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ABSTRACT NOMENCLATURE

An advanced flutter analysis of a final stage turbine row with

a new 1.2 meter long shrouded blade is presented. The three-

dimensional (3D) unsteady Reynolds Averaged Navier-Stoke
(URANS) equations with the Spalart and Allmaras turbulence
model were employed to model the flow. The flow entering the
last stage is a mixture of saturated vapor and liquid. An equi
librium wet-steam equation of state was used to model the-pro
erties of the mixture. Multi-row steady state simulatiohshe
upstream stator row, the turbine row and the extended exhaus
section were performed. It was considered important toudel
the exhaust section in the steady-state simulations inr ¢dockc-
curately predict the pressure profile at the exit of the tnebiThe
flow simulations were relatively high resolution and thegén
passage turbine mesh had 798 208 cells. Linearized flow simu-
lations for the turbine row were performed to determine the u
steady aerodynamic work on the blades for the possible tegoe
tic modes. An exact 3D non-reflecting boundary condition-(3D
NRBC) was applied at the inlet and outlet for the linearized/fl
simulations to eliminate non-physical reflections at thesend-
aries. The calculated logarithmic decrement values forrtbe
turbine blade are compared with a reference case for a simila
steam turbine blade at a condition known to have a long anel saf
working history. The new last stage was found to be moreetabl
than the reference case at the flow condition examined.

*Address all correspondence to this author.

n Nodal diameter

INTRODUCTION

Flutter is the self excited vibration of a structure due te th
interaction of aerodynamic and structural-dynamic forceke
turbine blades of the last stage of large scale industealsttur-
bines are typically over one meter long. These long blades ar
susceptible to flutter because of their low structural fesguy
and supersonic tip speeds. Although no steam turbine béade f
ure (loss of blade) due to flutter has been reported in thealite
ture [1], blade flutter is a concern for the manufacturersedis
turbines [1, 2] and blade root cracking at the last stage tdans
turbine due to flutter has been reported [3].

Itis important that the flutter stability of at least the latstge
is assessed for any new blade design or new operating comditi
of a large scale steam turbine. In order to analyze flutter, th
coupled aerodynamic and structural dynamic (aeroelasyis)
tem must be considered. An aeroelastic system can only be con
sidered flutter free if all possible eigenmodes of the aeiil
system are stable. The aeroelastic eigenmodes of a turlhmac
ery row are the traveling wave modes if the following assump-
tions are made: each blade is identical (tuned blades)eadgt
aerodynamic forces do not alter the structural deformatidre-
guency, each blade has only one degree of freedom (DOF), un-
steady flow perturbations are linear with blade vibratiams the
aerodynamic (and/or structural) coupling between blasiegm-
metric. The traveling wave modes are patterns of blade motio

Copyright © 2014 by RPMTurbo & LMZ Power Machines



with the blades moving with a constant amplitude and with a
constant phase shift between adjacent blades. This phidisis sh
referred to as the inter-blade phase angle and is equal to

21
GD=N

1)
where n is the nodal diameter ahdis the number of blades in
the row. A positive nodal diameter indicates that the diogct
of the phase (and the perceived direction of travel) of ttael®|
vibrations of the row is in the same direction as the rotatibn
the rotor.
A turbine row can only be considered flutter free if all possi-

ble traveling wave modes are stable. The stability of a tiage

that time was the record for unity power for full-speed tuds.
LMZ has developed and introduced a titanium 1200mm blade
at the last stage for this series of machines. In accordaitbe w
LMZ design traditions, the blade has an integral tip coveiciwh
provides a coupled system with cyclic symmetry. Shrouddsad
have the advantage of reducing tip leakage and increasimg ro
stiffness [1] and mechanical damping.

For decades, the blades with small upgrades ran succegssfull
in turbines of various ratings, including nuclear unitsethait
1000 MW. These blades never failed, and the only featuresof it
operation in some units, was minor wearing of the contacégon
in the covers of some blades that occasionally requiredirepa
during overhauls.

