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UDC 621.165 Elements of powerful steam turbines are subjected to significant unsteady loads, in
particular the rotor blades of the last stages. These loads, in some cases, can cause
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ON AEROELASTIC oscillations are influenced by both the geometric characteristics and the alloy from
CHARACTERISTICS which the blade is made. To determine the effect of the blade material on the aeroe-

lastic behaviour, a numerical analysis of the aeroelastic characteristics of the last

stage blades made of steel and titanium alloy was performed. For the analysis, the
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Introduction

Turbine blades, regardless of their purpose, are subjected to significant unsteady aerodynamic loads
over the entire range of operating conditions. These loads can be caused by non-uniformity of the inlet flow,
unsteady flow in the blade channels, and the interaction of blade vibrations and flow. Under certain conditions,
self-excited blade oscillations can occur even if the natural frequencies of the blade and flow oscillations do not
match. This phenomenon of interaction between flow and blade oscillations in turbomachinery is dangerous
and can cause damage, largely affecting the last stages of steam turbines [ 1-4]. Similar aeroelastic phenomena
appear in other blade devices, in particular, in wind turbines [5], fans [6—10], compressors [11-14], etc.

Modeling of aeroelasticity consists in solving the problem of interaction between two physical media
(liquid and elastic), i.e., simultaneous integration of the equations of motion of a fluid and an elastic solid.
The fastest method is to solve the problem in the frequency domain [15-17]. This method requires lineariza-
tion of the nonstationary equations of motion of the fluid, so it is effective for cases of small amplitudes of
excitations in flows where nonlinearity does not appear (without separation, close to the flow of an inviscid
fluid). To take into account the nonlinear effects of the interaction between the fluid and the blade, it is nec-
essary to simultaneously solve the full Navier-Stokes equations of turbulent fluid motion and blade motion
with the exchange of data on the boundaries [18-20].

Modern problems of studying aeroelasticity require the development of methods that allow modeling
in a wide range of turbomachinery operating conditions. The most promising method for studying the aeroe-
lastic behavior of turbomachinery blades is modeling three-dimensional unsteady flow and modeling blade
motion by modal method (coupled aeroelastic problem) [21-22]. This method allows modeling both forced
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oscillations and self-excited oscillations of the blades, and also makes it possible to identify the conditions
for the occurrence of increasing blade oscillations, which can lead to the occurrence of a flutter.

In this work, a mathematical model of viscous gas flow described by a system of unsteady Navier-
Stokes equations averaged over Reynolds is used, complemented by the SST turbulence model by Menter [23].
The unsteady motion of the blades is described by a system of differential equations using a modal approach.
Numerical modeling was performed using the ANSYS Fluent Academic Edition 19R3 software package with
additional in-house developed program modules.

Problem formulation

The described numerical method was used to analyze the aeroelastic behavior of the rotor blade cas-
cade of the last stage of the low-pressure unit of a 1000 MW steam turbine. The rotor blades were studied
after improvement using the state-of-the-art method [24], the length of the improved blades increased from
1200 to 1650 mm. A partial study of the aeroelastic characteristics of this rotor has already been conducted,
which did not reveal the threat of self-excited oscillations [25]. This study was conducted using the already
proven method [26], which is widely used to analyze aeroelasticity in turbomachines.

In the described method, as in [26], the integration of the equations of viscous gas flow (Reynolds-
averaged Navier-Stokes equations) and the equations of blade oscillations under the action of unsteady loads
(modal method) is performed sequentially at each time step. The study was carried out for the nominal oper-
ating mode of the turbine rotor blade with a rotation speed of n=1500 rpm. The primary criterion for blade
resistance to flutter is the result of analyzing the characteristics of blade vibration damping under given har-
monic vibrations at different inter-blade phase angles.

Fig. 1 shows fragments of the B
computation mesh in the meridional d
plane (Fig. 1, a), the tangential plane
(root section of the blade, Fig. 1, b,
peripheral section of the blade,
Fig. 1, ¢). Each of the segments of the
computational domain is discretized
using a hybrid deformable H-O mesh.

