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Abstract. Aim of the study. The paper is devoted to the modal analysis of the modern single shaft gas turbine engines
flame tubes. The main idea of the study is to find out the flame tube of the modern single shaft gas turbine engine flame
tube natural vibration modes and frequencies spectrum. Methodology. The flame tubes are constructed as shells with
variable surface curvature. For their correct approximation a refined mathematical model on the base of Lagrange
variation principle and finite elements method has been developed. It can be used for different types of marine gas
turbine engines flame tubes. The developed numerical calculation algorithm gives an opportunity to take into account
the presence of different holes on the flame tube surface too. Thus the flame tube natural vibration frequency and
modal spectra have been found. The mathematical model reliability is confirmed by the results of experimental
studies. To carry out the experiment special laser equipment, based on the laser interferometry principle has been
created. The developed calculation and experimental methodologies are simple in usage and can be widespread on
other constructional elements of gas turbine engines. Results. The influence of the flame tube elements geometry on
the natural vibration modes and frequency spectrum is shown. It has been determined that for all natural vibration
modes of the shell the main are bending modes, that is caused by the shell walls thickness and the presence of holes.
The shell natural vibration modes and frequencies have been found. The little divergence between the calculated and
experimentally found vibration frequencies proves the high reliability of the developed mathematical model, that can
be used in further studies. Scientific novelty. The mathematical model, giving an opportunity to take into account the
sharp curvature of the flame tube shell elements, has been developed. Thus natural vibration of flame tubes has been
studied and found out the most dangerous vibration modes. Practical impact. Calculated data can be used for the
proper flame tube construction development and for the further studies, concerning the flame tube forced vibration and
stress-strain state. Also obtained results can be considered as initial data for the flame tube fatigue stress-strain state
parameters.

Key words: shell finite elements; flame tube; experimental methodology; numerical calculations; natural vibration.

