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Annomayus. AkmyaibHocmos ucciedosanus 00YCio6ieHa HeoOX0OUMOCbIO NOGLIUEHUS. HAOEHCHOCTU
U 00NI208EYHOCMU NAPOBLIX MYPOUH, WUPOKO UCNOb3YEMbIX 8 IHepeemuyeckol ompacau. OOnum u3 Kpu-
MUYEeCKUX Hakxmopos, GIUsoWUx Ha IKCRIYAMAYUOHHbIE XAPAKMEPUCIUKYU MYPOUH, A6ISeMCsl 603HUKHO-
8eHUe U pazsumue mpewur 8 paboyux TONaAmKax, Ymo MOJNCem NPUSECmu K ux pa3pyueHuo U asaputinbim
cumyayusim. [eghexmol maxoeo pooa cnocoOHbl 3HAYUMENbHO USMEHUMb OUHAMUYECKUEe XaAPaAKMePUCMuKU
KOHCIPYKYUU, CHUNCASL ee PeCcypc U YBeIuiueads 6eposmHOCHb 6bixo0d u3z cmpos. [losmomy ananus enus-
HUSL MPpewun Ha SUOPAYUOHHbLE NAPAMEMPbL U NPOYHOCHb TONAMOK SGISEMCsL 6ANCHOU 3a0adell OJisi npo-
SHO3UPOBAHUSL UX HAOEIHCHOCIU U PA3PAbOMKYU MeMOO08 OUASHOCUKU.

B 0annoii cmamve uccnedyemces enusnue mpewjunbl Ha OUHAMUYECKUE U NPOYHOCTIHbIE XAPAKmMepU-
cmuKu paboyux 10namox napoguix mypoun. s ucciedoeanus eblOpaHo mMooeibHoe pabouee Koieco na-
POoBotl mypounsl. [[isi aHanU3a UCNONb306ANACy KOHEYHO-2NeMenmHas mooeib 6 cpede ANSYS Workbench.
Hccneoosarnvl cobcmeennvie uacmonml u (hopmbl KOACOAHUL TONAMOK NPU PAZTUYHBIX YSLO08bIX CKOPOCHISX
8PAUeHUs, A MAKJCe GIUSHUE MPEUUHbL PA3IUNHOU ONUHbL HA OUHAMUYECKUE XAPAKMEPUCTUKU KOHCM-
pyKyuu. Pesyibmamul ananuza noxkaswiéaiom, Ymo Haaudue oehpekma npueooum K CHUMICEHUI0 coOCmeeH-
HBIX YaCmMOom KoaeOaHuil, 0COOeHHO 011 HUSKOYACMOMHBIX (hopMm uzeuduvlx Koaebanuil. Kpome mozo, uzy-
YEHO GIUSIHUE POCIA MPEUUHbL HA 00I208€HHOCTIb TONAMOK U 6Ce20 pabode20 Koaeca. YCmanogieHo, umo
yeenuyenue ONUHbL MPeujUnbl 3HAYUMENIbHO COKpawaem pecypc JONamox, a 00j1206e4HOCHb paboyezo Ko-
jaeca 8 yenom cHudxicaemcs 60iee MeOleHHO 3a CUém 83auMoO0elicmeus Tonamox medxcoy cobou. Ionyuen-
Hble pe3yibmamsl MO2Yym Oblimb UCNOAb308AHbL NPU PA3PAbONKe MEMOOUK OUAZHOCMUKY U NPOCHO3UPOBA-
HUsl pecypca mypbomMawiut, a maxoice 015 ONMUMUAYUU UX KOHCIMPYKYUU C Yelbl0 NOGbIUEHUSL IKCIILYA-
MAYUOHHOU HAOEHCHOCTU.

Knioueguie cnosa: ooneogeunocmu, pabouue 1onamxu, mypoomawiunsl, mpewuna, 1acmoma coocmeen-
HbIX KONebaHull, paccmpouxa napamempoas.
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Abstract. The relevance of the study is due to the need to improve the reliability and durability of steam
turbines, which are widely used in the energy industry. One of the critical factors affecting the performance
of turbines is the occurrence and development of cracks in the blades, which can lead to their destruction
and emergency situations. This type of defects can significantly change the dynamic characteristics of a
structure, reducing its life and increasing the likelihood of failure. Therefore, analyzing the effect of cracks
on the vibration parameters and strength of blades is an important task for predicting their reliability and
developing diagnostic methods.

