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В работе представлен подход к решению задачи проектирования сопла ракетного двигателя на 

твёрдом топливе (РДТТ) с использованием конструктивной особенности в виде вставной пластины 

из углепластика. Задачей проектирования является выбор оптимальных параметров формы и тол-

щины пластины, обеспечивающей требуемую несущую способность при минимальной массе. В про-

цессе проектирования проведен параметрический анализ сопла РДТТ со вставной пластиной из угле-

пластика. Варьируя толщиной пластины, подобрана оптимальная конструктивная схема, отвечаю-

щая заданным коэффициентам запаса прочности и устойчивости. Параметрический анализ встав-

ной пластины из композиционного материала включает в себя моделирование её основных весовых и 

прочностных параметров: анализ напряженно-деформированного состояния конструкции, значений 

собственных частот, определение запаса потери устойчивости, определение массы сопла РДТТ. 

Анализ несущей способности сопла РДТТ со вставной пластиной из композиционного материала 

проводился с помощью метода конечных элементов с использованием программного пакета 

SolidWorks Simulation. 

При проведении параметрического анализа были рассмотрены два варианта сопла двигателя 

РДТТ: со вставной пластиной и без неё.  

По результатам параметрического анализа сопла РДТТ были определены его геометрические 

размеры и минимизирована масса конструкции. 
 

Ключевые слова: параметрический анализ, прочность сопла РДТТ, композиционный материал, 
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The paper presents an approach to solving the problem of designing a solid propellant rocket en-

gine (SPRE) nozzle using such a design feature as a carbon fiber insert plate. The design task is to 

select the optimal parameters of the plate shape and thickness, providing the required load-bearing 
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capacity with minimal mass. During the design process, a parametric analysis of a SPRE nozzle with a 

carbon fiber insert plate was carried out. By varying the thickness of the plate, an optimal design 

scheme that corresponds to the specified safety and stability factors was selected. Parametric analysis 

of an insert plate made of a composite material includes modeling of its main weight and strength pa-

rameters: analysis of the stress-strain state of the structure, values of natural frequencies, determina-

tion of the buckling margin, and determination of a SPRE nozzle mass. 

The analysis of the load-bearing capacity of a SPRE nozzle with an insert plate made of a compos-

ite material was carried out by the finite element method using the SolidWorks Simulation software 

package. 

When conducting a parametric analysis, two variants of a SPRE nozzle with and without an insert 

plate were considered. 

According to the results of a parametric analysis of a SPRE nozzle, its geometric dimensions were 

determined and the structure mass was minimized. 

 

Keywords: parametric analysis, SPRE nozzle strength, composite material, stress-strain state, 

buckling, SPRE nozzle design. 

 

Introduction 

Due to the use of composite materials in the design of a solid propellant rocket engine (SPRE), the 

mass of metal in it is known to be reduced by more than 3 times for the period from 1970 to 1998. It 

was achieved both by improving the design of the material-intensive connection unit between the 

SPRE nozzle and the engine case, and by using composite materials (composites) with organic fillers 

and a matrix. Technological options for winding cocoon-type cases using high-strength organic fibers 

as a filler and various resins as matrices contributed to obtaining a SPRE design with mass perfection 

at the level of 0.1. However, further increasing the mass perfection of SPREs through the improve-

ment of organic-based composites turned out to be very problematic. 

The main disadvantage of SPRE structures (primarily cases) made of organoplastics as well as 

composites with metal components is the limitation on the permissible (operating) temperature of their 

operation. For example, the operating temperature of organoplastics is only 400–430 K. To ensure the 

strength of such a structure, powerful thermal protection is required. Therefore, efforts in the field of 

materials science to further increase the strength of organofiber in practice contribute little to increas-

ing the mass perfection of the engine compared to the possibility of expanding the operating tempera-

ture range. In this regard, carbon and carbon-ceramic materials offer truly unique opportunities. Their 

operating temperature with a simultaneous increase in strength is 3100–3300 K, which indicates the 

prospects for creating lightweight uncooled SPRE cases. However, the absolute values of the strength 

of such materials are still much less than the strength of organoplastics due to relatively low strength 

levels of carbonized, ceramic or graphitized matrices. In addition, such composites have lower gas 

permeability characteristics compared to organoplastics. However, it is possible to eliminate the latter 

using various design and technological methods. At the present stage of new composites development 

their application in SPREs is mainly associated with the creation of designs for nozzle blocks, case 

thermal protection, and thrust vector control devices. 