AnoTauisi. Mema oocnidsicenns. JI0CniKeHHS IPACBSTYCHO MOJAIBHOMY aHaJIi3y ’KapoBHUX TPYO CydacCHHX OIHOBAJIb-
HUX ra30TypOiHHUX ABUTYHIB. OCHOBHA iJiesl TOCII/DKCHHS MOJIATAE Y BU3HAYEHHI CIIEKTPY BIACHHUX KOJIMBAaHb Ta Yac-
TOT KapoBOi TPyOM CYy4acHOTO OZHOBAIBLHOTO ra30TypOIHHOTO ABHUTYHA. Memodonozis. YKaposi TpyOon MaioTh Gopmy
00O0JIOHOK 31 3MIHHOIO KPUBHM3HOIO MOBepXHi. s iX KOpPEKTHOI arnpokcuMarii po3po0iaeHo yTOUHEHY MaTeMaTHIHy
MoyIeNb Ha OCHOBI BapianiiiHoro npuHimmy Jlarpamka Ta MeTomy CKiHUCHHHX eJeMeHTiB. Bona Moxe Oyt BHKOpHC-
TaHa JUIsl PI3HUX THITIB XKapPOBHUX TPYO ra3oTypOiHHMX IBUTYHIB. PO3poOIeHNIT aIropuT™ YHCIIOBOTO PO3PAXYHKY JA€
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MOXKJIMBICTh BPaXOBYBaTH TaKOX HAsIBHICTb PI3HUX OTBOPIB Ha MMOBEPXHI ’kapoBoi TpyOu. Takum urHOM, Oy10 3HAH/IEHO
BJIACHI 4acTOTH Ta (JOPMHU KOJIMBAHB KAPOBOI TPyOH. AJEKBATHICTh PO3POOIEHOT MAaTeMaTHYHOT MOZIEINI MiZATBEPIIKEHO
pe3yJbTaTaMu eKCIEPUMEHTAIbHUX JOCIKeHb. [IJIsl IPOBEICHHsI €KCIIEPUMEHTY OYJI0 CTBOPEHO CIIelliabHe Jla3ep-
He oOJa/IHaHHs, 3aCHOBAaHE Ha IPUHIIMII Ja3epHOi iHTepdepomeTpii. Po3pobieHi po3paxyHKoBi Ta eKCIIEpUMEHTaIbHI
METOJMKH ITPOCTi Y BUKOPUCTAHHI Ta MOXYTb OyTH BUKOPHCTAHI ITPU JIOCII/PKEHHSIX 1HIIUX KOHCTPYKTUBHUX €JIeMEH-
TIB Ta30TypOiHHUX NBUTYHIB. Pe3ynomamu. [lokazaHo BIUIMB TeOMETpil elIeMEHTIB )KapoBoi TpyOH Ha BIIACHI KOJIMBaHHS
Ta CHEKTP 4acToT. Bu3HaueHo, 1110 11t BCiX (JOPM BIIACHUX KOJUBAHb O0OJOHKH OCHOBHUMH € 3IMHAJIbHO-KPYTHIIBHI
KOJIMBAaHHSI, 110 3yMOBJICHO TOBIIMHOIO CTIHOK OOOJIOHKH Ta HasIBHICTIO OTBOpIB. Bu3HaueHO BilacHI KOJIMBaHHS 000-
JIOHKH Ta 4acTOTH. He3HauHa po301XKHICTh MIXK PO3PaXyHKOBHMH Ta €KCIIEPUMEHTAILHO 3HAHIGHMMH 4aCTOTaMH KOJTH-
BaHb JIOBOJIUTH BUCOKY TOYHICThH PO3POOJICHOT MATEMATUYHOT MOJIEIII, siKa MO>KE Oy TH BUKOPUCTAHA B TIONANIBIINAX TOCHTi-
JUKeHHsIX. Haykoea nosusna. Po3pobiaeHo MateMaTiHyHy MOJEIb, 1110 JIa€ MOXKIIMBICTh BPaXOBYBaTH 3Ha4YHY KPHBU3HY
00OJIOHKOBHX €JIEMEHTIB ’kapoBoi TpyOH. Takum YHMHOM, JOCII/PKEHO BIACHI KOJIMBAHHS )KapOBHUX TPYO Ta BHSBICHO
HaitHeOe3meuHii GopMu KoJIMBaHb. [Ipakmuune 3nauenns. Po3paxyHKOBI 1aHI MOXYTh OyTH BHKOpPHCTaHI IS Y0~
CKOHAJICHHS] KOHCTPYKIIif KapoBHX TPYO Cy4aCHUX ra3oTypOiHHUX JIBUTYHIB Ta JJIsl HOAAIBIIUX JOCHIIIKEHb, 1110 CTO-
CYIOThCSI BAMYILICHUX KOJIHMBaHb jKapOBUX TPYO Ta IX HalpyKeHO-1e(OpPMOBAHOTO cTaHy. TakoK OTpUMaHi pe3yJibTaTu
MOXKHA PO3IVISIIATH SIK BUXIZHI JIaHi JUIs IOCITI/PKEHHsI [TapaMeTpiB BTOMHOI MIIIHOCTI kapoBoi TpyOu.

KurouoBi ciioBa: 000JIOHKOBI CKIHUCHI CIIEMEHTH; JKapoBa TPy0a; eKCIIEPUMEHTAIbHA METOMOJIOTS; YHCEIbHI PO3-

PaxXyHKH; BIIACHI KOJIMBAHHSL.

INTRODUCTION

Gas turbine engines are used for the various types
of ships and vessels as a part of their propulsive system.
One of the main demands for such types of engines is
the strong increase in their capacity. On the other hand,
designers are forced to solve various problems to reach the
appropriate level of engine’s durability and reliability [1].
Thus, it is necessary to solve a number of problems in the
area of mechanics of solid deformable body. One of the
main problems in this area deals with the necessity of the
turbine flame tubes vibration reduction, because the rotor
impellers work under the influence of dynamic load [2].

Flame tubes of gas turbine engines (GTE) are
complex thin-walled shell structures that are exposed
to high temperatures, pressures and mechanical loads.
As a result of these influences, the probability of
vibration processes occurring increases, which can
cause resonance phenomena and even premature failure
of the structure. For ensuring the flame tubes vibration
reliability and durability it is necessary to study their
natural vibration taking into account different curvatures
of their surface. The effect of the flame tube surface
variable curvature remains poorly studied. On the other
hand, modern numerical methods, in particular the finite
element method (FEM), allow to make detailed modal
analysis of solid body with complex geometry. Thus
the appropriate and reliable mathematical model of the
turbine flame tubes free vibration should be designed
taking into account the influence of their geometry on the
free vibration frequencies and modes spectra.