The operation mode of the
turbine blade cascade is character-
ized by the following distribution of
gas-dynamic parameters:

— variable along the radius to-
tal pressure and total temperature of i
the flow at the inlet | - K
P=14708...19101 Pa; T,=325..333 K; a

—the flow angles in the

. . . . Fig. 1. Fragments of computation mesh:
cucpmferentlgl (o) and radial (y) di- a—meridional sectign of corﬁputationf meshl;,b —root section of computation
rections are given; mesh; ¢ — peripheral section of computation mesh

— static pressure behind the
cascade variable along the radius
P,=3824...3826 Pa. Form number 1 2 3 4 5 6

Table 1. Natural frequencies of blade oscillations

v;, Hz, steel 48.04 | 76.80 | 158.58 | 197.93 | 221.07 | 290.29
v;, Hz, titanium | 48.14 | 76.99 | 159.07 | 198.59 | 219.16 | 290.90

The natural oscillation forms of the rotor blades were determined using the Pre-Stress Modal algo-
rithm from the ANSYS package. Two variants of blade material were considered: instrumental steel
(Young's modulus E=2x10"" Pa, Poisson's ratio v=0.3, and density p=7850 kg/m’) and titanium alloy
(Young's modulus E=1.138x10"" Pa, Poisson's ratio v=0.3399, and density p=4429 kg/m’). To model the
blade motion using the modal method, the first six natural oscillation modes were taken into account. The
values of the blades' natural frequencies are given in Table 1. The difference in the natural frequencies does
not exceed 0.8%, and in the natural forms — no more than 1%, depending on the blade material.
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Results of numerical analysis

The first task of the study was to determine the aeroelastic characteristics of the rotor according to a
given blade vibration law. In this case, the blades perform harmonic oscillations in each of their natural
forms separately with a constant inter-blade phase angle (IBPA) 6=0°; 180°; £90°. A measure of the stability
of oscillations to the flutter is the aerodamping coefficient D, which is equal to the work of aerodynamic
forces with the opposite sign. Positive values of the coefficient correspond to damping of oscillations, and
negative values correspond to possible excitation.

Figs. and 3 show the distribution by blade height of the dimensionless aero-damping coefficient D
for four values of the IBPA for steel and titanium blades, respectively.
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Fig. 3. Variation of aerodamping coefficient by titanium blade height for IBPA = 0°, 90°, 180°, 270°:
t d th th th
a— 1% form; b — 2" form; ¢ — 3™ form; d — 4" form; e — 5" form; f— 6" form

In most cases, positive values of the aerodamping coefficient are observed, with the exception of
form 1 and IBPA=270°, form 2 and IBPA=90°, and form 5 and IBPA=90°. The distribution of work by blade
height for steel and titanium is almost the same, as shown in Fig. 4, which shows the dependence of the
aerodamping coefficient D on the IBPA for the two blade materials simultaneously. These graphs confirm
that oscillation damping is mainly observed, with the exception of form 1 and IBPA=270°, form 2 and
IBPA=90°, and form 5 and IBPA=90°.
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The pattern and values of the aero-damping coefficients are practically the same for steel and tita-
nium. The maximum deviation does not exceed 7% (4™ natural form, IBPA=90°, Fig. 4, d).
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Fig. 4. Comparison of the dependence of the blade height-averaged aerodamping coefficient
on the IBPA for steel and titanium blades:
a— 1% form; b — 2™ form; ¢ — 3™ form; d — 4™ form; e — 5™ form; f— 6" form

The next task of the study was to simulate the coupled oscillations of the blades of the rotor, which
takes into account the influence of aerodynamic forces on oscillations and vice versa. The simulation was
carried out for a period of 0.4 s, which corresponds to 10 rotor revolutions, with the amplitudes and inter-
blade phase angle set at the start, for a titanium blade. To demonstrate the results, three modes were chosen:
for the first natural frequency and angles of 90° and 270° (at these angles, the maximum and minimum val-
ues of the aero-damping coefficient are observed), and for the second natural frequency and angle of 90°, at
which there is a potential probability of self-excited oscillations.

