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Blades of powerfil steam turbines are subjected to significant unsteady loads, which,
in some cases, can lead to the appearance of self-excited oscillations or auto-
oscillations. These fluctuations are extremely dangerous and negatively affect the life
time of the blading. When developing new or upgrading existing turbine stages, it is
necessary to carry out research on the aeroelastic behavior of the rotor blades. As a
result of the modernization of a low-pressure cylinder of a 1000 MW steam turbine,
the length of the rotor blades of the last stage increased to 1650 mm. In this regard, a
numerical analysis of the aeroelastic characteristics of the last-stage rotor blades in
the nominal operation mode was carried out. The analysis used the method of solving
the coupled problem of unsteady aerodynamics and elastic blade vibrations, which
allows the prediction of the amplitude-frequency spectrum of unsteady loads and
blade vibrations in a viscous gas flow. The paper presents the results of numerical
analysis of aeroelastic characteristics of the last stage rotor blades both for the mode
of controlled harmonic oscillations with a given amplitude and inter-blade phase
shift, and for the mode of coupled oscillations of the blades under influence of un-
steady aerodynamic forces. The results of the simulation of coupled oscillations of
blades for the first five natural forms are presented in the form of the time distribution
of displacement of the blade peripheral cross-section, as well as the time distribution
of forces and moments acting on the peripheral cross-section. The corresponding
amplitude-frequency spectra of displacements and loads in the peripheral section are

also given. The results of the calculations showed a positive damping of oscillations,
the absence of flutter and auto-oscillations for the first five natural forms of oscilla-
tions of the blades in the nominal operation mode of the steam turbine.
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Introduction

The blade systems of turbomachines are subjected to significant non-stationary aerodynamic loads
during operation even in nominal modes. These loads are caused not only by the circular unevenness of the
flow in the blade channels but also by the mechanical vibrations of the blades themselves. In some cases, this
can lead to self-excited oscillations, even if the fluctuation frequencies of the blade and the flow do not coin-
cide. This phenomenon of aeroelasticity is dangerous and can cause blade damage, especially in the last
stages of steam turbines [1-4].

The study of aeroelastic phenomena is also necessary for other blade machines, in particular, wind
turbines [5], fans [6—10], compressors [11-14], etc. The method of modeling aeroelastic phenomena in tur-
bomachines consists in solving the problem of the interaction of two physical media (liquid and elastic). One
of the low-cost and fast methods is solving the problem in the frequency domain [15—17]. This approach uses
the linearization of the equations of unsteady fluid motion and is effective only for small fluctuations in sim-
ple flows. To obtain a more complete picture of the interaction between the fluid and the structure, it is nec-
essary to simultaneously solve the Navier-Stokes equations and equations of blade movement with an ex-
change of data at the contact surfaces [18-20].

As a result of a review of the current state of the acroelasticity problem in turbomachines and the ex-
isting methods of flutter prediction, it was found that the most promising method of studying the aeroelastic
behavior of turbomachine blades is the simultaneous modeling of three-dimensional unsteady aerodynamics
and modeling of blade motion by the modal method (coupled aeroelastic problem) [21-22]. This method of
solving the coupled problem of unsteady aerodynamics and elastic blade oscillations allows to obtain the
amplitude-frequency spectrum of blade oscillations in a three-dimensional gas flow, both for controlled os-
cillations and for self-excited oscillations, as well as to identify the conditions for the occurrence of uncon-
trolled blade oscillations in order to increase the reliability of blade rows of turbomachines.
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The paper uses a mathematical model of a viscous gas flow described by a system of unsteady Reynolds
averaged Navier-Stokes equations, supplemented by a Baldwin-Lomax turbulence model [23]. The unsteady
motion of the blades is described by a system of differential equations, in which the modal approach is used.

Problem formulation

Using the developed numerical method, an analysis of the aeroelastic behavior of the rotor blade row
of the low-pressure last stage of a 1000 MW steam turbine was carried out. The rotor blades were improved
using the modern method [24], resulting in increasing the blade length to 1650 mm.

The paper uses a numerical method [25] that performs, sequentially at each iteration, the integration
of viscous gas flow equations (Reynolds averaged Navier-Stokes equations) and blade vibration equations
under the influence of instantaneous unsteady loads (modal approach). Calculation studies were carried out
for the mode of operation of the turbine blade row with a rotation frequency of n=1500 rpm. The analysis of
acroelastic characteristics of the blade row in the spatial steam flow at given harmonic and coupled blades
oscillations, taking into account their natural forms and different angles of phase shift of the blade oscilla-
tions, is used as a criterion for the flutter stability of the blades.