LITERATURE REVIEW

Since the advent of the finite element method
(FEM), one of its areas of application has been strength
calculations. The properties of finite element models are
determined by the finite elements used. Depending on the
complexity of the structures being studied, it becomes

necessary to use existing or develop new finite elements.
Flame tubes eclements, that have various geometric
shapes can be correctly described by curvilinear finite
elements. Parts of this type are highly labor-intensive to
manufacture, which, in turn, is due to the appearance of
structural heterogeneity during their shaping. Therefore,
issues related to the rational design of such structures
based on the finite element method have been reflected
in the works of a number of authors. Thus, in works
[1, 2], the thin shells are studied using FEM, however,
the disadvantage of the proposed methods is that the
flame tube, and especially its cavity, cannot be correctly
modeled by two-dimensional finite elements. This, in turn,
reduces the reliability of the results obtained. Therefore,
in a number of works [3 — 5] three-dimensional finite
element models of flame tubes are used. Thus, in [6] the
four-node shell-type finite elements are used, and for
the shroud part of the flame tube — eight-node prismatic
elements. When studying the tube conic part in work
[7] eight-node prismatic elements were used for finite
element approximation, and in [8] — four-node sector-
type elements. Comprehensive studies of the thin shells
used in turbomachines using FEM in a three-dimensional
formulation were carried out in papers [9 - 12].

The influence of holes on the free vibrations of
thin elastic shells, such as flame tubes, has been the
subject of a relatively small number of theoretical and
experimental studies, a review of which is given in [11,
13, 14]. Their analysis shows that traditional methods
based on the use of variational principles [15] can only
determine the lowest frequencies and vibration modes
of shells with acceptable accuracy. In practice, this is
insufficient, since for thin-walled structures, due to their
increased sensitivity to vibrations and in connection
with the increased dynamism of the acting loads, it is
necessary to determine a wider part of the spectrum of
natural frequencies and modes. In [3, 6, 9, 12] solutions



to a number of problems of determining the fundamental
vibration frequencies of smooth shells with an
unsupported hole were obtained using various numerical
methods. However, the nature of the influence of holes
on the natural vibrations of structurally inhomogeneous
shells is quite complex and has a number of characteristic
features. As far as the authors know from published
works, there are no analytical solutions to problems of
free vibrations of shells with holes.

Taking into consideration all the above mentioned
scientific works it is obvious that one of the main problems
of the flame tubes vibration parameters determination is
the flame tube constructional inhomogeneity and thus
a necessity to use the shells of different geometry and
curvature for the tube modeling.

RESEARCH METHODOLOGY

The research object is the flame tube of the modern
marine gas turbine engine (fig. 1). The studied flame
tube can be considered as an assembly of constructional
elements that are thin shells of different geometry and
curvature. Each shell has its vibration mode and frequency,
caused by a gas flow, burning in the flame tube. Thus the
main idea of the study is to make the modal analysis of
the flame tube elements and find out their most dangerous
vibration modes and frequencies. For this aim a refined
mathematical model should be developed.

Fig. 1. The modern gas turbine engine flame tube

For the appropriate solution of the given problem
several main tasks should be done:

— Develop the mathematical model of the flame tube
elements vibration;

— Experimentally verify the developed mathematical
model;

— Make the flame tube elements modal analysis.

Determination of the flame tube elements modes
and frequencies. Taking into consideration the flame
tube construction for its modal analysis the equations of
the whole tube or its elements free vibration motion can
be written as follows:

d*s dd
MR — Clk— K|[{6}=0
2t 92) k)0
where M — mass matrix of the section; C — matrix

of damping; K — stiffness matrix; 6 — generalized
displacement vector of the section finite elements model.