In a relatively short period of time, SPRE nozzle blocks have undergone a significant change in 

shape, layout, dimensions and composition of materials. Further development of nozzle block designs 

is determined by trends in changes in SPRE operating conditions, improvement of structural forms 

and, mainly, the provision of new materials. Changes in operating conditions of SPRE nozzle blocks 

are associated with the use of new high-energy solid fuels with increased specific thrust impulse and 

temperature in the combustion chamber. Lightweight nozzle designs are being created from new mate-

rials with a high level of mass perfection and high reliability indicators. 

Modern SPREs operate on mixed metallized fuels with a high metal content at the pressure in the 

combustion chamber of the order of 10.0 MPa and the temperature of up to 3800 K. The conditions for 
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using ballistic missiles with SPREs required the designs of nozzle blocks to ensure operating condi-

tions when exposed to radiation from a nuclear explosion, durability to climatic factors and transport 

loads caused by the mobility of modern missile systems. 

Increased requirements for nozzle blocks design are also caused by the tendency to increase the 

service life of modern rockets, during which it is necessary to guarantee the preservation of the proper-

ties of materials and parts. The contradictory requirements for increasing the SPREs energy perform-

ance and mass perfection at the required level of reliability can be resolved, first of all, through the 

creation of new materials.  

Changes in the design forms of nozzle blocks are associated with trends in the development and 

improvement of nozzles partially recessed into the combustion chamber, nozzles on a flexible suspen-

sion, systems for blowing combustion products into the nozzle divergent section to control the thrust 

vector, sectioned, expandable and folding nozzles. At the same time, the mass of the nozzle block re-

mains at the level of 30–45% of the case mass and the ways of design technical perfection are deter-

mined almost exclusively by the use of more efficient materials [1–3].  

Thus, increasing the operational characteristics of SPRE nozzle blocks and improving their struc-

tural forms are impossible without the use of new materials, since technical ways to improve the main 

functional parts of modern SPRE nozzle blocks have largely been exhausted. The development of new 

fuels and design solutions are ahead of the modern capabilities of structural and heat-protective mate-

rials.  

The relevance of the study is justified by the need to analyze the possibility of operating SPRE 

nozzles made of composite materials and the use of nozzle structures in a metal-composite combina-

tion. 

 

Formulation of the problem  

The main part of the nozzle, which determines the energy characteristics of the SPRE, is the nozzle 

throat section. It also characterizes the mass efficiency of both the nozzle throat section itself and the 

nozzle entrance section.  

The nozzle exit section is no less important for ensuring the energy characteristics of engines and 

their mass perfection, this is especially true for high-altitude SPREs (used in the second and third stag-

es of rockets) with a high nozzle expansion ratio.  

The nozzle entrance section forms a flow profile and is subject to convective and radiation thermal 

effects of fuel combustion products; here, glass and carbon fiber reinforced plastics have proven them-

selves to be the best. 

The nozzle throat section experiences intense convective heating and mechanical loads. Refractory 

metals (tungsten, molybdenum) and alloys based on them, as well as some grades of graphite have 

proven themselves to be the best in this section.  

The nozzle exit section is subject to convective thermal effects and significant mechanical loads. In 

this nozzle section, glass and carbon fiber plastics reinforced with a metal shell, and structures made of 

molybdenum, niobium, titanium and alloys based on them have proven themselves to be the best. 

 Carbon materials represent a new class of materials for various purposes as their specific features 

and uniqueness make them differrent from hitherto known materials. Due to this fact they meet the 

promising goals of SPREs development. The justified use of carbon materials in the designs of SPREs 

and other engines requires a clear understanding of the properties, production technology and methods 

for studying and predicting the performance of these materials. 

Carbon materials have the following general positive properties:  

– high thermal erosion resistance, resistance to thermal shocks, unique strength, which increases 

when heated by 2–2.5 times compared to room temperature, low density and high specific physical 

and mechanical characteristics; 

 – the ability to purposefully change their properties by changing the original components and pa-

rameters of the production process, the use of optimal reinforcement schemes;  



 

 
 

Раздел 2. Авиационная и ракетно-космическая техника 
 

 513 

– the ability to use almost anywhere in the nozzle flow duct and in the power circuit parts of the 

engine design;  

– the ability to combine unique heat-protective properties in contact with a wide variety of materi-

als, the applicability of almost all types of mechanical processing;  

– high preservation of properties during long-term storage in various climatic conditions and con-

tact with various environments, resistance to radiation, high biological stability. 

