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Abstract. The article aims to contribute to the ongoing study of damage to steam turbine rotors resulting
from asynchronous connection of electric generators to the unified power system. At the present time,
the assessment of the residual life of steam turbine equipment is based on the study of the degradation
of the mechanical properties of steels and the analysis of the thermal stress state. The aim of this work
was to determine the impact of such vibrations on the mechanical properties of rotors and their damage.
This goal was achieved by solving the following tasks: developing a 3D model of the K-1000-60/3000
LMZ turbine unit shaft based on design documentation; calculating the stress-strain state of the shaft
resulting from asynchronous connections using finite element analysis; and evaluating the level of metal
damage in the rotors due to torsional vibrations. The developed mathematical model used a classical
approach, replacing the working blades and bandage fastenings with concentrated masses and moments
of inertia. The most important results are the calculated rotor damages that occur due to asynchronous
connection of the turbogenerator to the unified power system with a synchronization angle of 30°. The
greatest damage to the rotor metal was found in the shaft section between the steam turbine and the
electric generator. The significance of the results obtained is that the use of this data will improve meth-
ods for assessing the remaining life of turbogenerators. This, in turn, will improve the reliability and
safety of power plant operations.

Keywords: steam turbine, rotor, asynchronous connection, torsional vibrations, stress-strain state,
damage.

DOI: https://doi.org/10.52254/1857-0070.2024.4-64.11
UDC: 621.165.62

Deteriorarea rotoarelor turbinelor cu abur ca urmare a conectirii asincrone
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Rezumat. Articolul isi propune si contribuie la studiul in curs de desfasurare a deteriorarii rotoarelor turbinelor cu
abur rezultate din conectarea asincrond a generatoarelor electrice la sistemul de alimentare unificat. in prezent,
evaluarea duratei reziduale a echipamentelor cu turbine cu abur se bazeaza pe studiul degradarii proprietatilor
mecanice ale otelurilor si pe analiza starii de solicitare termica. Scopul lucririi a fost de a determina impactul unor
astfel de vibratii asupra proprietatilor mecanice ale rotoarelor si deteriorarea acestora. Acest obiectiv a fost atins
prin rezolvarea urmatoarelor sarcini: dezvoltarea unui model 3D al arborelui turbinei K-1000-60/3000 LMZ pe
baza documentatiei de proiectare; calcularea starii de tensiune-deformare a arborelui rezultatd din conexiuni
asincrone utiliznd analiza cu elemente finite; si evaluarea nivelului de deteriorare a metalelor in rotoare din cauza
vibratiilor de torsiune. Modelul matematic dezvoltat a folosit o abordare clasicd, inlocuind lamele de lucru si
prinderile de bandaj cu mase concentrate si momente de inertie. Cele mai importante rezultate sunt avariile
calculate ale rotorului care apar din cauza conexiunii asincrone a turbogeneratorului la sistemul de alimentare
unificat cu un unghi de sincronizare de 30°. Cea mai mare deteriorare a metalului rotorului a fost gasita in sectiunea
arborelui dintre turbina cu abur si generatorul electric. Semnificatia rezultatelor obtinute este ca utilizarea acestor
date va Tmbunatati metodele de evaluare a duratei de viata ramase a turbogeneratoarelor. Acest lucru, la randul
sau, va Tmbunatati fiabilitatea si siguranta operatiunilor centralei electrice.

Cuvinte-cheie: turbind cu abur, rotor, conexiune asincrond, vibratii de torsiune, stare de tensiune-deformare,
deteriorare.