Fig. 5 shows the motion of the blade's peripheral section oscillating according to the first shape and phase
angle of 270° and its spectra, and Fig. 6 shows the aerodynamic forces acting on the blade's peripheral section.

The graphs clearly show an increase in the amplitude of blade oscillations and aerodynamic forces;
the first natural frequency dominates the oscillation spectrum, and the first natural frequency and its harmon-
ics dominate the spectrum of forces.

Fig. 7 shows the motion of the peripheral section of the blade oscillating according to the first form
and phase angle of 90°, and its spectra, Fig. 8 — the aerodynamic forces acting on the blade's peripheral sec-
tion during motion.

In this mode, the amplitude of blade oscillations and aerodynamic forces are damped, the first natu-
ral frequency dominates the oscillation spectrum, the first natural frequency and its harmonics dominate the
force spectrum, and the second natural frequency is also present.

Fig. 9 shows the motion of the peripheral section of the blade oscillating according to the second
form and phase angle of 90°, and its spectra, Fig. 10 — the aerodynamic forces acting on the blade's periph-
eral section.

This mode is characterized by the presence of blade oscillations of constant amplitude; the spectra
are dominated by the second natural frequency, but the influence of the first natural frequency and their har-
monics is also visible.
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Fig. 5. Displacement of the peripheral section of the blade in time and its spectra (1" form, IBPA=270°):
a — in the circumferential direction; b — in the axial direction; ¢ — rotation relative to the center of gravity
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Fig. 6. Forces acting on the peripheral section of the blade in time and its spectra (1* form, IBPA=270°):
a — in the circumferential direction; b — in the axial direction; ¢ — moment relative to the center of gravity

0.0009 | p
-0.0011
-0.0013
-0.0015
-0.0017

-0.0019
0.03

A/AO
0.2500
0.2000
0.1500
0.1000

0.0500

0.0000

ys M
Ls
0.13 0.23 0.33 0.43
A0=-0.001448
frequency, Hz
100 200 300 400 500

a

0.0008 | m
0.0007
0.0006
0.0005
0.0004

0.0003

0.03 0.13 0.23

A/A0
0.2500

A0 = 0.0005786
0.2000
0.1500
0.1000

0.0500

0.33 0.43

frequency, Hz

0.0000
0 100 200 300

b

400 500

-0.0100 | 4 degree

-0.0120
-0.0140
-0.0160
-0.0180
-0.0200

-0.0220

0.03 0.13 0.23 0.33 0.43

A/AO
0.2500

A0 =-0.015867
0.2000
0.1500
0.1000

0.0500
frequency, Hz

0.0000
0 100 200 300 400 500

C

Fig. 7. Displacement of the peripheral section of the blade in time and its spectra (1" form, IBPA=90°):
a — in the circumferential direction; b — in the axial direction; ¢ — rotation relative to the center of gravity

10

ISSN 2709-2984. Journal of Mechanical Engineering — Problemy Mashynobuduvannia, 2024, vol. 27, no. 3