Anisotropy of carbon materials is another means of rational design of engine structural elements. 

By changing the orientation of the fillers, it is possible to obtain a material with optimal anisotropy, 

specially selected for any stress-strain state of the structural element. 

 The objective of the research is to design a SPRE nozzle made of titanium alloy with an insert 

plate made of a composite material (CM) and analyze its load-bearing capacity [4–15]. During the re-

search, the following tasks were set:  

1) select the nozzle wall thickness corresponding to the optimal safety factor;  

2) design a composite SPRE nozzle with a CM liner;  

3) select the wall thickness of the composite nozzle and the insert plate from CM, which ensures 

the load-bearing capacity of the nozzle. 

 The developed nozzle design can be used in rocket design with SPRE [8]. 

   

Calculation model of the SPRE nozzle  

To conduct a comparative analysis, two SPRE nozzles were taken. The first nozzle is the classic 

nozzle of a solid-fuel multistage rocket with a wall thickness of 30 mm without the use of a composite 

material (Fig. 1), the second is using an insert plate made of carbon fiber with a nozzle wall thickness 

of 20 mm and a plate thickness of 10 mm (Fig. 2). 

 

 
 

Fig. 1. SPRE nozzle 

 

Рис. 1 Сопло РДТТ 
 

 

 

Fig. 2. SPRE nozzle with a CFRP (carbon fiber rein-

forced polymer) insert plate 

 

Рис. 2 Сопло РДТТ со вставной пластиной  

из углепластика  

 

 

 

For the presented nozzle designs, a static analysis was carried out in the Solidworks Simulation 

package. The characteristics of the materials used were taken from the Solidworks materials library in 

relation to the innovative composite material aristid [16], which retains its strength properties when 

heated to 1300° (Table 1). 
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Table 1 

Characteristics of materials for static calculation of the nozzle 
 

 SPRE nozzle Insert plate 

Material name 
Titanium alloy Ti-8Mn 

annealed sheet 

Carbon fiber m55j  

(aristid) 

Modulus of elasticity, GPa 115 240 

Poisson ratio 0,33 0,127 

Mass density, kg/m
3 

4730 1910 

Ultimate tensile strength, MPa 899 3027 

Yield limit, MPa 0,79 2,05 

 

The vonMises criterion was taken as the max-

imum stress criterion. Fastening is specified using 

a fixed geometry along the contour of the nozzle 

edge on the side connecting to the engine case 

shell. 

 For the SPRE design under study (see Fig. 1) 

[14], a formula was compiled for the pressure dis-

tribution inside the nozzle (1), according to the 

pressure distribution graph (Fig. 3).  
 

P = α1 x
2  

+ α2 x
 
+

 
α3,                  (1) 

 

where α1, α2, α3 are coefficients obtained ex-

perimentally.  

For the case of pressure at the nozzle entrance 

Рen = 12 MPa, pressure in the nozzle throat Рth = 

6 MPa and pressure at the nozzle exit Рa = 1 MPa 

(Fig. 3), formula (1) will take the form (2) 
 

P = 5,205 * 10
–5

x
2 
– 0,04x + 6.            (2) 

 

Using equation (2), we apply loads to the nozzle. Load distribution and boundary conditions for the 

calculation model are shown in Fig. 4, where green (outer) arrows indicate fastenings, red (inner) ar-

rows indicate applied loads. 

 
 

 
 

Fig. 4. Distribution of loads in the nozzle 

 

Рис. 4. Распределение нагрузок в сопле 

 

 

 
Fig. 3. Pressure distribution in the SPRE nozzle: 

Р – pressure; L – length of the investigated zone 

 

Рис. 3. Распределение давления в сопле РДТТ: 

Р – давление; L – длина исследуемой зоны 
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Strength calculation under static loading 

Let us conduct research for different titanium alloy nozzle wall thicknesses without using a CM insert 

plate. The thickness of the nozzle wall varied from 15 to 30 mm. For example, Fig. 5–8 show diagrams 

of stresses and safety factors for thicknesses of 15 and 30 mm 

 
 

 
Fig. 5. Diagram of stress distribution  

in the nozzle t = 15 mm 

 

Рис. 5. Эпюра распределения напряжений  

в сопле t = 15 мм 

 
 

Fig. 6. Diagram of stress distribution  

in the nozzle t = 30 mm 

 

Рис. 6 Эпюра распределения напряжений  

в сопле t = 30 мм 

 

 

Fig. 5 and 6 show diagrams of the stress distribution in the nozzle for different wall thicknesses. 