This article examines the effect of cracks on the dynamic and strength characteristics of steam turbine
blades. The object of the study is a working wheel made of 304 stainless steel. The finite element model in the
ANSYS Workbench environment was used for the analysis. The natural frequencies and vibration mode of the
blades at different angular speeds of rotation, as well as the effect of cracks of various lengths on the dynamic
characteristics of the structure, are investigated. The analysis results show that the presence of a defect leads
to a decrease in natural oscillation frequencies, especially for low-frequency forms of bending vibrations. In
addition, the effect of crack growth on the durability of the blades and the entire working wheel has been
studied. It has been found that increasing the crack length significantly reduces the life of the blades, and the
durability of the working wheel decreases more slowly due to the interaction of the blades with each other.
The obtained results can be used in the development of methods for diagnosing and predicting the life of tur-
bomachines, as well as to optimize their design in order to increase operational reliability.

Keywords: durability, working blades, turbomachines, crack, natural frequency, mistuning parameters.

Introduction

Steam turbines are key elements of power plants, providing conversion of thermal energy into me-
chanical energy. High efficiency and reliability of turbomachinery operation directly depend on the
condition of their structural elements, in particular working blades. In the process of operation blades
are subjected to significant mechanical loads, as well as to high temperatures and cyclic stresses,
which can lead to their damage. One of the most common types of blade damage is the formation of
cracks arising under the influence of fatigue loads, erosion and other operational factors. The devel-
opment of such defects can significantly change the dynamic characteristics of the structure, leading to
changes in natural frequencies and vibration forms, as well as to an increase in the probability of acci-
dents. Therefore, the study of the influence of cracks and other damages on the strength and vibration
properties of blades is an important task to improve the operational reliability of turbomachines [1; 2].

The problem of blade durability and reliability is relevant not only for traditional power engineer-
ing, but also for the rocket and space industry. Gas turbine and rocket engines operating under extreme
conditions of high temperatures and loads are also subject to fatigue crack development in critical
structural elements. The analysis of dynamic characteristics of blades allows to develop more reliable
methods of damage prediction, which is especially important for aircraft and space engines, where
sudden failure of turbomachinery elements can lead to catastrophic consequences [3; 4].

Modern methods of diagnostics and forecasting of the service life of working blades are based on
numerical methods of analysis, among which the finite element method (FEM) occupies one of the
leading places. With its help, it is possible to study in detail the stress-strain state (SSS) of a structure,
identify critical zones and predict the influence of defects on the dynamic behaviour of blades and
their service life [5; 6].

In this paper the influence of cracks of different lengths on dynamic and strength characteristics of
steam turbine working blades is investigated. Finite element modelling in ANSYS Workbench envi-
ronment was used for the analysis, which allows estimating the influence of defects on frequency cha-
racteristics and durability of the structure. The results of this study can be used in the development of
methods of damage diagnostics and prediction of turbomachinery life, which contributes to the im-
provement of their operational reliability, life extension and reduction of risks of emergency failures
both in power engineering and in rocket-space engineering [7-9].
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Problem statement

The object of research of the present work is an impeller blade of a steam turbine. The impeller is
made of stainless steel with the following mechanical characteristics: Young's modulus — 1.93 - 10°
MPa; density — 7900 kg/m’; Poisson's ratio — 0.25; tensile strength — 600 MPa, yield strength - 310
MPa, hardness — 170 HB. As a finite element model of this work is used finite element TET10 of
commercial programme ANSYS WORKBENCH with 3 degrees of freedom in node and total number
of finite elements - 117888 and 176499 nodal points. The number of degrees of freedom is 529497.
The three-dimensional model of the impeller and the FEM sector are shown in Fig. 1 [10].

a o 8

Puc. 1. Pabouee xoneco Moieny MapoBoi TypOUHSBI ¢ 8-10 JIONATKAMHU:
@ — o0yl BUA; 6 — BUJ OJJHOTO CEKTOPA; 8 — KOHEYHO-3JIEMEHTHAsI MOJEIb CEKTOPa

Fig. 1. The working wheel of a steam turbine model with 8 blades:
a — general view; 6 — view of one sector; 6 — finite element model of the sector