O]
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Let’s do some transformations. Represent the
generalized displacement vector {3} as a decomposition
into a Fourier row (2):

3, = a,coskwt +a, sinkowt,

(i=1,2,...,n)

2)

where i — is the number of the finite elements model
nodes; n — is an amount of nodes; ® — is the finite element
free vibration frequency.

Using the dependences (1, 2), it is possible to
receive next matrix equation (3), according to which the
amplitudes of the flame tube could be found:

[S]{aj =0

where S — is the global matrix.

From the matrix equation (3) the set of the flame tube
finite elements model free vibration amplitudes could be
found as follows [15]:

(€)

(K, |a,—o*[M,]a,=0. @)

Equation (4) represents the so called generalized
proper value problem and gives us an opportunity to
find the flame tube free vibration modes and frequency
spectrum. In general its solution could be obtained as
follows:

[A]x — A[B]x = 0. (5)

where 4 and B — are symmetric matrixes.

To solve the matrix equation (5) and we need to use
the positive decomposition of the Kholetskyi numerical
algorithm [13]. Thus:

T

[B]=[L]M][ L] ;
[4]=[K]=[z][L] .

where L — the positive triangle matrix.

Experimental scheme used for modal analysis. To
verify the calculated data, experimental studies of the
flame tube dynamic parameters were carried out using the
method of digital electronic speckle interferometry [16].
The optical scheme of the interferometer and the block
diagram of the hardware of the experimental setup are
shown in Fig. 2. On the interferometric table, shell 7 is
supported by soft silicone supports that practically do not
affect the shapes and frequencies of resonant oscillations.
Therefore, the boundary conditions of the studied model
can be considered as F—F.

The excitation of oscillations and the tuning of
resonant frequencies are set by the signal of the sound
generator GZ, which is amplified in voltage by a low-
frequency amplifier PNF and activates a miniature
bimorph piezoelectric element BP, rigidly attached
to the surface of the shell. Its influence on the rigidity
and inertia of the structure can also be neglected. In the
optical scheme of the interferometer proposed in [17],
next to the object of study 1, there are a plane-parallel

(6)
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Fig. 2. Optical scheme and block diagram of the experimental stand hardware

transparent plate 2, which serves as a beam splitter, and a
reflective diffuser 3. Their overall parameters correspond
to the dimensions of the shell. The source of coherent
radiation is a single-mode DPSS laser 4 with a power of
50 mW and a wavelength of A = 532 nm. The laser beam
is expanded by the lens 5 and divided into two beams by
the plate 2. The light that has passed through the divider
is scattered by the object and forms an object wave,
which passes through the plate 2 to the video camera
6, creating a set of light grains — object speckles on the
video matrix. The laser beam reflected by the divider is
scattered by the diffuser 3, forming a reference beam,
is repeatedly reflected by the plate 2 in the direction of
the video camera, and creates a reference speckle field
on the video matrix. The intensity of the reference wave
is optimized by selecting the angle a.. As a result of the
interference of the object and reference speckles on the
video matrix, a resulting speckle field appears. Its image —
a speckogram — is transmitted to the computer PC, but
information about the amplitudes of oscillations of the
object points is obscured by the random distribution of the
phases of the light waves in the speckles. The procedure
for decoding specklegrams and synthesizing speckle-
interferograms of oscillatory forms was carried out by
the proposed method for determining the contrast of the
dynamic speckle pattern. The method involves creating
the effect of «flickering» of speckles, which is realized
by small low-frequency oscillations of the diffuser. The
computer program analyzes the range of the brightness
change of each i-th pixel of the specklegram and forms
an interferogram.

RESULTS AND DISCUSSION

In order to study the practical suitability of the
developed mathematical model, calculations of the
flame tube elliptical shell part free vibration modes and
frequencies have been held. The studied shell material is
the heat-resistant alloy (material density p = 8100 kg/m?,
Young’s modulus £ = 1.79x106 MPa, Poisson’s ratio
v = 0.3). The diameter of the shell D =375 mm.

The shell vibration modes and frequencies are given
in table 1. Calculated data is experimentally verified.