Fig. 1 presents fragments of the computation mesh in the meridional plane (Fig. 1, a), in the tangential
plane (root cross-section of the blade row, Fig. 1, b), and tangential projections of the initial cross-sections

forming the blade (Fig. 1, ¢). Each
of the segments of the computa-
tional domain is discretized using a
hybrid deformed H-O mesh. \
The operation mode of the \l

l

\

turbine blade row is characterized
by the following distribution of
gas-dynamic parameters:

—total pressure and tem- \
perature at the inlet to the row, ”1
which varies by radius P=18843— o
20280 Pa; Ty=331-333 K; it

—flow angles in circular I
() and radial (y) directions; il

—variable by radius static
pressure behind the row P,=3824—

3826 Pa. a
Oscillations of the rotor ¢
blades were determined by taking Fig. 1. Fragments of computation mesh:
Into account .the .ﬁI’St five natural a— meridional section of computation mesh; b — tangential section
forms of oscillations. The values of computation mesh; ¢ — tangential projections of rotor blade

of the natural frequencies of blade

oscillations are given in Table 1, Table 1. Natural frequencies of blade oscillations

Form number 1 2 3 4 5
v;, Hz 53.50 | 77.12 | 159.68 | 201.22 | 226.60

Results of numerical analysis

On the first step, aeroelastic calculations of the turbine blade row were performed with the given law
of blade oscillation. The blades carry out harmonic oscillations in each of their own forms according to the
same law with a constant inter-blade phase angle (IBPA) 6=0°; 180°; £90°, taking into account the interac-
tion of the first five natural forms.

Fig. 2 presents the distribution by blade height of the dimensionless aerodamping coefficient D for
different IBPAs. With harmonic oscillations of the blades according to a given law, taking into account the
interaction of five natural forms of oscillations, "positive acrodamping" takes place, i.e., energy is withdrawn
from the oscillating blade into the main flow.
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Fig. 2. Variation of aerodamping coefficient by blade height (1-5 natural forms of oscillations) for different IBPAs:
a—IBPA =0° b—IBPA =180° ¢ — IBPA =-90°; d — IBPA = +90°

Fig. 3 shows the dependence of the aerodamping coef-
ficient D on the IBPA. The maximum values of the acrodamp-
ing coefficient correspond to IBPA=0° and —90°, and the mini-
mum values (the greatest excitation) correspond to IBPA=180°
and 90°.

On the second step, modeling of coupled oscillations of
the rotor blades was performed, which takes into account the
influence of aerodynamic forces on the characteristics of oscilla-
tions and vice versa. The simulation was carried out for a period
of 4 s with the amplitudes and inter-blade phase angles set at the
start for the first five natural forms.

Fig. 4 shows the variations in the modal coefficients
characterizing the oscillations of the blades according to five
natural forms and their amplitude-frequency spectra.
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0
-180 -90 0 90 180

Fig. 3. Dependence of blade averaged
aerodamping coefficient on IBPA
(1-5 natural form of oscillations)

Oscillations of the blades according to the five natural forms are decaying with frequencies close to
the natural frequencies of the oscillations. The intensity of damping of oscillations increases with the in-
crease in the number of the natural form of oscillations. There are no high-frequency harmonics in the vibra-

tion spectra of the first five natural forms.

In Fig. 5 are shown the graphs of the peripheral cross-section oscillations of the blade in the circular,
axial direction and rotation relative to the center of gravity for IBPA=0°, taking into account the interaction

of five natural forms of oscillations.
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Fig. 4. Variations of modal coefficients (IBPA=0°):
a — Ist form; b —2nd form; ¢ —3rd form; d —4th form; e —5th form
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Fig. 5. Displacement of blade peripheral section (IBPA=0°):
a — circular direction; b — axial direction; ¢ — rotation angle relative to center of gravity

Fig. 6 shows the graphs of unsteady aerodynamic loads (circular force, axial force, and aerodynamic
moment) acting in the peripheral section, as well as their amplitude-frequency spectra for IBPA = 0° (the
angle corresponds to the largest damping).

The presented graphs of the dependence of loads on time demonstrate a decrease in the amplitude of
load oscillations during coupled simulation, simultaneously with a decrease in the amplitude of oscillations
of the blade. The load frequencies are close to the natural frequencies and correspond to the vibration fre-
quencies of the blades, the first natural form has the largest contribution to the oscillations.