When studying the free oscillation characteristics of the wheel, it is assumed that the wheel has a
fixed support in the centre to avoid axial movements during simulation. During the study of dynamic
and life characteristics, it is found that the working blades are affected by centrifugal and aerodynamic
forces due to rotation and gas pressure. The rotation frequency is 314.159 rad/s and the angular veloc-
ity is applied in the axial direction along the hub. A sinusoidal load due to gas pressure acts on the
blade surfaces [11]:

P =P, +P,cos(Q), (D

where By =P, =0,05 (MPa); Q=314,159 rad/s. This load { F dyn} from equation (4) is modelled ad-

ditionally and entered into the calculation using ANSY'S software.
The static SSS of the structure is determined by the formula [1]:

([Kel+[Ko ]+ [Ke])-{8) = {Fa} +{Fr}+{Fo ). @)
The natural frequencies and vibration waveforms of the structure are calculated from equation [1]
[M]{8} +[C]{8} +([K ] +[Ke]+[Kr])-{8} =0. 3)
The dynamic response of the structure can be obtained from the expression [1]
(M8} +[CI3}+([Ke ]+ K]+ [Ke]) (8} = {Fi | )
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where [K]and [M] are the main stiffness and mass matrices of the structure; [K; ] is the geometric
stiffness matrix; [K R] is the additional stiffness matrix resulting from rotation; {FQ} ,{FT},{FG} are
the vectors corresponding to the forces from rotation, temperature and gas pressure, respectively; {C}

is the damping matrix; {8} is the acceleration of nodal points; {8} is the velocity of nodal points; {6}

is the displacement vector; { F dyn} is the vector of excitation forces.

The following main numerical methods are used to solve the system of matrix equations: Gauss ex-
clusion method (static SSS); Jacobi method (calculation of natural vibrations); method of mode super-
position (calculation of forced vibrations). For the task of predicting the service life of turbomachine
impellers, the developed algorithms were combined on the basis of FEM [12-15]. The ‘rain method’ is
used for damage summation, and the fatigue line is formed on the basis of the Palmgren-Miner hy-
pothesis [1].

Simulation results

At the first stage, the natural frequencies and modes of vibration of a single blade of the rotor
wheel were studied. Fig. 2 shows the modes of vibration of a blade of the turbine rotor wheel. Eight
different modes are presented: longitudinal-bending, transverse-bending and torsional. Longitudinal-
bending vibrations are manifested in modes 1, 3, 5 and 7, transverse-bending — in modes 2 and 6, and
torsional — in modes 4 and 8. These modes of vibration are important for the analysis of the dynamic
characteristics of the blade and the assessment of its reliability under operating conditions.

The study of natural frequencies of impeller oscillations at different angular speeds of rotation al-
lows us to identify the effect of rotation on the dynamic behavior of the structure. The results obtained
are presented in Table 1. The analysis of the data shows that a change in the rotation speed leads to
different effects depending on the oscillation mode. Thus, the frequencies of 1, 3, 5 and 7 oscillation
modes remain almost unchanged with an increase in the rotation speed. This indicates a weak depend-
ence of longitudinal-flexural oscillations on centrifugal forces and gyroscopic effects. In modes 2 and
6, characterized by transverse-flexural oscillations, a decrease in frequency is observed. This may be
due to a decrease in the rigidity of the structure during transverse bending under the action of centrifu-
gal forces.

Unlike the previous group, some vibration modes demonstrate an increase in frequency with in-
creasing rotation speed. For example, the frequency of mode 4 increases from 2585.7 (at rest) to
4766.6 rad/s at a speed of 1000 rad/s, and mode 8 — from 10216 to 11034 rad/s. This indicates that
centrifugal forces significantly increase the effective rigidity of the structure during torsion.