The yield strength of the Ti-8Mn material from the Solidworks materials library is equal to σт = 

9.308*10^8 N/m^2. 

The maximum stresses in a nozzle with a thickness of 15 mm are 2.32*10^9N/m^2 (Fig. 5), which 

exceeds the yield limit of the selected titanium alloy and does not provide the load-bearing capacity of 

the nozzle. For a nozzle with a wall thickness of 30 mm, the stresses were 7.841*10^8 N/m^2 (Fig. 6), 

which provides the necessary safety margin. 

At the point of maximum stress, the safety factor for a nozzle t = 15 mm is equal to 0.4 (Fig. 7), 

and for a nozzle t = 30 is equal to 1.187 (Fig. 8). 

 
 

 

 
Fig. 7. Safety factor in the nozzle t = 15 mm 

 

Рис. 7 Коэффициент запаса прочности  

в сопле t = 15 мм 

 

 
Fig. 8. Safety factor in the nozzle t = 30 mm 

 

Рис. 8 Коэффициент запаса прочности 

в сопле t = 30 мм 
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Calculation of the strength of a SPRE 

nozzle with a composite material liner  

To reduce a SPRE nozzle mass and in-

crease its strength characteristics, we will 

use a carbon fiber insert plate in the nozzle 

throat section (Fig. 9). 

Let us carry out calculations of the de-

signed nozzle with a titanium alloy wall 

thickness tti = 20 mm and a carbon fiber in-

sert plate thickness (tcm) from 7.5 to 15 mm. 

The stress distribution diagram for the de-

signed nozzle is shown in Fig. 10, 11. 

The safety factor (sf) was 0.9964 and 

1.143 for nozzle liners of various thick-

nesses (Fig. 12, 13). The results of the study 

are shown in table 2. 

 

 

 
 

 

Fig. 10. Diagram of stress distribution  

in the nozzle tti = 20 mm; tcm = 7.5 mm 

 

Рис. 10. Эпюра распределения напряжения  

в сопле tti = 20 мм; tкм = 7,5 мм 

 

 

Fig. 11. Diagram of stress distribution  

in the nozzle tti = 20 mm; tcm = 17.5 mm 

 

Рис. 11. Эпюра распределения напряжения  

в сопле tti = 20 мм; tкм = 17,5 мм 

 

Table 2  

Calculation results for a titanium nozzle with an insert plate made of composite material 
 

Material Safety coefficient 

Titanium alloy 

Ti-8Mn t of a wall 

Carbon fiber m55j 

(aristid) t of a wall 

Titanium alloy 

Ti-8Mn 

Carbon fiber m55j 

(aristid) 

Mass (kg) 

20 7,5 0,9964 1,9 310,272 

20 10 1,078 1,90 318,414 

20 12,5 1,143 2 326,384 

20 15 1,141 2 334,353 

 

From the calculations performed, it follows that the design of a SPRE nozzle made of titanium al-

loy in combination with carbon fiber providing the required load-bearing capacity has a titanium alloy 

wall thickness of 20 mm, and a carbon fiber wall thickness of 10.75 mm. The use of the proposed 

 
 

Fig. 9. Insert plate made of composite material 

 

Рис. 9. Вставная пластина из композиционного материала 
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combined nozzle design with a composite liner made it possible to reduce the total nozzle mass  

by 30–32 % (Table 3). 
 