Table 1. The flame tube elliptical part free vibration
modes and frequencies

Free vibration frequency,
Free vibration mode Hz
Calculated | Experimental
m=0n=4
534,89 508
n==06
1520,85 1490
n=2_8
2998,62 2886

Analysis of the data given in table 1 allows us to
make a conclusion that the flame tube shell elements
during their free vibration have the prevailing bending



forms. The vibration frequency range is rather high and
can change from two hundreds to nearly two thousands
hertz for the lowest vibration forms. The reason for
such significant gap is the flame tube walls thickness.
But on the other hand, it can also be caused the heat
exchange between the gas flow and the solid body of
the flame tube.

CONCLUSIONS

In this paper the problem of the modern single
shaft gas turbine engine flame tube free vibration has
been studied. The problem solution is based on the
specially developed refined mathematical model. The
usage of this model gives the designers an opportunity
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to take into account the inhomogeneity of the flame tube
geometric form, that can be considered as an assembly
of several shells of different shape. The developed model
has been experimentally verified using the specially
developed experimental equipment on the base of
speclinterferometry method.

It has been determined that for all free vibration modes
of the shell the main are bending modes, that is caused
by the shell walls thickness and the presence of holes.
The shell free vibration modes and frequencies have been
found. The little divergence between the calculated and
experimentally found vibration frequencies proves the
high reliability of the developed mathematical model,
that can be used in further studies.

(1]

REFERENCES

Dobridenko, O., Voitenko, S., Tereshchenko, Y., Yakovlieva, A., Boshkov, V., & Trofimov, I. (2024). Statistical analysis of
aircraft gas turbine engine failures caused by quality of fuel. 2024 New Trends in Aviation Development (NTAD), Stary
Smokovec, Slovakia, 26-31 https://doi.org/10.1109/NTAD63796.2024.10850293

Valeev, S., & Kondratyeva, N. (2022). Life test optimization for gas turbine engine based on life cycle information support
and modeling. Energies. 15, 68—74 https://doi.org/10.3390/en15196874

Yuan, J., Gastaldi, Ch., Goy, E.D., & Chouvion, B. (2024) Friction damping for turbomachinery: a comprehensive review
of modeling, design strategies and testing capabilities. Progress in Aerospace Science. 147, https://doi.org/10.1016/
j-paerosci.2024.101018

Yershov, S. V., & Yakovlev, V. A. (2021) The influence of mesh resolution on 3D RANS flow simulations in turbomachinery
flow path. Journal of Mechanical Engineering. 24(1), 13—27. https://doi.org/10.15407/pmach2021.01.013

Wang, S., Shouzuo, L., Lei, L., Zhao, Zh., Wei, D., Bengt, S. (2021) A high temperature turbine blade heat transfer multilevel
design platform. Numerical Heat Transfer, Part A: Applications. 79(2), 122—145. https://doi.org/10.1080/10407782.2020.
1835104

Arnab, B., Prabhakar, S., & Giacomo, C. Natural frequency analysis of a functionally graded rotor-bearing system with a slant
crack, subjected to thermal gradients. International Journal of Turbo and Jet Engines. 40(3), 243-255. (2023). https://doi.org/
10.1515/1jj-2021-0002

Shakurova, L., Armenise, 1., & Kustova, E. (2023). Effect of slip boundary conditions on nonequilibrium reacting air flows.
Journal of Theoretical and Applied Mechanics. 53(3), 253-269. https://doi.org/10.55787/jtams.23.53.3.253

Skamniottis, Ch., Courtis, M., & Cocks, C. F. A. (2021). Multiscale analysis of thermomechanical stresses in double wall
transpiration cooling systems for gas turbine blades. International Journal of Mechanical Sciences. https://doi.org/10.1016/
j-ijmec.sci.2021.106657

Seok, S., Shahriar, A., & Montoya, A. A finite element approach for simplified 2D nonlinear dynamic contact impact analysis.
Archieves of Applied Mechanics. 93, 3511-3531. (2023). https://doi.org/10.1007/s00419-023-02451-y

Yalin, Sh., Lingling, Ch., Pengfei, Ch., Qingzhen, Ya., Yongqiang, Sh., & Hua, Ya. Numerical study on aerodynamic
performance of an intake duct affected by ground effect. International Journal of Turbo & Jet-Engines, 41(4), 803—814.
(2024). https://doi.org/10.1515/1jj-2022-0056