Next, the effect of a crack defect on the natural frequencies of the turbine working blade oscilla-
tions was investigated. The location and dimensions of the crack are shown in Fig. 3. Three variants
with different crack lengths were considered in the study: variant 1 with a crack length b =10% a, va-
riant 2 with a crack length b =20% a, and variant 3 with a crack length b =30% a, where a is the blade
width. In this case, the crack opening width ¢ = 1 mm remains unchanged. The crack is located at a
distance of 102 mm from the center of rotation of the disk with blades.
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Puc. 2. ®opmsl konebaHuii TonaTky pabovero Koyeca TypOUHbBI

Fig. 2. Vibration mode shapes of the turbine working blade

Table 1

Results of the analysis of natural frequencies of vibrations of a single wheel blade taking into account rotation

Vibration mode Without rotation 100 rad/s 500 rad/s 1000 rad/s
1 303.1 303.1 303.15 303.15
2 1889.1 1876.3 1438.1 1017.8
3 1918.4 1889.1 1889.1 1889.1
4 2585.7 2643.3 3435.5 4766.6
5 5258.1 5258.1 5258.1 5258.1
6 7915.4 7907.5 7742.0 7425.4
7 10124.0 10136.0 10216.0 10216.0
8 10216.0 10216.0 10392.0 11034.0

The results of the analysis of the natural frequencies of the single blade of the impeller taking into
account the presence of a crack are given in Table 2. For all vibration modes, a decrease in frequencies
is observed as the crack length increases, which is explained by a decrease in the rigidity of the struc-
ture due to a defect. The crack has the greatest effect on low-frequency vibration modes: the first two
modes show a significant decrease in frequencies (by 9-10 %). This indicates a high sensitivity of
bending vibrations at low frequencies to the presence of a crack. For higher-frequency forms, for ex-
ample, the sixth and eighth, the decrease in frequencies is less pronounced and is about 1-4 %. This
may be due to the fact that with such vibration modes, the zones of greatest stress affect the area of the

crack to a lesser extent.

256



Aviation and spacecraft engineering

-

a 9]

Puc. 3. Buj u pa3Mep TpenrHbl Ha JOMaTKe:
a — nornaTka 0e3 TPEIUHbI; 6 — JIONAaTKa ¢ TPEIIUHON

Fig. 3. Type and size of the crack on the blade:
a — blade without a crack; 6 — blade with a crack

Table 2
Results of the analysis of the natural vibration frequencies of one wheel blade,
taking into account the crack

Vibration mode Without rotation Variant 1 Variant 2 Variant 3
1 303.1 300.1 291.64 275.6
2 1889.1 1887.2 1816.8 1698.2
3 1918.4 1892.2 1881.7 1871.8
4 2585.7 2578.8 2552.9 2504.7
5 5258.1 52379 5188.1 5113.9
6 7915.4 7912.1 7896.9 7872.4
7 10124.0 10076.0 9933.2 9694.5
8 10216.0 10198.0 10146.0 10048.0

At the next stage of the study, the influence of geometric distortion on the performance characteris-
tics of the impeller blades was examined. To verify the developed and applied FEM and numerical
methods, a case of reducing the length of two adjacent blades by 1 mm was analyzed (Fig. 4). The re-
sults of the impeller's durability calculation, obtained by the authors using the ANSYS software suite,
were compared with results from the ABAQUS software environment, as well as with the analytical
solution from Tshwane University of Technology (TUT) [10]. For the analytical assessment of the
impeller's durability, the Brown—Miller strain-life equation was used [11]:

A A o
Slom S o 165—LQN,) 41758, N, Y, )

where N, is the number of cycles to failure; Ag, is the nominal stress range for the cycle; Ay, is
the maximum range or amplitude of shear strain for the given cycle, c', =1057 MPa is the fatigue
strength coefficient; b = —0.0385 is the fatigue strength index; e’f is the fatigue ductility coefficient;
c is the fatigue ductility index (based on the fatigue properties of grade 304 stainless steel).
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Blades with reduced length

BN
"y

Puc. 4. Teomerpust pabouero koneca ¢ yMECHBIICHUEM JJTHHBI
JIBYX COCEHHX JIONATOK (—1 MM)

Fig. 4. Geometry of the working bladed disc with decreasing length
of two adjacent blades (—1 mm)

As the data in Table 3 show, the results of the numerical analysis performed using the authors' ap-
proach and ANSYS are in good agreement with the data obtained by other researchers. This agreement
confirms the adequacy of the FEM used for calculating the service life of structures and indicates the
reliability of the proposed analysis methodology.

