/.\ BicHuk TepHONiibChbKOro HALIOHAJIBLHOT0 TEXHIYHOT0 YHIBEPCHTETY
https://doi.org/10.33108/visnyk_tntu

my Scientific Journal of the Ternopil National Technical University
\_/ 2024, Ne 1 (117) https://doi.org/10.33108/visnyk_tntu2025.01
ISSN 2522-4433. Web: visnyk.tntu.edu.ua

UDC 536.24

JUSTIFICATION OF THE CHOICE OF COMPONENTS OF
THE AEROSPACE VEHICLE PROTECTION SYSTEM

Olexandr Iskra; Elina Plisetska; Olexandr Lobunko

Education and Research Institute of Aerospace Technologies,
National Technical University of Ukraine «lgor Sikorsky Kyiv Polytechnic
Institutey, Kyiv, Ukraine

Abstract. During operation, aerospace vehicles are exposed to various factors specific to the
external environment. The design of aerospace vehicles is a complex scientific and technical task, during
the solution of which it is necessary to take into account the possible effect of factors on the structural
elements and systems of the apparatus, and to include in the concept of the apparatus the means of its
protection and ensuring its functioning in the expected conditions of use. This article presents the results of
a review of the latest scientific research on improving the understanding of operating conditions and
substantiating options for the elements of the aerospace vehicle protection system. Designers increasingly
rely on computer modeling to assess the operating conditions of the objects they design and manufacture.
Computer models are widely used to create and evaluate the effectiveness of various concepts of monitoring
the technical condition and protection of aerospace systems, as well as to overcome significant problems at
various stages of designing protection systems. The model of the object under study is discretized into
elements with a uniform temperature field. Modeling and analysis were performed using specialized
software, which is designed for the formation of a finite element model, performing all necessary
calculations, presenting the results for further analysis and improving the properties of research objects.

Key words: aerospace vehicles, finite element method, mathematical modeling, thermal protection
systems, thermal scheme, heat transfer.
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1. INTRODUCTION

The choice of aerospace vehicle (AV) protection systems is determined by flight
conditions and mission tasks. The operating conditions of AVs are influenced by specific
environmental factors that shape the design requirements for the vehicle and its systems.
During the AV life cycle, besides the operational phase, there are stages of design, launch
preparation, and the launch itself, each with distinct factors affecting the shape and design
of the AV. However, the phase of space operation involves radically different conditions
that require special attention in the design of the AV, its systems, and components.

The advancement of aerospace technology, marked by qualitative differences in each
new system architecture, drives the need for enhanced principles and technical solutions for
protection systems, as discussed by Aditi Ahuja [1] and Rodmann et al. [23]. A combination
of external and internal space environment factors can have a destructive impact on the
materials and structural elements of AV systems, making resistance to such factors critical
for successful and long-term operation [36]. The design of reusable AVs must consider the
influence of operational factors on systems and components, ensuring proper thermal
design, micrometeorite protection, and resistance to deep vacuum, radiation, and other
specific space conditions.
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2. LITERATURE REVIEW

The selection of thermal protection materials is governed by the thermal
environment, duration of exposure, and the frequency of application. AV temperature
conditions involve external and internal radiative heat exchanges with space, determined by
direct solar radiation, Earth's reflected solar radiation, Earth's thermal emission, and AV
heat release [7]. Aerothermodynamic heating during atmospheric descent critically
influences TPS design.

Asgar et al. [3] analyzed ablative materials and passive TPS using reusable heat-
resistant tiles like HRSI, FRCI, and LRSI for reusable aircraft. Ablative materials protect
AVs from reentry overheating where high temperatures threaten payload or crew safety
[18]. Junjie et al. [11] studied the char layer microstructure in low-density resin-based
ablative insulation, modeling residual carbon deposition and predicting thermal
conductivity via finite element methods. Riccio et al. [22] detailed optimization procedures
for AV ablative heat shields.