© Chernousenko O.,
Marysiuk B. 2024

127



PROBLEMELE ENERGETICII REGIONALE 4 (64) 2024

IoBpe:xka1aeMOCTH POTOPOB MAPOBBIX TYPOUH B pe3yJibTaTe ACHHXPOHHBIX
NMOJKJII0YeHHUH 3JIeKTPOreHePaTOPoB K 00beANHEHHOM YHeprocucreMe
Yepuoycenko 0.10.', Mapuciok 5.0.2
! HanuoHabHbIH TeXHUYECKHH yHHBEpCUTET YKpauHsl « Knepckuit

MO TeXHUYECKIH HHCTUTYT UMeHHU Uropst Cuxopckoro», Kues, Ykpanna

2 HanmoHanwsHeIi yHuBepcuteT Onecckas nonurexuuka, Onecca, YKpanHa
Annomayun. CtaTbs TIOCBSIIIEHA MCCIIEIOBAHMIO TTOBPEXKIAEMOCTH POTOPOB MApPOBBIX TypOWH, BOZHHUKAIOIIEH
BCIEJICTBHE ACHHXPOHHBIX  IIOAKIIOYCHHH  SJEKTporeHepaTopa K  OOBEOUHEHHOW  JHEPrOCHCTEME.
[IponomkuTenbHas 3KCIUTyaTalys MapoOBBIX TYPOWH B CIIOKHBIX TEXHOJIOTMYECKHX YCIOBHSAX MPUBOJUT K
00pa30BaHUIO YCTAIOCTHBIX TPEIIMH B KOHCTPYKTUBHBIX JJIEMEHTAX TypOOarperaToB, YT0 MOXKET CTaTh IPUUUHON
aBapUIHBIX CUTYaIUi U KaTacTpOPHUECKUX pa3pymieHuid. [Ioka oIleHKa 0CTaTOYHOTO pecypca mapoTypOUHHOTO
000pyIOBaHUs BBITIONHSETCS HA OCHOBE HUCCIIEIOBAHUS JAETpaJalliid MEXaHUYEeCKUX CBOMCTB cTajeil U aHaJu3e
TEPMOHAIPSDKCHHOTO COCTOSHHS pOTOpa M Kopmyca TypOoarperata. [Ipu 3TOM HE yYUTHIBAIOT YCTaJOCTHBIX
MOBPEXKJICHUN POTOPOB, BOSHUKAIOIIMX MU3-3a KPYTAIIMX KOJICOaHUI Bajia BO BPEMsi aCHHXPOHHBIX TOKITIOUCHHH.
enp 5T0M paboTHI 3aKITI0YAIACh B OTIPEIEIICHUH BIIASHUS TAKUX KOJeOaHWI Ha MEXaHUIEeCKHE CBOIICTBa POTOPOB
U UX TOBpekaaeMocTh. [locTaBneHHas Mellb JOCTHTaNlach IyTeM PElIeHUs CISAYIOMHNX 3aaad: pazpadorka 3D
Monenmu Bama Typboarperara K-1000-60/3000 JIM3 Ha OCHOBE KOHCTPYKTOPCKOH JOKYMEHTAIMH; pacdeT
METOZOM KOHEYHO-3JIEMCHTHOTO aHaj3a HalpshKeHHO-Ie(OpPMHUPOBAHHOTO COCTOSIHHSI Bajla BCICICTBHE
ACHHXPOHHOTO TIOJKIIIOYCHHUS; OIEHKAa YPOBHS MOBPSKICHHA MeETallla POTOPOB B PE3yibTaTe KPYTHIHHBIX
KoeOannii. B pa3paboTaHHONW MaTeMaTHYSCKOW MOIENH HCHOJB30BaJCS KIACCHICCKHHA TOAXOJ C 3aMEHOU
pabounx JIOMATOK M OaHIAXKHBIX KPCIUICHHH Ha COCPEIOTOYCHHBIC MAacChl M MOMCHTHI mHepuuu. Haumbomee
BOXXHBIMH De3yJbTaTaMH SBIIAIOTCS PACCUMTAHHBIE TOBPEKACHHUS POTOPOB, BO3HHUKAIONIME B pPE3YJIbTaTe
ACHMHXPOHHOTO IOJKIIIOYEHUs TypOOoreHeparopa K 00beIMHEHHOH SHEProCucTeMe C YIiioM cuHXpoHu3armu 30°.
Hawuboub1iee noBpexaeHne MeTania pOTOpoB ObLIO OOHAPYIKEHO HA YYaCTKE Baja MEXAY MapoBOM TYpOMHOH U
aJIeKTporeHepaTopoM. B gacTtHocTH, mocie 156 acHHXPOHHBIX MOJAKIIOYEHUI YpOBEHb MOBPEXKICHUS MeTallia
coctaBusl 10,686%. 3HAUMMOCTh MOJYYEHHBIX PE3YJIHTATOB 3aKIIOYAETCSI B TOM, YTO MCIIOJIb30BAHHUE ITHUX
JAHHBIX TI03BOJIUT YCOBEPIICHCTBOBATH METOMBI OIIGHKHA OCTaTOYHOTO pecypca TypOoarperatoB, 4TO, B CBOIO
ouepe.Ib, MOBBICHT HAIS)KHOCTh U 0€30MaCHOCTh IKCIUTYaTallud SHEPTeTUIECKUX YCTAHOBOK.
Knroueswie cnosa: naposas TypOHHA, pOTOP, ACHHXPOHHOE MOIKITIOYCHHE, KPYTHIILHBIC KOJICOAHNUs, HATIPSIKEHHO-
Je(OPMHUPOBAHHOE COCTOSHHE, IOBPESIKIACHHUE.

