
the system to be formalized as a set of elements with
concentrated parameters, provided that its characteristic
dimensions are significantly smaller than the wavelength.
Within this approach, the computational description of
processes boils down to the numerical solution of the
equations of unsteady gas flow in vessels of constant
cross-section (see Equations 4-6) with given boundary
conditions, which are determined by the operational logic
of the technical system [10]. Implementing this approach
as a computational model allows for the reproduction of
the main patterns of process dynamics while significantly
reducing computational complexity and optimizing the
use of software system resources.

%:¥+2a(/}w) (4)
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where p is the density of the working fluid; @ is the
flow velocity; p is the pressure.

Of particular interest in the context of computer
modeling is the analysis of processes in high-pressure
technical systems [10], which requires accounting for
nonlinear effects in mathematical and computational
models. Research on the influence of nonlinear
components shows that as system parameters increase,
the contribution of nonlinearity to the state equation
becomes dominant, leading to significant deviations in
the numerical representation of physical characteristics

2d

+w7jzﬂ_[gq+§[a%ﬂ:o @

compared to the contribution of nonlinear terms in the
equations of motion and continuity.

To solve such problems in software packages,
an iterative (successive approximation) method is used,
which is implemented within the system of equations via
a reduced computational subsystem (see Equations 7-8).
This algorithmic approach ensures a step-by-step
refinement of the numerical solution and allows for the
integration of the influence of key physical parameters
into the process of computer modeling of gas system
dynamics [9, 10].
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where p is the density of the working fluid; @ is the
flow velocity; p is the pressure; & is the gas resistance
coefficient.

4. Structure and implementation
of the composite one-dimensional model

Based on the methods discussed, a mathematical
model is developed that implements the ideal gas
equation of state (see Equation 9) and provides
a formalized description of the key parameters of the
working medium as it moves and interacts with the
system’s characteristics. Within the scope of computer
modeling, this model is used as a basis for developing
computational algorithms for the analysis and simulation
of dynamic processes in technical systems.

p=pRT ©)
where p — is the pressure; o — is the density; T — is

the temperature; R — is the gas constant.

The implementation of this model involves
a number of assumptions, according to which the
working medium is treated as a system of material points,
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and the internal energy is determined solely by
temperature. This formalized representation allows for
a significant reduction in the complexity of the
mathematical description of processes while maintaining
acceptable accuracy over a wide range of material
parameters, which is important for the subsequent
software implementation of computational models.

To numerically describe the dynamics of the
processes, a one-dimensional system of gas dynamics
differential equations is used (see Equations 1-3), while
thermal processes are modeled using a one-dimensional
unsteady heat conduction equation (see Equation 10).
Within the framework of computer modeling, the
technical system is considered as a thin-walled cylinder
with one end closed, which allows the spatial problem
to be reduced to a one-dimensional formulation
and simplifies its numerical implementation in the
software environment.

aT 0T, 1

ot ox* SC.p,
where « is the heat transfer coefficient; ¢ is the tube
wall thickness; C_ is the heat capacity of the tube wall;

a, — thermal conductivity coefficient; p, — density

of the tube wall; T, — gas temperature; T, — tube wall

[ (T,-T.)+,(T.-T,)], (10)

temperature; T, — ambient temperature.

5. Methods for the numerical solution
of gas dynamics systems

Computational algorithms that take into account the
discretization structure and the specific characteristics
of each model element are used for the numerical
implementation of the system of equations. The state
parameters of the working medium in the pipe are
determined using the finite difference method,
implemented as a discrete computational grid with a time

— density at the new time step
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step t and a spatial step h, as well as an additional offset
grid with a step size of h/2 (see Figs. 1, 2). Based on this
discretization, an explicit central-difference scheme is
constructed, which provides first-order accuracy in time
and second-order accuracy in the spatial variable h,
which is a typical approach in the numerical modeling
of dynamic processes.