Brociek et al. [5] reproduced aerothermal heating profiles for RLV TPS using
a one-dimensional heat conduction equation with time-dependent surface heat
flow, employing implicit finite difference schemes. Xu et al. [24] proposed an
integrated TPS (ITPS) combining thermal insulation and load-bearing capacity,
optimizing unit cell topology to minimize thermal conductivity and elastic strain
energy while maintaining structural efficiency. Piacquadio et al. [19] investigated
integrating TPS into load-bearing structures, incorporating phase-change materials
into metal lattices to reduce wall temperatures and enable the use of materials with high
specific mechanical properties; additive manufacturing aids localized structural
optimization.

Dang [6] studied Woven Thermal Protection Systems (WTPS) like HEEET for
interplanetary missions, using thermal and structural modeling to enhance understanding and
predictability of WTPS behavior.

Al-Jothery [2] explored AV structural materials for oxidation and rapid
heating environments exceeding 1700 °C. Gupta and Ramkumar [8] examined metallic
TPS options and treatment methods. Wilken et al. [10] addressed integrating
cryogenic insulation and TPS on fuel tanks of winged reusable aerospace objects,
emphasizing durability over multiple thermal and mechanical load cycles without major
reconstruction.

Ma et al. [15] investigated an active thermal insulation system with a spiral ring cooling
plate, phase-change material container, and aerogel mat for high-temperature and pressure
environments, demonstrating satisfactory thermal protection.

Ferrone [22] highlighted active magnetic shielding using high-temperature
superconducting coils to create intense magnetic fields around spacecraft, effectively
deflecting charged particles and reducing astronaut radiation exposure, offering
mass savings over passive materials. Naito et al. [16] assessed radiation shielding materials
via Monte Carlo simulations, evaluating aluminum, polyethylene, hydrides, complex
hydrides, and composites, considering stopping power and fragmentation cross-section.
Composites like carbon fiber-reinforced plastic showed promising shielding capabilities,
significantly reducing doses compared to aluminum while maintaining high mechanical
strength.

Thus, AV protection system design must integrate with other design aspects. Key
tasks using computer simulation during the AV life cycle include assessing the feasibility
of protection systems, determining parameters and conducting thermal calculations to
compare options, calculating required heat exchange areas, selecting radiative-optical

ISSN 2522-4433. Bicnux THTY, Ne 1 (117), 2025 https://doi.org/10.33108/visnyk_tntu2025.01 ........ccovvvveveririricreirinininene 43



Justification of the choice of components of the aerospace vehicle protection system

surface characteristics, specifying thermal insulation requirements, evaluating temperature
fields of structures, determining coolant flows and heat exchanger parameters, defining
characteristics of systems consuming working substances, developing design requirements
considering other systems, and modeling post-flight thermal state to assess reuse potential.
Thermal design necessitates identifying the most heat-stressed AV areas, assessing
the need for special thermal protection, and selecting appropriate materials with determined
thicknesses, despite limited information about thermal loads on specific AV sections.

3. MATERIALS AND METHODS
3.1. Thermal models and schemes

Thermal modeling of a 3D object provides a comprehensive assessment of thermal
interactions, to identify the main parameters characterizing such interactions, to check the
influence of these parameters on the temperatures of certain elements, and to obtain
dependencies that allow predicting possible temperature fields T(F, 7) at effects of external
and internal factors F during the flight time z[14]. At the initial stage, a thermal diagram
representing key nodes is formed, AV elements with an indication of all significant thermal
connections, as well as external and internal thermal effects (Figure 1).
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Figure 1. The explanation of the heating of the object with an external protection system (a),
schematic [4] of the ablation phenomena (b)

Ablation combines material removal and thermal protection under external heat flow.
Heating pyrolyzes the outer layer into a charred zone; escaping volatile gases provide cooling
and reduce material thickness, as shown in Figure 1(b) with layers — melting zone, mature char,
reaction zone, virgin material — and heat transfer processes like conduction, gas cooling, and
radiative cooling. Thermal and mechanical effects during ablation lead to surface recession and
potential erosion, critical for long-duration space missions.