INTRODUCTION flow section of the turbine, where the force of the
steam flow on the working blades is converted
into torque.

Several serious accidents related to the fatigue
failure of rotors and working blades in large
turbine units (TU’s) have prompted extensive
research into the torsional vibrations of shaft lines
resulting from the interaction between the
turbogenerator and the unified power system
[[8]-[9]]. In addition, the issue of ensuring the
safe operation of steam turbine equipment in
power plants is becoming more critical every year
as the individual lifetimes of energy generating
equipment are being exhausted.

Typically, operating turbine units are
monitored only for transverse vibrations,
particularly as they pass through critical rotational
speeds [[10]-[12]]. However, numerous
theoretical and experimental studies have shown
that torsional vibrations of the turbine shaft line
can also be intense enough to cause fatigue
damage, potentially leading to catastrophic failure
of the turbine unit [13] - [15].

Years of experience in operating steam
turbines have identified several primary causes of
rotor torsional vibration [13] [16] - [17]. The most

Steam turbine power plants are among the
primary energy-generating facilities. They are
designed to reliably supply electricity and heat to
industrial and domestic consumers.

Steam turbines operate under challenging
conditions, including high temperatures, intense
static and dynamic loads, and corrosive
environments. As a result, fatigue cracks
inevitably initiate and develop in the structural
elements of the turbine [1-3].

The process of crack initiation and
propagation is mainly studied empirically, based
on the principles of fracture mechanics. [5] - [7].
Accelerated ageing of metal specimens is
performed on specialised equipment to determine
the time to failure. From the data obtained, low
cycle fatigue or long term strength curves are
constructed. In addition, empirical relationships
are derived to describe the mechanisms of damage
accumulation under specific types of loading.

One of the most critical components of a steam
turbine is the rotors, on which the working blades
are mounted. Together with the guide vanes
located in the steam cylinder casing, they form the
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dangerous of these are short-circuits, although
these may occur only a few times during the
lifetime of a turbine unit, potentially leading to its
failure. Therefore, such emergency situations are
unlikely to cause significant long-term
accumulation of fatigue damage. Other causes of
torsional vibrations include the connection of the
turbogenerator to the power system with rough
synchronization [13] [16] - [17] and the dynamic
instability of the turbogenerator-power system
[17]-[18].

The primary source of torsional fatigue
accumulation in steam turbine rotors throughout
the operating life of a unit is the connection of the
turbogenerator to the power system.

The process of connecting a turbogenerator to
the power system is called synchronization. For
successful synchronization, the rotational speed
of the turbine unit must match the frequency of
the power system, the voltage at the generator
terminals must equal the system voltage, and the
phases in both systems must align. Even if the first
two parameters are perfectly matched, a phase
angle difference (synchronization angle) can
cause balancing currents to flow in the generator
windings, leading to an increase in braking torque
on the rotor. As a result, torsional vibrations occur
along the entire length of the turbine unit's rotor
[19]. The magnitude of the reactive torque during
asynchronous connection is proportional to the
phase angle difference — the larger the angle, the
greater the reactive surge [13].