< coo coa
* 7 X
e 7 7 P A 7-7°°% TRET W

o |
Fig. 1. Flat grid for process calculation:
At —time step; X — spatial step

Fig. 2. Computational cell of a planar grid:
where At is the time step; h is the spatial step

When transitioning to a new time step, numerical
discontinuities and jumps in model parameters may occur
at the nodes of a staggered computational grid.
To eliminate such instabilities and correctly determine
gas-dynamic quantities at intermediate points h/2,

an algorithm for solving the arbitrary discontinuity
breakdown problem is applied [11, 12]. The use of this
approach within the software implementation ensures
the numerical stability of the computational process
and improves the accuracy of reproducing gas flow
dynamics in the simulation software package:

i P At i i
Pl = Pl —?[(pw)iﬂ1 —(po), l] ; (11)

— velocity at the new time step
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ot =[(p0) = (P40,

— pressure on the new time layer
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Gas parameter jumps may occur between nodes
in the computational grid within a pipe, leading to
calculation errors and potential failure of the finite
difference scheme.

To eliminate numerical instabilities at the nodes of
the computational grid, an approach based on solving the
problem of the decay of an arbitrary discontinuity is
employed. Within this framework, the model considers
two semi-infinite regions of the working medium, in each
of which the gas parameters are constant at the initial
time but may differ from one another. This formalization
allows for a correct description of the evolution of the
distribution of physical properties after the occurrence of

1 - shock waves propagate to the left and right;
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a discontinuity and ensures the stability and consistency
of the numerical algorithm during the computer
simulation process.

The problem of an arbitrary discontinuity
When two gas media come into contact, the nature
of their interaction is determined by the values of the
main parameters, which can result in the formation of
various flow patterns (see Fig. 3). On both sides of the
initial separation point (point 0), the gases are in states
with constant parameters: on the left — p, p, @, on the

right— p, p, @,.

WP
1

2 — ararefaction wave propagates to the left, a shock wave to the right;

3 —a shock wave propagates to the left, a discharge wave to the right;

4 — a discharge wave propagates to the left and right

Fig. 3. Diagram of the location of the discontinuity: where

I —is the space on the left; | — is the space on the right; KP — is the contact gap;
L is the density of the working fluid; @ is the flow velocity; p is the pressure

At the boundary of the flow, which may manifest as
a shock wave or a rarefaction wave, a change in flow
parameters occurs. In this region, a redistribution of
physical quantities takes place; in particular, the values of
gas pressure and velocity change to new, consistent
values that ensure compliance with the laws of
conservation of mass, momentum, and energy [13, 14].

The calculation is performed in the following
sequence:

a :\/k pi + pi+1 pi +pi+1 (14)
2 2

_ pi + pi+l _ a)i +a)i+1

P = a 15
k > > (15)
o, + o, P — P
U — i+1 i i+l 16
K 2 a (16)
where a — is the mass velocity of sound; U, is the

contact discontinuity velocity; P, is the contact

discontinuity pressure.
The wave velocity propagating to the left and right

of the discontinuity (see Equations 17, 18):
D, =& -a/p, 17)
D, =@, +a/p, (18)
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Depending on the sign of the speeds D, and D, ,
the following options are possible:
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D,>0,D, >0,thenU =0, P=p,, R=p, (19)
D, <0,D, <0, thenU=a,,, P=p,,, R=p,, (20)

D, <0,D,>0,U,>0,thenU =U,, R

(k +l) P, +(k —l) P,
P(k=1)P +(k+1)p,
(kK+D)PB +(k-1)p,,

(21)

D, <0,D,>0,U,<0,thenU =U,, R=p, (22)

6. Analysis and verification of modeling algorithms

The developed unified one-dimensional computational
model was implemented using the Lazarus Free Pascal
programming language [15] as a software package

Fig. 4. Software package for calculation

The developed software enables numerical simulation
of the thermo-gasdynamic processes occurring in the
system’s working elements, specifically the study of
wave processes associated with the propagation of shock
waves and rarefaction waves, as well as thermal
processes involving heat transfer between the working
medium and the walls of the receiving tube.
This approach enables the integration of the computational
model into software packages for the analysis, optimization,
and verification of gas-jet acoustic generators.