Based on the thermal scheme, a calculation scheme was developed to describe thermal
interactions among structural elements and assumptions for mathematical heat exchange analysis.
Using the finite element method, the object was discretized into nodes with uniform temperature
fields. Thermal interactions among nodes and with the environment are described by elementary
heat balance equations from the thermal scheme. This model represents selected nodes, showing
significant thermal connections and external and internal thermal effects, visually depicted in a
thermal diagram. The heat balance equation of nodes is presented as [12, 13, 14]:
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Designing AV protection systems requires detailed thermal analysis using mathematical
models of varying detail. Early stages employ «first level» models with minimal elements and
thermal connections to explore options and justify thermal characteristics, allowing independent
thermal calculations of components. Modern software solves nonlinear, non-stationary spatial
problems by specifying boundary conditions, altering object geometry, determining temperature
distribution, and accounting for contact effects between elements and environments.

During flight, the thermal state of AV cladding is defined by gas flow interactions with
protection system surfaces. Heat transfer from the high-speed gas medium to the protection
system (cladding walls) occurs mainly via convective heat exchange, depending directly on
flow characteristics, velocity distribution, and boundary layer flow regime. Heat conduction
equations calculate heterogeneous thermal states of solids; generally, the non-stationary thermal
conductivity equation has the form:

T 02T 92T 92T\ w
= + ()

7w oz T dy? t oz Cpp

Equation (2) assumes constant thermophysical characteristics without considering
different temperature fields.

Equation (1) has multiple solutions and reflects heat transfer in solids. In order to obtain
a calculation that will characterize a specific process and contain a mathematical description of
this process, it is necessary to use additional conditions in the main equation, which will include
geometric conditions (body shape and dimensions), physical conditions (properties of the body
and environment) and boundary conditions (initial and boundary). Thermal state studies use
boundary conditions of the first, second, third, fourth order, etc. As a rule, the thermal
interaction between the surface and the environment during analytical studies of heat transfer
in solid bodies washed by a flow of gases is described by boundary conditions of the third kind:

-\ G_T = a(T(xp, Y Zn, t) — T¢) 3)

on
Boundary conditions of the third kind provide for setting the intensity of heat supply
(removal) from the body surface, which most accurately reflect convective heat exchange.

3.2. Evaluation of protection systems

Design-theoretical-experimental evaluation of AV thermal protection systems ensures
flight safety and efficiency by testing materials under simulated entry conditions.

A re-entry simulation chamber examines thermal and mechanical loads using gas dosing
to simulate atmospheric pressure and induction heating — conductive materials directly,
insulators via susceptors or tubes. A servo-hydraulic testing machine applies loads with
specified profiles, measuring deformation via laser speckle systems or strain gauges.

Used for thermal shock testing, thermal and gas cycling, thermomechanical testing,
sintering, or hot pressing, the device achieves vacuums better than 10° mbar, heating at
20 K/min, cooling at 50 K/min, isothermal holds at 1,800 °C, total experiment times up to 3
hours, with parameters monitored by advanced software.
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Other tests [4], like infrared evaluations, assess HTPS thermal properties concerning
differential thermal expansion coefficients. Also vibration resistance is critical. Barcena et
al. [4] tested 4 mm thick ablation material with two adhesives, using accelerometers to
measure response per CTA protocol and ECSS-E-ST-10-03-C standard, including
oscillation and random vibration along all axes. Integrated thermocouples ensure accurate
temperature measurement.

Assessing thermal protection involves determining maximum thermal power and load
to optimize protection thickness and minimize mass loss (4m(z) — min). Ground tests,
including plasma arc and radiant heater tests, establish temperature limits and assess material
degradation.

4. RESULTS AND DISCUSSION

To study the aerodynamic heating of the AV surface via finite element analysis,
the authors developed a computer model of the prototype, incorporating known
characteristics of modern reusable AVs (Table 1). Noting the tendency among analogues
to use relatively small «spaceplane»-type AVs for unmanned cargo and vehicles
with detachable descent capsules for manned flights (the remainder being disposable
or reusable, returning separately), a «spaceplane»-type AV model was selected for this
study.