  

 

Fig. 12. Safety factor  

in the nozzle tti = 20 mm; tcm= 7.5 mm 

 

Рис. 12. Коэффициент запаса прочности  

в сопле tti = 20 мм; tкм = 7,5 мм 

 

Fig. 13. Safety factor  

in the nozzle tti = 20 mm; tcm = 17.5 mm 

 

Рис. 13. Коэффициент запаса прочности  

в сопле tti = 20 мм; tкм = 17,5 мм 

 

Table 3  

Nozzle mass analysis 
 

Combination of materials Structure mass, kg 

Titanium alloy 468,214 

Titanium alloy + high-strength carbon fiber 329,645 

 

Frequency analysis of a SPRE nozzle  

Analysis of vibrations natural modes and frequencies allows evaluating the behavior of the pro-

posed SPRE nozzle design under dynamic loading during its operation. For this purpose, an analysis 

of the first three forms of natural frequencies of vibrations was carried out. To carry out a modal anal-

ysis, a model of a SPRE nozzle with a carbon fiber insert plate, proposed earlier, was considered. The 

loads and boundary conditions for the calculation are the same as in the static analysis.  

The value of the natural frequency for the first mode of vibration was 123.2 Hz. The diagram is 

shown in Fig. 14. 

 

 
 

Fig. 14. Amplitude of the first mode of vibrations 

 

Рис. 14. Амплитуда первой формы колебаний 
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Conclusion 

According to the results of the study, a SPRE nozzle made of a combination of titanium alloy Ti-

8Mn + carbon fiber m55j (aristid) was proposed, and its geometric dimensions were determined. The 

proposed nozzle, according to the calculation results, provides the necessary safety factor and mass 

reduction of 30–32 % compared to a solid titanium alloy nozzle. A modal analysis was carried out for 

the proposed nozzle. 

 

 

References 
 

1. Belonovskaya I. D. Kolga V. V., Yarkov I. S., Yarkova E. A. [Parametric analysis of the aniso-

grid body of a spacecraft for cleaning the orbit from space debris]. Siberian Aerospace Journal. 2021, 

Vol. 22, No. 1, P. 94–105. DOI: 10.31772/2712-8970-2021-22-1-94-105 (In Russ.). 

2. Dogadkin V. A., Trukhin V. R. [Investigation of the bearing capacity of “composite-metal” 

units in rocketry]. Sbornik statey II Mezhdunarodnoy nauchno-prakticheskoy konferentsii “Nauchno-

tekhnicheskoye razvitiye Rossii i mira” [Collection of articles of the II International scientific and 

practical conference “Scientific and technical development of Russia and the world”]. Moscow, 2023, 

P. 82–88 (In Russ.). 

3. Kazantsev V. G., Zharinov Yu. B., Kapustin M. P. Dinamika i prochnost' raketnykh dvigateley 

na tverdom toplive [Dynamics and strength of solid-fuel rocket engines]. Biysk, 2014, 380 р.  

4. Vasiliev V. V., Barynin V. A., Razin A. F. Anisogrid composite lattice structures – development 

and aerospace applications. Composite Structures. 2012, Vol. 94, No. 11, P. 17–27. 

5. Bordachev V. A., Kolga V. V., Rozhkova E. A. [Study of the static stability of a model rocket] 

Siberian Aerospace Journal. 2023, Vol. 24, No 1, P. 64–75. Doi: 10.31772/2712-8970-2023-24-1-64-

75 (In Russ.). 

6. Kolga V. V., Marchuk M. E., Lykum A. I., Filipson G. Y. [Optimization of the location of the 

attachment points of the instrument panel of the spacecraft based on modal analysis]. Siberian 

Aerospace Journal. 2021, Vol. 22, No. 2, P. 328–338. DOI: 10.31772/2712-8970-2021-22-2-328-338 

(In Russ.). 

7. Kolga V. V., Yarkov I. S., Yarkova E. A. Development of the heat panel of the small space ap-

paratus for navigation support. Siberian journal of science and technology. 2020, Vol. 21, No. 3,  

P. 382–388. DOI: 10.31772/2587-6066-2020-21-3-382-388.  

8. Daneev A. V., Rusanov M. V., Sizykh V. N. [Conceptual schemes of dynamics and computer 

modeling of spatial motion of large structures]. Sovremennyye tekhnologii. Sistemnyy analiz. 

Modelirovaniye. 2016, No. 4, P. 17–25 (In Russ.). 

9. Kolga V. V., Marchuk M. E., Lykum A. I., Filipson G. Y. [Designing the bracing attachment 

point on the power spoke of the reflector]. Siberian Aerospace Journal. 2022, Vol. 23, No. 3, P. 451–

460. DOI: 10.31772/2712-8970-2022-23-3-451-460 (In Russ.). 

10. Zamyatin D. A., Kolga V. V. [Construction of anisogrid power structure of the spacecraft adap-

ter] Мaterialy XХII Mezhdunar. nauch. konf. “Reshetnevskie chteniya” [Materials XХII Intern. Scien-

tific. Conf “Reshetnev reading”]. Krasnoyarsk, 2019, P. 26–28 (In Russ.). 