A key element of such a system is the data storage
subsystem, implemented using modern database
technologies. The use of a specialized data warehouse
allows for the accumulation of information on
geometric parameters, operating modes, performance

H(k -DR +(k+Dp,,

for the numerical calculation of the operating parameters
of gas-jet acoustic generators (see Fig. 4). The chosen
language ensures high computational speed, flexibility
in implementing numerical algorithms, and the ability
to create an intuitive graphical user interface.

characteristics, and numerical simulation results for a set
of objects of the same type. Given the structure of the
subject domain, it is advisable to use a relational data
model, which ensures integrity, consistency, and efficient
query execution. At the same time, for tasks involving
complex relationships between objects, network or hybrid
approaches to data organization may be used.

Integrating the computational model with the
database enables the automated generation of input
parameters for modeling based on accumulated
operational data, as well as the storage of calculation
results for further analysis. Periodic updates of equipment
status data and the re-execution of numerical calculations
allow for the implementation of mechanisms to predict
changes in technical characteristics over time.
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Based on this approach, it becomes possible to model
equipment aging processes, assess parameter degradation,
and predict remaining service life. This, in turn, creates
the prerequisites for building decision support systems
for maintenance and repair, including the optimization of
preventive maintenance schedules. Thus, the computational
model, combined with an information subsystem for data
storage and processing, transforms into a tool for
modeling the life cycle of technical objects.
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To confirm the reliability of the results, the model
was verified by comparing it with known literature
data [16, 17] prior to conducting numerical experiments.
A comparison of the simulation results with
experimental and literature data showed that the relative
error does not exceed 5% (see Fig. 5). This indicates
a sufficient level of model adequacy for describing
the physical processes under study in flow elements
of technical systems.

A\

model calculation
—m=—source first

315

/I \./II\ /" —y—source two

Temperatura, [K]

I/
o
i

305

/

300 T

0,0 0.5 1,0

1,5 2.0 25

Length, [m]

Fig. 5. Testing the model using existing results

Further development of the presented computational
model should be directed not only toward improving its
physical accuracy but also toward expanding the system’s
information component. In particular, the creation of
an integrated software and information complex using
distributed computing technologies, cloud services, and
digital twin elements is promising, as it will enable real-
time monitoring, modeling, and forecasting of operations.

7. Conclusions

As a result of the study, a unified one-dimensional
computational model of gas-dynamic processes was
developed, which accounts for key physical mechanisms,
including gas flow, energy conversion, heat and mass
transfer, turbulent effects, and local hydraulic losses, and
enables the software implementation of numerical
algorithms for engineering modeling. The model is based
on the fundamental laws of conservation of mass,
momentum, and energy, ensuring its physical validity and
suitability for application to a wide class of gas-dynamic
problems. During development, the structure of the

computational model was defined, the selection of initial
and boundary conditions was justified, and an approach
to discretizing the computational domain was
implemented, ensuring numerical stability, convergence,
and computational efficiency.

The proposed model has been implemented as
a software package that enables engineering calculations,
analysis of operating modes, and parametric optimization
of gas-dynamic systems. Verification of the model’s
adequacy through comparison with experimental and
literature data confirmed a high degree of agreement
between the results (the error does not exceed 5%), which
indicates the correctness of the assumptions made and
the practical applicability of the developed approach.

Further analysis showed that the effective use of the
developed model should be considered not only in the
context of numerical engineering modeling but also as
part of information technology for supporting the life
cycle of technical systems. In this case, the model is
integrated into an information and analytical system that
ensures the collection, storage, and processing of data
on technical objects with individual parameters.
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A key element of such information technology is a data
management subsystem, implemented on the basis of
databases or data warehouses. The choice of storage
architecture (relational, hierarchical, or networked) is
determined by the structure of the subject domain and the
nature of the relationships between object parameters.
The use of a centralized data warehouse enables the
systematic updating of object parameters and their
subsequent use in computational procedures.