The intensity of tangential stresses during
torsional vibrations can be sufficient to
accumulate fatigue damage [16]-[20]. This
fatigue damage typically manifests itself as a
fatigue crack, which can reach critical dimensions
within a relatively short period of time and lead to
failure of the turbine unit [9].

Following each disconnection of the
turbogenerator from the power system, whether
due to an emergency or for scheduled
maintenance, the unit is restarted, synchronized
with the unified power system, and reconnected.
It is not always the case that a successful
connection is achieved on the first attempt.
Consequently, the total number of generator
connections to the grid is significantly in excess
of the number of turbine startups. Given that each
connection of the turbogenerator to the power
system generates a reactive torque that induces
torsional vibrations of varying intensity in the
shaft, it is of particular importance to consider the
torsional fatigue of turbine rotors.
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The current methodology for assessing the
residual life of steam turbines involves the
calculation of thermal stress states for rotors
during startup and transient operating modes, as
well as the degradation of steel due to prolonged
operation at high temperatures [2], [21] - [22].
However, this approach does not account for the
metal damage caused by torsional and bending
vibrations of the rotors. Consequently, significant
errors can arise in the assessment of the individual
residual life of the turbine unit.

The objective of this work is to evaluate the
metal damage in steam turbine rotors caused by
the  asynchronous  connection of the
turbogenerator to the power system.

STRESS-STRAIN STATE
OF TURBINE UNIT ROTORS

The assembly of turbine rotors, interconnected
by various types of couplings, is referred to as the
shaft line of a steam turbine. The overall torque
on the rotor is the sum of the torques from each
working cylinder. This combined torque is
transmitted to the turbogenerator, where the
mechanical energy of the rotating rotors is
converted into electrical energy [23] - [24].

Thus, the maximum static torque acts on the
section of the shaft line between the steam turbine
and the turbogenerator. It can be determined using
the following equation:

M =M+M,+M,

()

where: M,, M,, M, isthe nominal torque of each
working cylinder.

In the case of asynchronous connection of the
turbogenerator to the power system, a reactive
braking torque arises on the generator rotor. This
torque has the potential to exceed the nominal
torque by a factor of several. Its amplitude
significantly depends on the synchronization
angle (phase shift) between the voltage vectors of
the power system and the electromotive force
vectors of the generator [13].

The magnitude of the reactive torque on the
generator rotor during its asynchronous
connection to the grid is determined by the
following equation:

M, =M, +M,, (2)

where: M, is the nominal torque of the electric

generator, which is determined by its
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electromagnetic resistance; A, is the reactive

torque, on the rotor of the generator, due to its
connection with imprecise synchronization.
After the cessation of the reactive torque that
arises from the generator's rough synchronization . ) ' i )
with the power grid, the free vibrations of the [D] is the damping matrix; K] —stiffness matrix;
shaft line gradually decay. The energy dissipation { M} is the vector of moments; F(t) is
of these forced vibrations is primarily due to the
damping properties of the turbine unit's material.
Damping can be defined as the System's the angular diSplaCCment of the disks.
capacity to absorb and dissipate vibrational In this study, the damage calculation due to
energy. There are three principal types of  asynchronous connections was performed for the
damping: material damping, friction damplng and K-1000-60/3000 turbine unit manufactured by
viscous damplng LMZ (Leningrad Metal P lant). At the time of data
Material damping occurs due to collection from the power plant, the nuclear power
intermolecular interactions within the body, plant upit had been in operation for 18 years.'The total
where the external energy is absorbed by the operating time amounted to 121978 hours, with a total
material, transformed, and released as heat. In the ofS%ﬁtart;ups. turbi ts of fi linders:
case of friction damping, the system's energy is h.e}? cam tur 1nel.cgn51sHsPoC IVZ c;y 1nlers.
reduced due to the friction generated between the one Mgh-pressure cyunder ( ) and four fow-
) . . pressure cylinders (LPC). All cylinders have a
moving parts. This energy is transformed and trical two-flow desi
released as heat and noise. Viscous damping symmetrica’ two-Tlow design.
occurs when the system in question moves The HPC rotor is solidly forged, and all
through a gaseous, steam-gas, or liquid medium. working stages have the same root diameter. Each