11. Velichko A. I., Shendalev D. O. et al. Sposob izgotovleniya krupnogabaritnogo transformiru-

yemogo reflektora [A method of manufacturing a large-sized transformable reflector]. Patent RF, no. 

2674386, 2018. 

12. Zamyatin D. A., Kolga V. V. [Modeling the design of the reflector mast] Мaterialy XХII 

Mezhdunar. nauch. konf. “Reshetnevskie chteniya” [Materials XХIV Intern. Scientific. Conf “Reshet-

nev reading”]. Krasnoyarsk, 2020, P. 21–22 (In Russ.). 

13. Lopatin A. V., Morozov E. V., Shatov A. V. Buckling of uniaxially compressed composite  

anisogrid lattice cylindrical panel with clamped edges. Composite Structures. 2017, Vol. 160,  

Р. 765–772. 



 

 
 

Раздел 2. Авиационная и ракетно-космическая техника 
 

 519 

14. Lopatin A. V., Morozov E. V., Shatov A. V. Axial deformability of the composite lattice cylin-

drical shell under compressive loading: Application to a load-carrying spacecraft tubular body. 

Composite Structures. 2016, Vol. 146, Р. 201–206. 

15. Yevtif'yev M. D., Kovrigin L. A., Kolga V. V., Lebedeva L. N., Filatov V. V. Sovremennyye 

rakety-nositeli zarubezhnykh stran. Raketno-kosmicheskaya tekhnika [Modern launch vehicles of for-

eign countries. Rocket and space technology]. Krasnoyarsk, 2010, 276 p. (In Russ.). 

16. Izobreten aristid – material, kotoryy v 10 raz legche alyuminiya [Invented aristid – a material 

that is 10 times lighter than aluminum] (In Russ.). Available at: https://fabricators.ru/article/v-10-raz-leg-

che-alyuminiya-novyy-chudo-material-iz-pereslavlya-zalesskogo-mozhet-izmenit (accessed 01.07.2023). 

           

Библиографические ссылки 
 

1. Параметрический анализ анизогридного корпуса космического аппарата для очистки ор-

биты от космического мусора / И. Д. Белоновская, В. В. Кольга, И. С. Ярков, Е. А. Яркова // 

Сибирский аэрокосмический журнал. 2021. Т. 22, № 1. С. 94–105. DOI: 10.31772/2712-8970-

2021-22-1-94-105. 

2. Догадкин В. А., Трухин В. Р. Исследование несущей способности узлов «композит-

металл» в ракетной технике // Научно-техническое развитие России и мира : сб. статей II Меж-

дунар. науч.-практ. конф. М., 2023. С. 82–88 [Электронный ресурс]. URL: 

https://drive.google.com/file/d/1UYyG4rZReHrcVDG547jhdTcUEm3LUVGn/view (дата обраще-

ния: 19.05.2023). 

3. Казанцев В. Г., Жаринов Ю. Б., Карпутин М. П. Динамика и прочность ракетных двигате-

лей на твердом топливе. Бийск: АлтГТУ им. И. И. Ползунова, 2014. 380 с. 

4. Vasiliev V. V., Barynin V. A., Razin A. F. Anisogrid composite lattice structures – development 

and aerospace applications // Composite Structures. 2012. Vol. 94, No. 11. P. 17–27. 

5. Бордачев В. А., Кольга В. В., Рожкова Е. А. Исследование статической устойчивости 

модельной ракеты // Сибирский аэрокосмический журнал. 2023. Т. 24, № 1. С. 64–75. Doi: 

10.31772/2712-8970-2023-24-1-64-75. 

6. Оптимизация расположения мест крепления приборной панели космического аппарата на 

основе модального анализа / В. В. Кольга, М. Е. Марчук, А. И. Лыкум, Г. Ю. Филипсон // Си-

бирский аэрокосмический журнал. 2021. Т. 22, № 2. С. 328–338. DOI: 10.31772/2712-8970-2021-

22-2-328-338. 