AEPOI'TAPOAMHAMIKA TA TEITNIOMACOOBMIH

-1179
-1180
-1181
-1182
-1183
-1184
-1185
-1186
-1187
-1188

A/A0
0.0030

A0=-1183.181
0.0025
0.0020
0.0015
0.0010
0.0005

frequency, Hz
0.0000

200
a

300 400 500

-0.00138 |p m
-0.00140
-0.00142
0.00144
0.00146
-0.00148
0.00150

-0.00152

0.03 0.13 0.23 0.33 0.43

A/AO
0.0100

A0 =-0.0014487
0.0080
0.0060
0.0040
0.0020

frequency, Hz
0.0000

200
a

300 400 500

1180 p N

yr

-1181
-1182
-1183
-1184
-1185

-1186

0.03 0.13 0.23 0.33 0.43

A/A0
0.0020

A0=-1183.155
0.0015
0.0010
0.0005

frequency, Hz
0.0000

200 300 400 500

275 £ N 15 M, N-m
4270 -20
4265 -25
4260 -30
4255 35
4250 -40
ts LS
245 -45
0.03 0.13 023 0.33 0.43 0.03 0.13 023 033 0.43
A/A0 A/AD
s AD=4259.2774 Al A0 = -31.383453
0.0020 0.2500
0.2000
0.0015
0.1500
0.0010
0.1000
0,0005 0.0500
frequency, Hz frequency, Hz
0.0000 0.0000
0 100 200 300 400 500 0 100 200 300 400 500
b c
. . . . . . . t
Fig. 8. Forces acting on the peripheral section of the blade in time and its spectra (1% form, IBPA=90°):
a — in the circumferential direction; b — in the axial direction; ¢ — moment relative to the center of gravity
0.0010 h,, m -0.0152 | 4 degree
0.0009 -0.0154
ano -0.0156
0.0007
-0.0158
0.0006
0.0005 -0.0160
0.0004 -0.0162
0.0003 -0.0164
£ 5%
0.0002 -0.0166
0.03 0.13 0.23 0.33 0.43 0.03 0.13 0.23 0.33 0.43
A/A0 A/AD
0y A0 = 0.0005785 A A0=-0.015845
0.5000 0.0080
0.4000
0.0060
0.3000
0.0040
0.2000
0.1000 0.0020
i frequency, Hz frequency, Hz
0.0000 0.0000
0 100 200 300 400 500 0 100 200 300 400 500
b c
Fig. 9. Displacement of the peripheral section of the blade in time and its spectra (2" form, IBPA=90°):
a — in the circumferential direction; b — in the axial direction; ¢ — rotation relative to the center of gravity
264 f N 25 M, N-m
4262 -27
-29
4260
-31
4258
-33
4256 -35
ts is
4254 -37
0.03 0.13 0.23 0.33 0.43 0.03 0.13 023 033 0.43
A/AQ A/AD Q
% A0 = 4259.174 A0, A0 = -31.3836
0.0008
0.1000
0.0006
0.0004
0.0500
0.0002
frequency, Hz frequency, Hz
0.0000 0.0000
0 100 200 300 400 500 0 100 200 300 400 500
b c

a

Fig. 10. Forces acting on the peripheral section of the blade in time and its spectra (2" form, IBPA=90°):
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Thus, for almost all modes of rotor blade oscillations, acrodynamic damping of oscillations was de-
tected, except for the first natural frequency and phase angle of 270°, where an increase in the amplitude of
oscillations is observed, and the second natural frequency and phase angle of 90°, where self-oscillations
with a constant amplitude are observed. These modes are potentially dangerous during turbine operation, so
additional measures should be taken to reduce the oscillations. The measures may include the installation of
bandages, tuning of blade natural frequencies, change of blade material, etc.

Conclusions

A numerical study of the influence of blade material on the aeroelastic characteristics of the ad-
vanced rotor of the last stage of a powerful 1000 MW steam turbine was carried out. Previous studies for the
blades of this turbine made of steel did not reveal the threat of blade flutter. The analysis used a numerical
method based on the simultaneous modeling of viscous flow in the turbomachinery cascades and modeling
blade vibrations with modal method. The numerical study was performed using the ANSYS Fluent software
package. The modeling was performed for the given and coupled oscillations of the blades in a viscous steam
flow. The results of the calculations confirmed the damping of blade vibrations in most modes, except for
vibrations with the first form and phase angle of 270° and the second form and phase angle of 90°. Compari-
son of the results for blades made of steel and titanium alloy did not reveal any significant differences that
could affect the conditions for the occurrence of self-excited vibrations. To eliminate the modes identified in
the analysis, which can excite blade oscillations, it is necessary to improve the blade design, select a different
blade material, or adjust the turbine operation mode.
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BnuiuB MaTepiajiy JionaTok poTopa napoBoi TYpOiHM Ha aeponpPYy:KHi XapaKTepHUCTHKH
IO. A. Bukos, JI. B. Kosoas:kHa

[HcTuTyT eHepreTHuHNX MamuH i cucteM iM. A. M. Ilinropaoro HAH Ykpainu,
61046, Ykpaina, M. XapkiB, ByJ1. KomyHansHUKIB, 2/10