The largest contribution to the unsteady components of oscillations in the circular direction is made
by a frequency close to the frequency of the Ist natural form (54 Hz), in the axial direction — frequencies
close to the frequencies of the 1st and 2nd natural forms (54 and 77 Hz), in torsion oscillations — frequencies
close to the frequencies of the 4th and 5th natural forms (201 and 227 Hz). Movements of the blade in all
directions are damped during coupled oscillations.
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Fig. 6. Variation of unsteady forces in peripheral section of rotor blade (IBPA = 0°):
a — circular force; b — axial force; ¢ — aerodynamic moment

Conclusions
A numerical analysis of the aeroelastic characteristics of the rotor blade row of the last stage of a
powerful 1000 W steam turbine with increased blade length was carried out. The need for analysis arose af-
ter the modernization of the stage rotor, as a result of which the length of the blades increased to 1650 m. In
the analysis, a numerical method is used, which allows the prediction of the aerodynamic and amplitude-
frequency spectra of aerodynamic loads and blade vibrations in a viscous steam flow, including controlled
vibrations, self-excited vibrations, or auto-oscillations. Numerical modeling was performed for controlled
and coupled oscillations of blades in a flow of viscous steam. The results of the calculations confirmed the
damping of blade oscillations for the first five natural forms, which ensures a stable mode of operation of the
rotor blades of the last stage of the turbine at the nominal mode.
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Aeponpy:Hi BJaCTHBOCTI po00YHX JIONATOK OCTAHHBOIO CTYNEHs MOTYKHOI MapoBoi TypOiHu
JI. B. Koaoasizkaa, 10. A. bukos

[acTUTYT IpOGIIeM MamHOOYaAyBaHHS iM. A. M. Ilinropaoro HAH Ykpainaw,
61046, Ykpaina, M. XapkiB, By [Toxkapcbkoro, 2/10

Jlonamxku nOMyx’cHux naposux mypoin 3a3Harms 3HAYHUX HECMAYIOHAPHUX HABAHMANCEHD, AKI, } 0eAKUX 8UNA0-
Kax, MO#CYMb Npuzeecmu 00 oAU camo30yOHUX KOIUBAHb abo asmokoausaHs. Li konusanus expaii nebesneuni ma He-
2aMuHO BNIUBAIOMb HA PeCypPC JONAamKoso2o anapamy. Ilpu po3pooyi Hogux uu MoOepHizayii icnylouux cmynetie mypoi-
HU HEOOXIOHO BUKOMYBAMU OOCTIONCEHHST AEPONPYICHOT NOBEOTHKU POOOUUX TonamoK. B pe3yibmami mooepHizayii yuiin-
Opy HU3bK020 Mucky naposoi mypoinu 1000 MBm 0o6dicuna poboyux 1onamox oCmaHHb020 CMYNEHs 30iIbUUIAcL 00
1650 mm. 'V 36°513Ky 3 yum Oy10 NPOBEOeHO YUCETbHUL AHANI3 AePONPYICHUX XAPAKMEPUCUK POOOUUX TONAMOK OCAH-
Hb020 CMYNEeHA Y HOMIHATbHOMY pexcumi pobomu. [lpu ananizi 6ukopucmosysascs memoo po3s a3aHHs 36 A3aH0i 3a0ayi
HecmayioHapHoi aepoOUHAMIKU MA NPYHCHUX KOTUBAHb JIONAMOK, AKULL 00380JIAE NPOZHO3Y8AMNU AMNIINY OHO-4ACTOMHULL
cnekmp HeCmayioOHAPHUX HABAHMANCEHb | KOTUBAHL IONAMOK 8 NOMOoyi 8 A3K020 2asy. Y pobomi npedcmasieHo pe3yib-
MAamu YUCenbHO20 AHANI3Y AePONPYIHCHUX XAPAKMEPUCIUK JONAMKOB020 BIHYA POMOPA OCMAHHLO20 CIYNeHs AK OJid pe-
HCUMY BUMYUEHUX 2APMOHILIHUX KOTUBAHD 3 3A0AHOI0 AMALIMYOOI0 Md MINCIONAMKOBUM 3CY80M (PA3, MAK i 0I5l PeAHCUMY
36 A3aHUX KOJIUBAHL JONAMOK NI0 OI€0 HeCMAYIOHAPHUX AepOOUHAMIYHUX cul. Pesynbmamu MoO0ento8anus 36 a3aHux
KONUBAHb TONAOK 0151 1AM NEPULUX BIACHUX (POPM NpedCasaeHo y popMmi po3noodiny 3a Hacom nepemiwerts nepuge-
DIliHO20 nepemuHy JTONamKU, d MAKOHC CUL Md MOMeHmIs, wjo ditoms Ha nepugepitinuti nepemun. Hagedeno maxodc 8io-
NOGIOHI AMNIMYOHO-YACMOMHI CNeKMpU nepemiujeb ma HABAHMAadiceuv y nepughepitinomy nepemuni. Pezyromamu po3-
PAxyHKI8 NOKA3aU NO3UMuUeHe 0emMnghy8antsa KoIUuBaHv, i0CymHicms gaamepy ma agmoKoau8aHb Ha Nepuiux n’samu 6a-
CHUX (hopMax KONUBaHs TONAMKU ) HOMIHATLHOMY pexcumi poobomu naposoi mypoinu.

Knrouoei cnosa: aeponpyoicrnicmo, pramep, naposa mypoina, MoOanbHUL Memoo, YUCeIbHa aepoOuHamiKa.
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