Table 1
Reusable AV
Name Type and purpose Status, year of Characteristics
1st launch
Length 37.24 m,
. . Closed, wingspan 23.8 m,
Space Shuttle|Cosmoplane. Manned orbital flights 1081 height 17.25 m,
take-off weight 110,000 kg
Length 8.9 m,
Boeing X-37 Cosmoplane. Unmanned missions,|  Actual, wingspan 4.5 m,
g exact destination not disclosed 2010 height 2.9 m,
take-off weight 4989 kg
. Height 3.3 m,
0N | bt sudies i low Earth ot | 2014 diameter 5,03 m,
starting mass 33446 kg
Spacecraft with a descent capsule. Height 8.1 m,
Sga(fg(z Flights to the International Space Azcgggl, diameter 4 m,
g Station (manned, unmanned) starting weight 12519 kg
Cosmoplane. Flights to the In w%r?ngtr;ng?mﬁw
Dream Chaser|  International Space Station  |development, 195p '
(manned, unmanned) 2024 . helgh_t 2.9 m,
' starting weight 11340 kg

The problem of thermal conductivity is solved by the finite element method using
modern software and hardware complexes. In this study, a methodology was developed and
implemented, which is presented in Figure 2.
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Figure 2. Generalized scheme of justification for choosing a thermal protection system

A solid-state model displaying the main geometric dimensions, shapes, and elements of the
AV was constructed using the CATIA software environment (Dassault Systémes), adopting the
following dimensions: length 11.6 m, wingspan 9.4 m, fuselage height 3 m, fuselage width 3.8 m,
wingspan 6.5 m, height including feathers 4.25 m. The main stages of creating the solid model are:

1. Creation of the fuselage cross-section and nose rounding outlines, according to which
the fuselage surface was built (Figure 3-a).

2. Creation of the wing console outline and its profile (an approximately symmetric
profile), according to which the wing console surface was constructed (Figure 3-b).

3. Creation of the plumage outline (at a 45° angle to the AV's plane of symmetry) and
its symmetric profile, according to which the plumage surface was constructed (Figure 3-c).

4. The surfaces of the cantilever and tail are symmetrically displayed, all surfaces are
united (Figure 2-d), and a solid model is created on their basis (Figure 3-e).

Figure 3. Visualization of the main stages of building an AV calculation model:
a) construction of the fuselage; b) construction of the wing console; ¢) construction of plumage;
d) symmetry, union of surfaces; e) finished solid model

Further work was performed in ANSYS Workbench (student version). In the Geometry
module, the model's geometry was refined, and a calculation domain — a sphere of radius 60 m
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representing the surrounding air — was created. In the Mesh module, a finite-element mesh was
generated by partitioning the model's surfaces and the internal surfaces of the calculation
domain in contact with it as follows: edges of the wing and tail, and the smoothing zone of the
wing-fuselage junction — 0.02 m; wing area and feathers near the edge — 0.06 m; surface of the
wing and tail, nose part of the fuselage — 0.1 m; rest of the fuselage surface — 0.15 m.

Thin boundary layers of the calculation domain mesh near the model's surface were also
created. The grid construction type is Explicit. Element sizes were selected based on the model's
dimensions and the limitations of the ANSYS student version, which restricts the number of
elements. The resulting finite element mesh has triangular elements (Figure 4) and consists of
about 450,000 elements.

a) b)

Figure 4. Triangular calculation mesh generated in the ANSYS Mesh module:
a) on the surface of the model; b) in the plane of symmetry

The meshed model was then loaded into the Fluent module for further simulation. In
Fluent, the finite-element mesh was converted to a polyhedral one (Figure 5), which the
program processes more efficiently.

a) b)

Figure 5. A polyhedral calculation mesh generated on the basis of the triangular one in the module ANSYS
Fluent: a) on the surface of the model; b) in the plane of symmetry

At the next stage, the operating conditions of the elements of the AV passive thermal
protection system were modeled. The aerodynamic heating of the AV surface at the stage
of atmospheric descent is simulated for different conditions (M = 25 — 10) and flight
altitudes (h = 80 — 24 km above sea level) in order to study the change in the heating
pattern depending on these parameters. The cases of different combinations of the values of
selected heights and M numbers at the angle of attack a = 30° are considered. A certain
height is simulated by specifying the characteristics of the environment for the calculation
domain — atmospheric pressure, temperature, density and viscosity of air.