Integrating the database with the computational
model enables the implementation of a mechanism for
recalculating operational characteristics based on current
input data, which creates a foundation for predicting
changes in the technical condition of equipment.
This approach enables the modeling of aging processes,
the assessment of parameter degradation, and the
planning of maintenance interventions.

The results obtained confirm the feasibility of using
one-dimensional computational models as a component
of modern information technologies for engineering
analysis and the management of the life cycle of technical
systems. The developed approach can be used to
create integrated software and information systems
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KOMII'IOTEPHE MOJIEJIOBAHHSA CKJIAJTHUX ITPOLIECIB
HA OCHOBI OJJHOBUMIPHOT O IIIAXOAY

AKTyaJbHiCTh POGOTH 3yMOBIICHa HEOOXiMHICTIO B e(eKTUBHHMX iH(QOPMALIMHUX TEXHOJNOTISIX 1 NporpamMHUX 3acobax Juis
MOJZENIOBaHHS Ta30[JMHAMIYHHUX IIPOIECIB y TEXHIYHMX CHCTeMaX. BUKopHcTaHHS IOBHOMAacmTaOHHX OaraTOBHMIPHHX Moeiei
00OMEXEHO 3HAYHUMH OOYHCIIOBAIPHMMHU BHTpaTaMHd Ta CKJIAOHICTIO TNPOTpaMHOi peai3amii, IO 3HIDKYE iX MpaKkTHYHY
e(eKTUBHICTE. Y IIbOMY KOHTEKCTi OHOBUMIPHI MOJENi € OCHOBOIO IS ITOOYZOBH ONTHUMI3aI[IHHUX OOYHMCITIOBAIBHUX aITOPUTMIB,
sIKi 320€3MeYy 0Tk palioHaABHIN 0ajaHC MK TOYHICTIO, IIBUIKOMIEIO Ta CKIAJHICTIO pearizamii. JloJaTkoBy akTyalbHICTh BU3HAYAE
mepexiy 10 iHTerpoBaHUX 1HGOOPMALIHHO-aHANITHYHUX CHCTEM Ui KJIAaciB TEXHIYHHUX O0O0’€KTiB 31 3MIHHHMHU MapaMeTpaMH,
o NoTpedye 3acToCyBaHHS 0a3 JaHWUX 1 CXOBHI iH(pOpMAIT JJsi 30epiraHHs Ta OHOBJICHHS CKCIUTyaTal[iifHUX XapaKTePHCTHK.
O0’€KTOM A0CTiIZKEHHS € TIPOLIECH YHCEIBHOTO MOJEIIOBAaHHS ra30ANHAMIYHHX SBHI Y MTPOTOYHUX EIEMEHTaX TEXHIYHUX CHCTEM,
a MpeIMeTOM — METOAM Ha OCHOBI y3araJbHEHO! OJXHOBHUMIPHOI MaTeMAaTHYHOI MOJEN PO3paxyHKY Ia30JMHaMIYHHX IPOILECiB
y HPOTOYHHX eJEeMEHTax TeXHIYHUX cucteM. MeTa JOCIizKeHHsI — PO3pOOJICHHS y3arajJbHEHOT MaTeMaTH4HOI Ta 0OUHCITFOBAIBHOT
MOJIeJli TepMOTa30IMHAMIYHUX IPOLECIB y Ta30CTPYMEHEBUX XOJIOMIBHO-HATPIBAIBHUX aKyCTHYHMX T'€HEepaTopax i3 IMOJalbIIo