In the 2000s, LMZ developed and installed a system for on-

wave mode can be determined by calculating the unsteady flow line blade vibration control. It was observed that in somigsuat
response to the blade motion of the traveling wave mode. The nominal operating conditions, regular vibrations at sfiedie-

unsteady flow calculation can be performed on a single passag
mesh if a phase shift corresponding to the inter-blade paase
gle is applied to the unsteady flow perturbations at the pario
boundaries. The workNserg performed by the unsteady flow on
the blade can be calculated by integrating the unsteadgymes
with the mode shape displacement. If this work is posititie, t

guencies occasionally occurred. These vibrations cooretgd
to the first group of modes at backward-running nodal diame-
ters. These vibrations were identified as flutter. The annbdis
of these vibrations were far from a dangerous level and posed
no threat to the structural integrity of the blades due tohtig
mechanical damping of the blades. The only consequence of

unsteady aerodynamics are adding energy to the motion of thethis phenomenon was the wearing of the contact zones in some

blades.

The aeroelastic stability of each traveling wave mode is usu
ally expressed as the logarithmic decrement of the modehwhic
is the rate of decrease in the amplitude of the blade motion pe
cycle and can be calculated as

_Waero
0= 2 KEmax @
whereK Enay is the maximum kinetic energy of the blade mode
shape. Note that negative values of logarithmic decrement a
unstable.

If the logarithmic decrement value is negative then thelleve
of the unsteady aerodynamic work needs to be compared with th
level of structural damping. The level of structural dangpivill
depend on the material of the blade, the blade connectiaths an
the nodal diameter. If the mechanical damping is not sufiicie
to overcome the positive aerodynamic work then a flutter risk
exists.

The results of three-dimensional unsteady flow calculation
performed for the purpose of flutter analysis of steam twbin
blades have been presented previously. These methodd sudve
inviscid flow equations [1, 3, 4] and the URANS flow equations
[2] in the time domain.

LMZ STEAM TURBINES
At the end of the 1970s, LMZ (now part 8wer Machines

tip covers. Considering a new range of possible flow conalitio
through the last stage it was decided to develop a fluttezrait

In 2007, LMZ began a cooperation with RPMTurbo for the
purpose of developing a flutter criteria for new operating-co
ditions. The initial project was &lind test. RPMTurbo was
provided with the set of nineperating conditionsvith different
mass and volume flow rates. Some of the operating conditions
corresponded to real working machines and the field data were
not disclosed to RPMTurbo. RPMTurbo performed linearized
unsteady flow simulations to calculate the logarithmic deeent
of the aeroelastic modes for the nine operating conditidine
results of the flutter analysis agreed with the field data. The
most valuable result of the analysis was a favorable priedict
for one of the new operating conditions. The new operating co
dition had mass flow and back pressure values that signifjcant
exceeded previous levels for this blade. The predictiortter
new operating condition was considered to be favorableussca
the logarithmic decrement values were higher (more staihda)
those predicted for operating conditions from real machihat
already have a proven safe working history.

SCOPE OF PAPER

Recently, LMZ designed a new series of steam turbines. In
this paper, the results from a flutter analysis of the newdtesje
shrouded blade (Fig. 1) are presented. The flutter resudts ar
compared with a reference blade. The design of the last stage
was focused on providing a greater turbine exhaust areahwhic

company) produced steam turbines rated at 1200 MW which at makes it possible to reduce the overall axial length of thigite.

2
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The exhaust area of the reference blade was 1% & the flow

rate was approximately 400 tonnes/hr. The new blade (steae)
developed in order to further increase the exhaust flow dgpac
and improve aerodynamic performance. The new blade is tonge
and the root diameter is larger than the reference blade. The
new blade is made of steel while the reference blade is made of
titanium.

Multi-row steady-state simulations of the nozzle
(vane/stator) row, turbine row and exhaust section were
performed. The multi-row steady-state simulations werssab
ered necessary to accurately predict the flow conditionbet t
exit of the turbine because the flow at the exit was expectbd to
supersonic. The unsteady flow responses to the possible-aero
lastic modes were calculated by a three-dimensional linear
flow solver [5]. Linear flow analysis can be used to accurately
predict the unsteady flow when a single time frequency domi-
nates and the flow perturbations are small. This assumggion i
valid for flutter analysis because the flow perturbationshat t
flutter frequency are small at the onset of flutter. Invisaid a
URANS flow simulations were performed. A three-dimensional
non-reflecting boundary condition (3D-NRBC) was applied
at the inlet and outlet of the turbine for the unsteady flow
simulations and a wet steam equation of state was also used.
As far as the authors are aware, this is the first time either a
wet-steam equation of state or a 3D-NRBC has been applied to
a flutter analysis of an industrial steam turbine. The ldbaric

decrement values for the blade are presented and normalized

by the magnitude of the minimum logarithmic decrement value
from an operating condition with a known safe working higtor