. . fl ins fi ki .
The collection of rotors in the turbogenerator, ow contains five working stages .
. . All LPC rotors have the same design and are
along with the attached rotating masses,

. . . two-flow, with five working stages in each flow.
represents a classical multi-resonance torsional

. The root diameter of all stages is identical. The

pendulum system. In this system, free and forced .
rotational vibrations occur around the rotor's axis LPC rotors are solidly forged from rotor steel
of rotation grade P2A (30KhN3M1FA) and are connected by
The torsional vibrations of the mechanical rigid couplings. The shaft ends contain  the

. . i k for the final 1 inth
system that arise from the reactive surge on the bearing necks, grooves or the final abyrint
. . seals, and the fins of the relative expansion sensor.
generator rotor during its asynchronous

connection to the power system are described by Figure 1 shows the geometric model of the K-
s d . . . 1000-60/3000 LMZ turbine unit's shaft line with
a system of four differential equations in matrix

concentrated masses and moments of inertia,

[fol1olof[xlfo|- 17 )

where: [I] is the inertia matrix of the disk masses;

the function describing the torque; {@} vector of

form: . .
replacing the working blade apparatus.
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Fig. 1. Geometric model of the shaft line of the K-1000-60/3000 LMZ turbine unit.
The calculation of the stress-strain state of the In the initial phase of the modelling process,

shaft line of the K-1000-60/3000 LMZ turbine  the physico-mechanical properties of the rotor
unit during asynchronous connection to the power  steel were established. In accordance with the
grid was calculated using the "Transient technical documentation of the K-1000-60/3000
Analysis" module of the ANSYS software  turbo unit, the shaft line of the installation is
package. composed of a chromium-nickel alloyed steel

grade 30KhN3MI1FA. The material in question
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exhibits the following physico-mechanical
properties: density y=7900kg/m?, fatigue limit o.
1=284MPa, yield strength 69,=582MPa, modulus
of elasticity E=184.62GPa, and a logarithmic
decrement of torsional vibrations 6=2% (damping
capacity of the rotor steel).

The next important step was determining the
torques on each working disk and the rotor of the
electric generator.

The torsional moments on the working disks
of each stage were considered stationary, with
their magnitudes taken from the thermal
calculation of the turbine's flow path.

The determination of reactive torque values at
various  synchronization angles of the
turbogenerator with the power system is a
complex and time-consuming task. In the
analyzed sources, reactive torque values were
found only for the case of asynchronous
connection with a synchronization angle of 30°
[13]. Consequently, the calculation of tangential
stresses was performed for this synchronization
angle only.

The finite element analysis of the stress-strain
state of the turbine shaft line allowed for the
determination of the distribution of shear stresses
along the entire length of the turbine shaft line.

Figure 2-6 illustrates the fluctuations in
maximum shear stresses at different sections of
the turbine shaft line during the asynchronous
connection of the K-1000-60/3000 LMZ turbine
unit to the power system with a synchronization
angle of 30°.
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Fig. 2. Maximum shear stress between
LPC-1 and LPC-2.

Tangential stress exceeding the endurance
limit of rotor steel during torsion were observed
in all sections of the rotors between the steam
cylinders, particularly in the bearing areas.
Therefore, it can be concluded that torsional
vibrations caused damage to the rotor metal.

The most stressed section was the one between
the steam turbine and the generator. This section
experienced five damage cycles.
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Figure 2-6 show that connecting the generator
with a synchronization angle of 30° caused
torsional vibrations in all rotors of the turbo unit.

DAMAGE TO TURBINE ROTORS DUE
TO TORSIONAL VIBRATIONS

In calculating the cyclic strength of the rotors,
the linear damage accumulation theory
(Palmgren-Miner hypothesis) was employed. The
failure condition according to this hypothesis
under block loading is expressed as follows:

S

Z(”i/pr):L

i=l

“

where: n; is the number of load blocks with a
N,

ip

imax 2

stress amplitude 7 — is the number of

cycles to failure under cyclic loading with a stress
amplitude 7, ; s — is the total number of load

blocks.