IpOrpaMHOIO  peaiizamiero. 3aBJaHHSA: pO3pOONEHHS OJHOBHMIPHOI MaTeMaTWYHOI MOAENI Ta IPOTPaMHOTO KOMIUIEKCY
JUI 9UCENFHOTO MOJETIOBAHHS TEPMOTa30JMHAMIUYHUX IPOLECIB y TMPOTOYHHX €JIEMEHTaX TEXHIYHHX CHCTeM, iX Bepu(ikarlis
Ta aHaJi3 TOYHOCTI; GopMyBaHHS iH(GOPMAIIHHOT TEXHOIOTII MiATPUMKH KUTTEBOTO IIUKITy TEXHIYHUX 00’€KTIB HA OCHOBI iHTErparii
obOuncmoBanbHO Mozem 3 0a3aMu AaHUX Ui 30epiraHHs, OOpOOJCHHS 1 OHOBJIEHHS MapaMeTpiB i3 MOAANBLUINM BUKOPHUCTAHHIM
JUIS TIPOTHO3YBAHHS TEXHIYHOTO CTaHy W aHaji3y eKCIUTyaTalliiHHX XapakTepucTuk oOmaaHaHHs. OcoONMMBY yBary NpUAiIEeHO
(hopMmyBaHHIO €(DEKTUBHHX OOYHMCIIOBAIBPHUX AalTOPUTMIB, MIO OepyTh 10 yBarm KIOUYOBI (i3muHi mporecH (pyX Ta30BOTO
CepelIoBHIIA, TEIJIO- i MacoOOMiH, €HepreTHYHI MEepeTBOPEHHS, TypOYJIEHTHICTh 1 TiApaBiiduHi BTpaTH), a TAKOX 3a0e3MedyroTh
CTIHKICTB, 30KHICTD i OOYHMCITIOBAIBHY €(EKTHBHICTD IIiJ] 4ac peaji3alil B MporpaMHOMY cepeloBuIli. Pe3yabTaTn mocaigxkeHHs
MIPOIEMOHCTPYBAJIH, IO 3aCTOCYBAaHHS METOIB IiABHIICHHS YMCEIBHOI CTIHKOCTI Ta 3MEHIIEHHS MOXMOOK OOYMCIEeHb 3a0e3nedye
CTabiIbHy poOOTY MpOrpaMHUX aiTOPUTMIB Yy MOJCNIOBaHHI HECTAlllOHApPHUX Tra30JAWHAMIYHHMX IpOLECiB. 3ampornoHOBaHA
MOJielIb peanizoBaHa Y BHIVISI HNPOrPaMHOTO KOMIUIEKCY, SIK CKIaIHUK iH(OpMAaI[iiHO! TEXHOJOTIl YHCENBHOr0 MOJCTIOBAHHS
it anamisy manmx. IlpoBeneHa Bepuikamlis Ha OCHOBI MOPIBHSHHSA 3 aQHANITUYHUMH, YHCENIBHUMH W EKCIIepUMEHTaJbHUMHU
MOKAa3HUKAMH MiJTBEPAWIa KOPEKTHICTH 1 BHCOKY TOYHICTh 3alpONOHOBAHUX alropuTMiB (mMoxuOka He mepeBunrye 5%).
BucnoBku. IlinTBepmKeHO MAOLITBHICTS BUKOPUCTAHHA OJHOBHMIPHHUX OOYHCIIOBAJBHUX MoOjeNell sk 0a30BOTO eneMeHTa
cydacHMX IiH(OpMaIiHHMX TEXHOJIOTiH KOMII'IOTEPHOTO MOJIENIOBAHHS CKJIAQAHUX (I3WYHMX TpoLeciB 1 CTBOPEHHS
MporpaMHO-iH(GOopMaiHHIX CUCTEM MiATPHUMKH iH)KEHEPHOTO aHaJi3y.

Kiio4uoBi cioBa: MoIenioBaHHS; YHMCENbHI METOJM; MaTeMaTHYHE MOJETIOBAHHS; MPOrpaMHa peanizallis; o0YMCIIOBaNbHI
CHCTEMH; CHCTEMHHIl aHaJIi3; TEXHOJIOTI{; MPOEKTYBaHHS; 0a3U JaHUX.
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