The ANSYS Fluent module includes the following physical models for calculation:
Energy, Viscous (Spalart-Allmaras). For the calculation domain, the «pressure-far-field» type
is set, the material is air from the ANSYSS library (student version), the «kinetic-theory» method
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is set for the calculation of air parameters. When specifying the material of the solid-state
model, parameter values similar to those for heat-resistant FRCI plates are set.

The results of the calculation of the temperature fields are shown in Figures 6, 7. To
display the picture of the temperature distribution on the surface of the model, the color scheme
is adjusted in such a way that the surface heating zones are depicted with clear edges that
correspond to the divisions of the scale.
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Figure 6. Change in the pattern of heating of the upper part of the AV surface at M = 20 depending
on the flight height
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Figure 7. Change in the pattern of heating of the upper part of the AV surface at an altitude of h =50 km
depending on the number M

Simulation results indicate the highest heating risk for all investigated Mach numbers
at an altitude of 50 km. As the Mach number increases, the maximum heating temperature rises
by up to 100 °C. The total area of the highest heating zones slightly increases with decreasing
altitude and decreases with increasing Mach number. Among the calculated cases, the most
heat-loaded scenario is at h = 50 km and M = 25.

For further research on optimizing the layout of AV passive thermal protection system
elements, it is important to consider changes in surface heating patterns along the descent
profile, accounting for speed reduction as flight altitude decreases. As a first approximation,
the descent profile from Zhou C. et al. [25] can be used.

Similar to the previous calculations, the calculation is carried out for these cases.
According to the obtained results (Figure 8), the calculated height of 50 km remains the most
heat-loaded.
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Figure 8. Graphs of the dependence of the highest temperatures in the heating zones of the AV surface on the
flight height, taking into account the change in speed during descent

The resulting picture of the temperature distribution over the surface of the AV
calculation model during aerodynamic heating for the most heat-loaded section of the
atmospheric descent (h = 50 km) makes it possible to determine the characteristic zones of heat
loads on the surface of the AV. According to the heating zones of the surface of the AV model,
it is possible to determine the areas of the surface that require the use of heat-protective coatings
of a certain operating temperature. It is advisable to choose reusable heat-resistant plates as
coatings. Based on the picture of the distribution of the calculated temperature on the AV
surface, it is thus possible, in a first approximation, to determine the location zones of the
thermal protection system with the corresponding operating temperature (Table 2).

Table 2

Areas of heat loads of the AV surface during atmospheric descent according to simulation results

Variants of heat-

[e]
Ne 6 °C resistant plates

AV surface areas

Lower surface, nose and lower side of the fuselage,
1 |1530... 1780| TUFROC, RCC |leading edge and leading part of the upper surface of the
wing, edges and outer surface of the tail

5 11280 1529 RCC The lower middle part _of the fu_selage, the rear part of the
upper surface of the wing, the inner surface of the tail
3 [1030... 1279 TUFI The upper middle and tail part of the fuselage
TUFI, HRSI, .
4 1 779...1029 FRCI. CRI The upper part of the fuselage is closer to the bow
5 <778 HRSI, FRCI | The upper part of the fuselage is closer to the tail

Given the fact that the simulated heating areas have uneven borders and are located in
rather narrow spaces in some areas, and therefore, the exact repetition of their contours in the
layout of the heat-resistant plates would lead to the complication of the coating design, as well
as the fact that the heating areas intersect operating temperatures of various heat-resistant plates,
the diagram of their location is proposed to be drawn up with a generalization and simplification
of the contours of the heating zones.