Enemenmu nomysicnux naposux mypoin, 30Kkpema, 10namKu pomopa OCMAaHHIX CIYNeHis, 3a3HaAmMb 3HAYHUX
HeCmayioHapHux HABAHMACEHDb, SKI 8 0eAKUX 8UNAOKAX MOXCYMb BUKIUKAMU 8KpAll Hebe3neyHi camo30yoni KoIUBaH-
HA, W0 He2AmMUBHO 8NIUBAIOMb HA eeKMUBHICMb I pecypc T0namKo8o2o anapamy. 3 02130y Ha ye npu po3pooyi HO8UX
Yy MOOepHI3ayii ICHYIOUUX CIMYNEHI8 napoeux mypoin peKoMeHO08AHO 00CIIONCYBAMU AEPONPYIHCHI XAPAKMEPUCTIUKU
pobouux nonamox. Ha ymosu eunuxnenHs camo36yOHUX KOIUBAHb 8NAUBAIOMD AK 2eOMEMPUYHI XAPAKMEPUCTUKU, MAK
i cnnas, 3 AK020 8U20MOGIeHO 10NaAmKY. [[na usHaueHHs NAU8Y Mamepiany J0NAMOK HA aepOnPYH#CHY NOBEeJiHKY 0Y10
NnpoBedeHo YUCTIO8ULL AHANTZ AePONPYIHCHUX XAPAKMEPUCMUK PODOOUUX TONATNOK OCMAHHbO20 CMYNEHs, BULOMOBTIeHUX i3
CManegozo Ui Mumano8o2o cniagy. /[na ananizy 8UKOPUCMAHO MemoO OOHOYACHO20 MOOeNI08AHH HeCMAayioHApHOI
meuii eazy uepes TONAMKOBI GIHYL U NPYAHCHUX KOAUBAHL JONAMOK (38 'A3aHa 3a0a4a), AKUL 003801A€ OMPUMAMU AMN-
JiMYOHO-4aCMOMHUYU CNeKMp 83AEMOO0II HeCIMAYIOHAPHUX HABAHMANCEHD | KOAUBAHb JONAMOK. Y pobomi npedcmasie-
HO pe3yibmamu Yuci08020 AHANI3Y 018 2APMOHIUIHUX KOIUBAHD 13 3A0AHUMYU AMNAIMY 0010 1l MIXHCIONAMKOBUM (aA306UM
KYIMOM, a MaKoiC 018 PeHCUMY 38 A3AHUX KOIUBAHL JONAMOK Ni0 0i€l0 HecmayioHapHux aepoouramiynux cui. Hase-
0eHo 3anedcnocmi Koegiyichma aepooemn@ysanis 6i0 MidNCIONAMKO8020 Ga308020 Kyma i po3nodin koediyicnma
630062ic 1onamxu. Pesynomamu mooentosaniis 36 ’s13aHux KOIUBAHL TONAMOK OJIsL WeCTNU NEPUUX BIACHUX OopM npeo-
CMABNeHo y Ui 3MiHU 34 YACOM nepemieHHs nepughepitinoeo nepemumy JONaAmKU, a maKkodlc Cuil i MOMEeHmis, wo
ditoms Ha nepughepitinuii nepemun. Hagedeno 8ionoGioHi amniimyOoHO-4acmomui CheKmpu nepemiujensb i Haeanma-
Jicenb y nepugepitinomy nepemuni. Ananiz pe3yibmamis NOKA3a8 HeCymmesy 8iOMIHHICIb XAPaAKmMepucmux 8io 3anpo-
NOHOBAHUX Mamepianié ronamku. /[ nepuioi 81acHoi popmu KOIUBAHL JTONAMKU BUABTIEHA MONCIUBICING BUHUKHEHHS
camo30yOHUX KOIUBAHb, 051 OpPY20i hopmu € YMOBU 015 NOABU CIIUIKUX ABMOKOAUBAHD.

Knrouoei cnosa: aeponpyorcnicmo, ghnamep, naposa mypoina, MoOarbHull Memoo, Yucio8a aepoouHamixa, 63ac-
MOOIst piOUHU 3i CMPYKIMYPOIO.
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