Chenglong, Sh., Yanhong M., Yongfeng, W., Xueqi, Ch., & Jie, H. Influence of conical shaft stiffness on the dynamic
characteristics of flexible rotor. International Journal of Turbo & Jet-Engines, 2025. https://doi.org/10.1515/jj-2024-0073
Lin, R., Hou, L., Dun, S., Cai, Y., Sun, C., & Chen, Y. (2023). Synchronous impact phenomenon of a high-dimension
complex nonlinear dual-rotor system subjected to multi-frequency excitations, Science China Technological Sciences, 66.
1757-1768.

Smetankina, N., & Morhun, S. (2024). The modern single shaft gas turbine rotor stress-strain state determination
taking into account the contact thermoelasticity problem. Technicki vjesnik, 31(2), 551-556. https://doi.org/10.17559/

Duriagina, Z. A., Kulyk, V. V., Filimonov, O. S., Trostianchyn, A. M., & Sokulska, N. B. (2021). The role of stress-strain state
of gas turbine engine metal parts in predicting their safe life. Progress in Physics of Metals. 22(4), 643—677. https://doi.org/

Smetankina, N., & Morhun, S. (2025). Determination of the stress-strain state of the rotor of an improved single shaft gas

Pat. UA 146326 Ukraina. Prystrii z pidvyshchenoiu zavadostiikistiu dlia do-slidzhennia kolyvan konstruktsii metodom
elektronnoi spekl-interferometrii [Tekst] / M. R. Tkach, Yu. H. Zolotyi, A. Yu. Proskurin, Yu. M. Halynkin, I. Yu. Zhuk,

[13]
TV-20230628000770
[14]
10.15407/ufm.22.04.643
[15]
turbine engine. Strength of Materials, 57(1), 58—68. https://doi.org/10.1007/s11223-025-00746-9
[16]
V. S. Kliuchnyk. - Ne u2020 06205; zaiavl. 25.09.2020; opubl. 10.02.2021. — Biul. Ne 6.
[17]

Pat. UA 103068 Ukraina. Sposib vyznachennia chastot i form rezonansnykh kolyvan lopatok HTD metodom spekl-
interferometrii [Tekst] / Tkach M. R., Zolotoi Yu. H., Dovhan D. V., Zhuk Y. Yu. - Ne103068 ; opubl. 10.12.2015.



NPUKIAOHA MEXAHIKA [LEEFEGREE

CIIMCOK BUKOPUCTAHOI JITEPATYPU

Dobridenko, O., Voitenko, S., Tereshchenko, Y., Yakovlieva, A., Boshkov, V., Trofimov, 1. (2024). Statistical analysis of
aircraft gas turbine engine failures caused by quality of fuel. 2024 New Trends in Aviation Development (NTAD), Stary
Smokovec, Slovakia, 26-31 https://doi.org/10.1109/NTAD63796.2024.10850293.

Valeev, S., Kondratyeva, N. (2022). Life test optimization for gas turbine engine based on life cycle information support and
modeling. Energies. 15, 68-74. https://doi.org/10.3390/en15196874

Yuan, J., Gastaldi, Ch., Goy, E. D., Chouvion, B. (2024) Friction damping for turbomachinery: a comprehensive review
of modeling, design strategies and testing capabilities. Progress in Aerospace Science. 147. https://doi.org/10.1016/
j.paerosci.2024.101018

Yershov, S. V., Yakovlev, V. A.: The influence of mesh resolution on 3D RANS flow simulations in turbomachinery flow path.
Journal of Mechanical Engineering. 24(1), 13—27 (2021) https://doi.org/10.15407/pmach2021.01.013

Wang, S., Shouzuo, L., Lei, L., Zhao, Zh., Wei, D., Bengt, S. (2021) A high temperature turbine blade heat transfer multilevel design
platform. Numerical Heat Transfer, Part A: Applications. 79(2), 122—145. https://doi.org/10.1080/10407782.2020.1835104