7. Kolga V. V., Yarkov I. S., Yarkova E. A. Development of the heat panel of the small space 

apparatus for navigation support // Siberian journal of science and technology. 2020, Vol. 21, No. 3.  

P. 382–388. DOI: 10.31772/2587-6066-2020-21-3-382-388.  

8. Данеев А. В., Русанов М. В., Сизых В. Н. Концептуальные схемы динамики и компью-

терного моделирования пространственного движения больших конструкций // Современные 

технологии. Системный анализ. Моделирование, 2016. № 4. С. 17–25. 

9. Проектирование узла крепления оттяжек на силовой спице рефлектора / В. В. Кольга,  

А. И. Лыкум, М. Е. Марчук, Г. Ю. Филипсон // Сибирский аэрокосмический журнал. 2022.  

Т. 23, № 3. С. 451– 460. DOI: 10.31772/2712-8970-2022-23-3-451-460. 

10. Замятин Д. А., Кольга В. В. Построение анизогридной силовой конструкции адаптера 

космического аппарата // Решетневские чтения: материалы XXII Междунар. науч.-практ. конф. 

: в 2 ч. / СибГУ им. М.Ф. Решетнева. Красноярск, 2019. Ч. 1. С. 26–28. 

11. Патент № 2674386 Российская Федерация МПК B64G 1/22. Способ изготовления круп-

ногабаритного трансформируемого рефлектора / А. И. Величко, Д. О. Шендалев и др.; заявл. 

06.09.2016; опубл. 07.12.2018; бюл. № 34. 

12. Замятин Д. А., Кольга В. В. Моделирование конструкции мачты рефлектора // Решетнев-

ские чтения: материалы XXIV Междунар. науч.-практ. конф. (10–13 ноября 2020, г. Красно-

ярск): в 2 ч. / СибГУ им. М.Ф. Решетнева. Красноярск, 2020. Ч. 1. С. 21–22.  



 

 
 

Сибирский аэрокосмический журнал. Том 24, № 3 
 

 520 

13. Lopatin A. V., Morozov E. V., Shatov A. V. Buckling of uniaxially compressed composite  

anisogrid lattice cylindrical panel with clamped edges // Composite Structures. 2017. Vol. 160.  

Р. 765–772. 

14. Lopatin A. V., Morozov E. V., Shatov A. V. Axial deformability of the composite lattice 

cylindrical shell under compressive loading: Application to a load-carrying spacecraft tubular body // 

Composite Structures. 2016. Vol. 146. Р. 201–206. 

15. Современные ракеты-носители зарубежных стран. Ракетно-космическая техника /  

М. Д. Евтифьев, Л. А. Ковригин, В. В. Кольга и др.; СибГАУ. Красноярск, 2010. 276 с.  

16. Изобретен аристид – материал, который в 10 раз легче алюминия [Электронный ресурс]. 

URL: https://fabricators.ru/article/v-10-raz-legche-alyuminiya-novyy-chudo-material-iz-pereslavlya-

zalesskogo-mozhet-izmenit, свободный (дата обращения: 01.07.2023).  

 

© Dogadkin V. А., Kolga V. V., Trukhin V. R., 2023 

 

 

Dogadkin Vladimir Aleksandrovich is a post-graduate student; Reshetnev Siberian State University of Science 

and Technology. E-mail: vova.doga.98@mail.ru. 

Kolga Vadim Valentinovich is a Doctor of Pedagogical Sciences, a Candidate of Technical Sciences, Professor of 

the Department of Aircraft, Reshetnev Siberian State University of Science and Technology. E-mail: kol-

gavv@yandex.ru. 

Trukhin Vitaly Romanovich is a post-graduate student; Reshetnev Siberian State University of Science and 

Technology. E-mail: vitalyaemae@gmail.com. 

 

Догадкин Владимир Александрович – аспирант; Сибирский государственный университет науки и тех-

нологий имени академика М.Ф. Решетнева. E-mail: vova.doga.98@mail.ru. 

Кольга Вадим Валентинович – доктор педагогических наук, кандидат технических наук, профессор, 

профессор кафедры летательных аппаратов; Сибирский государственный университет науки и технологий 

имени академика М.Ф. Решетнева. E-mail: кolgavv@yandex.ru 

Трухин Виталий Романович – аспирант; Сибирский государственный университет науки и технологий 

имени академика М.Ф. Решетнева. E-mail: vitalyaemae@gmail.com. 

 