Table 3
Comparison of durability calculation results with numerical data
Blade disk durability (x10° cycles)
Type of analysis
(ANSYYS) ABAQUS (TUT) Analitical solution

Perfect structure 4.551 4,587 4.435

Reducing the length of two adjacent blades

(by 1 mm) 4.457 4.574 4.357

Based on the verification results of the developed and applied finite element models and numerical
methods, the authors extended their application to study the influence of cracks on the service life cha-
racteristics of impeller blades. Fig. 5 shows the results of calculating the durability of a single blade
without a crack and with a crack of 30 % of the blade width. It is evident that the service life of the
working blade significantly decreases when a defect is present. In a blade without a defect, failure oc-
curs at the root, whereas with a crack, the failure zone shifts towards the crack tip. This indicates a
redistribution of stresses in the material, where the crack becomes a stress concentration point and the
initiation point of failure.

To more fully understand the impact of the crack on the structural performance, the durability indi-
cators of the entire impeller with eight blades were considered, both in the absence of a crack and with
a crack on one of the blades. The calculation results are presented in Fig. 6. As can be seen, in the ab-
sence of a crack, the durability of all blades is the same, amounting to 4.551 (x10° cycles). When a
crack is present, the durability of the damaged blade decreases to 2.878 (x10° cycles), and it is this
blade that fails first. Furthermore, the presence of a crack leads to a slight decrease in the durability of
the other blades — within 7-8 %.
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Puc. 5. JlonroBe4HOCTH OJTHOM JIOTIATKH:

Fig. 5. Durability of one blade:

a — blade without crack; 6 — blade with crack

2nd blade
|

Sth blade |

e

2nd blade

1st blade

~
8th blade

Tth blade

1st blade
with a crack

OWith a erack

i
ATMIeh M

2nd blade

15t blade

2nd blade

Puc. 6. JlonroBeyHocTs pabodero koueca:
a — KoJeco 6e3 TPELMHBL; 6 — KOJIECO ¢ TPELIMHON Ha OJHOH U3 JIONAaTOK

Fig. 6. Durability of the working wheel:

151 bladde

15t blade

2nd blade

with a eruck

151 blade
with a crack

a — a wheel without a crack; 6 — a wheel with a crack on one of the blades
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Next, the influence of crack growth on the service life characteristics of the blades and the impeller
was studied. Three variants of crack length changes were considered, as mentioned above, and calcula-
tions were performed not only for a single blade but also for the entire impeller structure. The results
of the numerical study are presented in Table 4. A comparison of the calculation results for a single
blade and the entire impeller structure showed that the durability of the impeller is always higher than
that of an individual blade. This is explained by the interaction between the blades and the damping
properties of the structure through the disk, which can reduce the dynamic stresses acting on each
blade.

Table 4
Durability analysis results for turbine impeller considering crack
Durability of one blade (x10° cycles) Impeller durability (x10° cycles)
Without Variant 1 Variant 2 Variant 3 Without Variant 1 Variant 2 Variant 3
cracks cracks
4.350 4.175 3.683 2.723 4.551 4.148 3.929 2.878

Data analysis also shows that the durability of both the individual blade and the impeller as a whole
decreases with increasing crack length. Moreover, the reduction in the durability of the impeller de-
creases faster with an increase in the crack, especially when its length is more than 20 % of the blade
width. This indicates a high sensitivity of the system to crack growth, which requires early diagnosis
and possible replacement of the blades before reaching a critical state.

Conclusion

In the course of the study, the calculations of the fatigue life of highly loaded turbomachine ele-
ments were verified and the influence of cracks of various lengths on the dynamic and strength charac-
teristics of the working blades of steam turbines was studied. The numerical simulation using the finite
element method allowed us to analyze in detail the changes in the frequency characteristics of the
structure depending on the crack length. It was found that the presence of defects leads to a decrease in
the natural frequencies of oscillations, especially for bending forms, which can contribute to resonance
phenomena and accelerated destruction of the blades.

It was also found that increasing crack length significantly reduces the service life of individual
blades, while the durability of the entire rotor decreases less intensively due to the interaction between
blades. This highlights the need for timely defect detection and corrective measures.

The obtained results can be used in developing diagnostic techniques and predicting the service life
of turbomachinery, which is particularly important for the energy and aerospace industries. In gas tur-
bine and rocket engines operating under high-load conditions, the effect of fatigue damage on struc-
tural dynamics plays a key role in ensuring operational safety and reliability. The developed ap-
proaches may contribute to improving methods for extending the operational life of turbomachinery,
especially when using block models of parameter variation [16].
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dation (RSF) grant No. 24-29-00135 “Numerical study of ways to increase the resource characteristics
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