COMPUTATIONAL METHOD

The results of the flow simulations presented here were cal-
culated with the RPMTurbo LUFT code. The code is capable of
performing steady-state flow simulations and linearizestesdy
flow simulations. The partial derivatives required by theeshr
flow solver are calculated numerically. The code has bedn val
dated for flutter analysis [5—7]. The flow model used by theecod
is the 3D URANS flow equations with the Spalart and Allmaras
turbulence model. The turbulence model is fully linearifed
the unsteady flow simulations.

Two fluid models were used: ideal gas and wet-steam. The
gas constant was R = 461.52 J/kg.K, the absolute viscosity wa
1.1E-5 Pa.s and the ratio of specific heats was 1.11 for tted ide
gas simulations. An equilibrium wet-steam gas model haa bee
implemented into RPMTurbo’s flow solvers and the wet-steam
gas model has been fully linearized [8]. Flow propertieshsuc
as pressure, temperature, speed of sound and viscositytof we
steam are calculated using formulae from IAPWS [9]. The fluid
is treated as a single phase and the motion of droplets isonet ¢
sidered.

|

FIGURE 1. LMZ SHROUDED LAST STAGE BLADE

MIXING PLANE

A new feature of the LUFT code is the capability of per-
forming multi-row steady-state simulations with mixingpks.
The pitchwise-averaged flow variables at various radiagisi
are calculated on either side of the mixing plane from theaaye
mass, momentum and total energy in the pitchwise direcTibe.
pitchwise-averaged flow values are interpolated to gholés ce
on the other side of the mixing plane. A steady non-reflecting
boundary condition is applied either side of the mixing glan

The mixing plane method was validated by examining the
interface between the exit of a steam turbine row and the inle
of the exhaust section. This test case is from an industgahs
turbine similar to one examined later in the paper and at dasim
flow condition. The flow domain for the test case is shown in
Figure 2. Two inviscid steady-state simulations were penfd.
The first simulation was a multi-row simulation with separat
meshes for the rotating turbine row and the stationary esthau
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The second simulation used a single mesh for the turbine row 1.4 ey
and the exhaust section. The exhaust section rotated wéth th 1.3 A\
turbine for the second simulation, however, the flow sohgio g 12 / \ \
. . g .« E 1 1 — \
should bg equivalent as a slip flow boundary condition (icidis £ 1 / =
was applied at the end walls (hub and shroud). z 0.9
< .
The pitchwise-averaged flow solutions as a function ofra- & 0.8 /
dius either side of the mixing plane for the multi-row sintida = o7 ] . .
- . 0.6 Turbine Exit
are compared with the flow solution extracted from the exteind | Exhaust Inlet
mesh at the location of the mixing plane in Figures 3 — 8. The 8-2 _Extended Mesh——
pressure has been normalized by the average pressuredagiplie "0 01 02 03 04 05 06 07 08 09 1
the exit of the exhaust section. The flow angles are defined as, H
a = tan 1(ug/uy) 3) FIGURE 4. MACH NUMBER AT MIXING PLANE

B = sin(ur/U) (4)
EXACT 3D NON-REFLECTING BOUNDARY CONDITION

Two types of far-field (inlet and outlet) boundary conditon
were applied to the unsteady linearized flow simulations 3h-
ur is the radial flow speed andl = /(U2 + U3 + u?). Thereis a NRBC and a one-dimensional non-reflecting boundary comliti
good agreement between the pressure on the upstream side (tu (1D-NRBC).
bine exit) of the mixing plane and the pressure extractechfro The ability of the 3D-NRBC to produce unsteady flow solu-
the extended domain (Fig. 3). The pressure on the downstreamtions that are independent of the far-field boundary locetias
side of the mixing plane is lower due to the entropy drop cduse been demonstrated previously [7]. However, it was decided t
by averaging the flow in the pitchwise direction. The conaerv  test the application of the 3D-NRBC on an industrial steam tu
tion of energy across the mixing plane is demonstrated inr€ig bine case. The test geometry is the same as mixing plane test
6. The overall agreement between the flow solution on the up- case (Fig. 2), however, the flow condition was different. The
stream side of the mixing plane and the flow solution extidicte back pressure was higher and the flow at the turbine exit was
from the extended mesh suggests that the mixing plane methodsubsonic (Fig. 9). The flow for this test case was assumed to
is working well. be inviscid so that the slip wall boundary condition on the ex

whereuy is the axial flow speedyg is the tangential flow speed,
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FIGURE 6. TOTAL TEMPERATURE AT MIXING PLANE