50 ............. ISSN 2522-4433. Scientific Journal of the TNTU, No 1 (117), 2025 https://doi.org/10.33108/visnyk_tntu2025.01


https://doi.org/10.33108/visnyk_tntu2025.0

Olexandr Iskra, Elina Plisetska, Olexandr Lobunko

As a basis for the areas of location of heat-resistant plates, the limits of the areas of
heating of the AV surface, obtained as a result of modeling, are taken; the uneven boundaries
of the heating areas are generalized by smooth lines towards a higher operating temperature;
small areas with a lower heating temperature are considered part of a zone with a higher heating
temperature; zones 1 and 2, as well as 4 and 5, which allow the use of coatings of the same
operating temperature, should be combined with each other. A general outline of AV protection
systems is presented in Figure 9.

e ™~ / N\
Thermal protection systems:
passive — coverings that provide controlled entry and
discharge of heat;

Radiation protection systems:
—_ passive radiation protection — materials that block radiation;
active — means of forced heat o with the Mi:gct;;;e.c?maunn pzmecuon—means of dispersing radiation particles
environment. & g . o -
. ) . . Drones require rad protection of rad -sensitive el

WL il iy sl i) o i Pilots need radiation protection sufficieat to ensure the life and health
operation in the space environment and atmospheric descent, | of the
meet the requirements of the maximum number of load cycles, f
minimum mass and damage < 4

= .
[ Means of anti-meteor protection: )
multi-layered anti-meteor shields that capture and break up
meteorites and orbital debris;
choosing the direction of location of erosion-sensitive equipment in

-

™
{ Means of protection against the effects of deep vacuum:

use of materials resistant to surface wear on external
elements; and orbital debris;

the use of protective coatings for materials sensitive to duplication of equipment to ensure functioning in the event of failure
surface wear \Sfthemajnsystemduemahit 4

accordance with the predicted likely direction of impact of meteorites

Figure 9. General outline of the systems of protection of reusable spacecraft

Based on the research, it is proposed to continue exploring concepts for reusing
aerospace systems, including necessary thermal analysis technologies and protection of scarce,
high-cost, critical structural elements [20, 21]. Thermal protection manufacturing technology
must incorporate processes that minimize defect risks and ensure material homogeneity. High-
precision manufacturing and geometry control of thermal protection elements are essential to
mitigate aerodynamic risks during flight [20]. Recommendations for selecting manufacturing
technology and monitoring the technical condition of AV thermal protection are grounded in
the experience of the NASA Ames Thermal Protection Materials Laboratory. Various tools
assess the physical and mechanical properties of processed materials [17].

Thermogravimetric analysis measures material mass loss at different temperatures and
examines carbon residue formation and other critical properties. Control of TPS technical
condition and characteristics begins with analyzing process variables affecting product quality
and determining their relative values and numerical sensitivities. Subsequently, critical process
factors are monitored to detect and manage defects that may occur during operation. TPS
system failure risk is evaluated using a probabilistic physical engineering model that simulates
the impact of failure modes on system risk.

5. CONCLUSIONS

A review of the latest publications in the field of designing components of
AV protection systems against the influence of external operating factors was carried out.
To substantiate the outline of promising AV protection systems, a method of computational
and analytical studies using finite element analysis programs is proposed. A solid-state AV
model was built in the CATIA software complex. A calculation experiment of the operation
of the elements of the reusable AV passive thermal protection system at the stage
of atmospheric descent with variations in height and speed was carried out in the ANSYS
software environment (student version). The algorithm for calculating the model of
the passive AV thermal protection system in the process of aerodynamic heating during
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the descent stage has been developed. The choice of the best variant of the location of the
elements of the passive thermal protection system of the AV surface is justified.
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OBI'PYHTYBAHHSA BUBOPY KOMIIOHEHTIB CUCTEMUA
SAXUCTY AEPOKOCMIYHOI'O TPAHCIIOPTHOI'O 3ACOBY

Ouaexcanap Ickpa; Eaina [Lniceusbka; Oaexkcanap JIoOyHbKO

Hasuanvno-nayxoeutl incmumym aepoKoOCMIYHUX MEXHON02I,
Hayionanvnuii mexniunuu ynieepcumem Ykpainu « Kuiecokuii noaimexuivnuu
incmumym imeni leops Cikopcbkoeo», Kuis, Ykpaina