In order to calculate the cyclic damage to the
rotors resulting from torsional vibrations, it is
necessary to determine the number of load blocks
s, which is equal to the number of deformation
cycles. Consequently, the cyclic damage to the
metal was evaluated using the following equation:

D=YD, (5)

where: D, — damage to the rotor metal at the i-th

oscillation cycle.

When calculating the damage to the rotor
metal, the following algorithm was applied: first,
based on the finite element model, the oscillation
amplitudes that arose due to asynchronous
connection to the power grid were determined.
The variation of tangential stresses in the most
heavily loaded sections of the rotors is shown in
Figure 2-6. Next, using the fatigue curve under
torsion, the number of cycles to failure was
determined for each oscillation. The damage to
the rotor metal at the i-th oscillation cycle was
calculated using the following equation:

1
D=—,

ip

(6)

The calculation of damage was performed for
load cycles in which tangential stress exceeded

132

the endurance limit of the rotor steel 7, =100

MPa.
The number of damage cycles and the
magnitude of cyclic damage for the most heavily

loaded sections of the rotors are presented in
Table 1.

Table 1. Cyclic damage of the rotors of the
K-1000-60/3000 turbo unit due to asynchronous

connection
Shaft section N D
LPR-1 - LPR-2 3 7,17-107
LPR-2 - HPR 4 7,57-107
HPR - LPR-3 5 4,26-107
LPR-3 - LPR-4 7 2,15-10*
LPR-1-TG 7 6,85-10*

According to the calculations, the greatest
damage to the metal due to asynchronous
connection of the turbogenerator to the power grid
with a synchronization angle of 30° occurred in
the shaft section between the steam turbine and
the electric generator. This is caused by the action
of the maximum torque in this section of the shaft.
Therefore, this particular section of the metal will
experience the maximum damage under torsional
vibrations, especially if they are caused by intense
changes in the torque on the electric generator
rotor.

According to the information provided by the
nuclear power plant maintenance personnel, after
shutting down the K-1000-60/3000 turbo unit, it
is not always possible to successfully synchronize
the turbogenerator with the power grid on the first
attempt. The maintenance personnel perform

several repeated disconnections and
reconnections of the turbogenerator until
synchronization is successful. Each such

reconnection results in a reactive torque spike on
the electric generator rotor, which causes
torsional vibrations across all the rotors of the
turbo unit.

Assuming that during each startup of the
K-1000-60/3000 LMZ turbo unit, there were 2-3
connections of the electric generator to the unified
power grid with rough synchronization, then
throughout the entire operation of the nuclear
power plant, which was started 52 times, there
were 104-156  connections  with  rough
synchronization, during  which  torsional
vibrations of the shaft occurred. Thus, the metal
damage due to torsional fatigue during 104
connections with a synchronization angle of 30°
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is 104:6.85-10" *7.124%, and during
connections, it is 156-6.85-10" *=10.686%.
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CONCLUSIONS

The considerable mass and dimensions of the
high-speed K-1000-60/3000 LMZ turbo units
render synchronization a challenging endeavour.
In the event of unsuccessful synchronization and
connection of the turbogenerator to the power
grid, it is disconnected and the synchronization
and connection are repeated until a successful
outcome is achieved. Each connection attempt to
the power grid is accompanied by a reactive
torque spike on the turbogenerator rotor.

The conducted study demonstrated that during
the process of rough synchronisation of the
turbogenerator,  torsional  vibrations  with
sufficient amplitude to potentially induce
torsional fatigue in the rotor metals arise on the
shaft.

The study confirmed that the highest tangential
stress intensity and, accordingly, the greatest
metal damage due to rough synchronization of the
turbogenerator with the power grid occur in the
shaft section between the steam turbine and the
electric generator. This can be explained by the
fact that the maximum mechanical torque
generated by the steam flow in the turbine is
concentrated in this section.
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