Arnab, B., Prabhakar, S., Giacomo, C. Natural frequency analysis of a functionally graded rotor-bearing system with a slant
crack, subjected to thermal gradients. International Journal of Turbo and Jet Engines. 40(3), 243-255. (2023). https://doi.org/
10.1515/jj-2021-0002

Shakurova, L., Armenise, 1., Kustova, E. (2023). Effect of slip boundary conditions on nonequilibrium reacting air flows.
Journal of Theoretical and Applied Mechanics. 53(3), 253—269. https://doi.org/10.55787/jtams.23.53.3.253

Skamniottis, Ch., Courtis, M., Cocks, C. F. A. (2021). Multiscale analysis of thermomechanical stresses in double wall
transpiration cooling systems for gas turbine blades. International Journal of Mechanical Sciences. https://doi.org/10.1016/
j-jmec.sci.2021.106657

Seok, S., Shahriar, A., Montoya, A. A finite element approach for simplified 2D nonlinear dynamic contact impact analysis.
Archieves of Applied Mechanics. 93, 3511-3531. (2023). https://doi.org/10.1007/s00419-023-02451-y

Yalin, Sh., Lingling, Ch., Pengfei, Ch., Qingzhen, Ya., Yongqiang, Sh., Hua, Ya. (2024). Numerical study on aerodynamic
performance of an intake duct affected by ground effect. International Journal of Turbo & Jet-Engines, 41(4), 803—-814.
https://doi.org/10.1515/tjj-2022-0056

Chenglong, Sh., Yanhong M., Yongfeng, W., Xueqi, Ch., Jie, H. (2025). Influence of conical shaft stiffness on the dynamic
characteristics of flexible rotor. International Journal of Turbo & Jet-Engines. https://doi.org/10.1515/tjj-2024-0073

Lin, R., Hou, L., Dun, S., Cai, Y., Sun, C., Chen, Y. (2023). Synchronous impact phenomenon of a high-dimension complex
nonlinear dual-rotor system subjected to multi-frequency excitations, Science China Technological Sciences, 66. 1757-1768.

Smetankina, N., Morhun, S. (2024). The modern single shaft gas turbine rotor stress-strain state determination taking
into account the contact thermoelasticity problem. Technicki vjesnik, 31(2), 551-556. https://doi.org/10.17559/
TV-20230628000770

Duriagina, Z. A., Kulyk, V. V., Filimonov, O. S., Trostianchyn, A. M., Sokulska, N. B. (2021). The role of stress-strain state
of gas turbine engine metal parts in predicting their safe life. Progress in Physics of Metals. 22(4), 643—677. https://doi.org/
10.15407/ufm.22.04.643

Smetankina, N., Morhun, S. (2025).Determination of the stress-strain state of the rotor of an improved single shaft gas
turbine engine. Strength of Materials, 57(1), 58—68. https://doi.org/10.1007/s11223-025-00746-9

ITat. UA 146326 Ykpaina. [Ipuctpiii 3 miABHIIEHOO 3aBaOCTIMKICTIO IS JOCIIHKCHHS KOJHBaHb KOHCTPYKIIIH METOIOM
eneKTpoHHOI crieki-inTepdepomerpii [Teker] / M. P. Tkau, 0. I 3onorwuit, A. FO. IIpockypin, FO. M. Tanunkiw, 1. FO. XKyk,
B. C. Kirounuk. Ne u2020 06205; 3asei. 25.09.2020; omy6m. 10.02.2021. Brom. Ne 6.

[Tar. UA 103068 Ykpaina. Crioci® BH3HaueHHS YacToT 1 (OpM pe30HaHCHHX KonmBaHb jomatok ['TJ] metomom creki-
inteppepomerpii [Tekcr] / Tkaa M. P., 3omnoroii 10. T, Josraus /1. B., XKyk 1. 10. Ne103068 ; ony6u. 10.12.2015.

© Moprys C. O., CemenoB M. M., Kyxk L. 1O., Ciuko B. M.
Jlata HagXomKeHHs CTaTTi A0 penakmii: 22.08.2025

Jlara 3atBepmkeHHs ctarti 10 Apyky: 10.09.2025
OnyomikoBaHo: 24.11.2025

Crarrs nommproerses Ha ymoax Jinensii CC BY 4.0