Pe3stome. IlpoexmygaHms aepoKOCMIMHUX MPAHCROPMHUX 3AC00I8 — CKIAOHA HAYKOBO-MeXHIUHA 3a0ayd,
8 X001 P036’513Y8aHHS AKOI HEOOXIOHO 8PAX08Y8AMU MONCIUBY Oit0 (PaKMOPI8 HA KOHCMPYKMUBHI efleMeHmU U
cucmemu, I 3aK1A0amu 8 KOHYenyio anapamy 3acobu 1oeo 3axucmy U 3a0e3nedyeHHsi (QYHKYIOHYBAHH: 6
OUIKY8aHUX yMO8ax 3acmocysanHs. [Ipedcmagneno pesyromamu 020y OCMAHHIX HAYKOBUX 00CHIOHNCEHb W00
NOKPAWEeHHsl PO3YMIHHS YMO8 pobomu ma 0OIPpYHMYSaHHs UOOPY 6apianmie i KOHCMPYKYIHUX Mamepianie
eleMenmie cucmemu 3axucmy aepokocMiunoco mpancnopmuozo 3acody. CyuacHuti eman HAyKO80-mMexXHIiYHUX
00Ci0JICeHb NPOEKMAHMIG 6Ce DibULe 3AT1eHCamdb 8i0 KOMN TOMEPHO20 MOOENI08AHHS OHIKY8AHUX YMO8 pobomu
00 ’exmie pos3pobnenns Ui gueomosnenns. Komn iomepHi mooeni wupoxo sUKOPUCMOBYIOMbCs 01k CMBOPEHHSA U
OYIHIOBAHHS eDeKMUBHOCMI DI3HUX KOHYenyill MOHIMOpUHEY MEXHIYHO020 CMAHY I 3aXUcCmy aepoKoCMIUHUX
cucmem, a Maxoxc Oasi NOOONAHHS CYMMEBUX NPOOLEM HA PISHUX emanax NpOEKMYSAHHs CUCMEM 3aXUCY.
Poszensnymo i @paxoeano 6i0omi Xapakmepucmuxku CY4acHUX AepoOKOCMIYHUX MPAHCHOPMHUX 3Ac00i8
bacamopazoeozo euxopucmantna. 1lo6ydoeano meepOOminbHy KOMI'IOMEPHY MOOelb NPOMOMUnY, sKd
8I000padcae OCHOBHI 2eomempudHi po3mipu, opmu il eremMeHmu aepoKOCMIYHO20 MPAHCHOPMHO20 3acCo0Y.
Ilposedeno pospaxyHkoguili eKcnepumenm pooomu enemMeHmie NAcUgHol cucmemu menio8o2o 3axXucmy Mooeii
NpOMOMuUNY Ha emani ammocgepro2o cnycky npu eapiayii sucomu i weuokocmi. Moodenb 3068HiUHbOT NOBEPXHI
00C1i0JHCY8aAN020 00'€KMa OUCKPEMU308aHO HA eleMeHmU 3 0OHOPIOHUMU memnepamyprumu noaamu. Ha ocnosi
OMPUMAHUX OAHUX MOOENIOBAHHA 3ANPONOHOBAHO BAPIAHMU KOHCMPYKYIL eleMeHmis cucmemu menio8oco
saxucmy. st 06rpyHmyeanus oopucy cucmem 3axucmy aepoKOCMIYHUX 00 €Kmie 3anponoHO8aHO MemoouKy
PO3DPAXYHKOBO-AHANIMUYHUX 00CHi0dNHCeHb. Pesynbmamu  00CniodHcenb MOXNCIUBO BUKOPUCTIAMU 8 Npoyeci
NPOEKMYBAHHA Ul OOCHIOHNCEHb NEPCHEeKMUBHUX CUCMEM 3aXUCM) aepOKOCMIYHUX MPAHCNOPMHUX 3aco0ie
bazamopazo8020 8UKOPUCTHAHHS

Knrouosi cnosa: aepoxocmiuni anapamu, Memoo CKiHYeHHUX eNeMeHMI8, MAmeMamuyne MoOe08aHHs,
cucmemu Menio8o2o 3axXucmy, meniosa cxemd, menio0OMiH.
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