FIGURE 8. ABSOLUTE FLOW ANGLE BETA AT MIXING

. . PLANE
haust walls are the equivalent for the extended domaintiingta

exhaust) and multi-row (non-rotating exhaust) simulation

Unsteady linearized flow simulations for a complex trav- ) o
eling wave mode witm = —15 were performed on the short ~ calculated with the 1D-NRBC on the extended domain is closer

turbine domain and on an extended turbine domain which in- 0 the solutions calculated with the 3D-NRBC. This is a good
cluded the exhaust section. Separate simulations appting ~ demonstration that the 3D-NRBC is working correctly. These

1D-NRBC and the 3D-NRBC were performed for each domain. results also suggest that there are no significant unsteawly fl

10. There is a significant difference in the work coefficiemttoe bine.

suction side between the solutions calculated with the RBN The 1D-NRBC assumes that unsteady waves are planar and
and the 3D-NRBC. This suggests that unsteady flow reflections that the wave fronts are normal to the machine axis. The ad-
are occurring at the turbine outlet as the suction surfaéacis vantage of the 1D-NRBC is that it is significantly faster tiha

ing towards the turbine outlet. The solutions calculateit wie 3D-NRBC and in some cases the 1D-NRBC gives a similar result

3D-NRBC are independent of the exit location and the satutio  to the 3D-NRBC.
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FIGURE 10. TEST NON-REFLECTING BOUNDARY CONDI-
TION AT TURBINE EXIT

STRUCTURAL MODES

The first family of structural modes of the turbine row were
considered for the flutter analysis because LMZ has only ob-
served self-excited vibrations for the first family of modiesn
their measurements. The structural mode shapes wereaigidul

FIGURE 11. TURBINE BLADE MODE SHAPE FOR NODAL DI-
AMETER 5

COMPUTATIONAL MODEL

Separate meshes were made for the nozzle, turbine and ex-
haust section. Multi-block meshes suitable for RANS flow-sim
ulations were created for each section. Meshes suitablimfor
viscid flow simulations were created for the turbine and esha
section. The height of the first cell on the profile, hub anadstr
surfaces were chosen so that the averagaould be less than
5.0. An O-mesh was used around the profile. This allows the
mesh to be near orthogonal near the profile. This reduces the
numerical error in the region near the profile where the floa+ gr
dients are high. The meshes were of a high quality with the min
imum angle for the turbine meshes greater than 34 degrees. Th
turbine CFD mesh did not include the snubber and was based on
the non-deformed geometry. The details of the meshes anasho
in Table 1. Plots of the mesh at the hub and shroud can be seen

by a FEM method. The contact at the snubber and the tip covers i Figures 13 and 14 respectively.

was assumed to be linear with a pair of points either side®f th
contact surfaces coupled by the symmetry condition. Thedgte

For the steady-state simulations, total pressure, tatghée-
ature and the flow angles as a function of radius were prestrib

aerodynamic load was not considered. The resulting complex at the inlet and an average static pressure was prescritibd at
mode shape is shown in Figure 11. The frequencies of the first outlet. The incoming turbulent intensity was set t60% for all

family of modes normalized by the incoming wake passing fre-
quency are shown in Figure 12.

rows.
Multi-row steady-state simulations of the nozzle row, tur-

Copyright © 2014 by RPMTurbo & LMZ Power Machines
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TABLE 1. DETAILS OF MESHES ,%%%{g%
. LA
m...:;;m.,ﬁ,g,, "
Section Flow  Number Minimum Angle
Cells (degrees)
Nozzle RANS 763200 24.45 i
ity
. LI
Turbine RANS 798208 35.44 i
i il
Exhaust RANS 24010 69.80 ’,;i;,#f.y,ﬂ; i
f&l ﬂ”'fjﬁ;flp, ;:-'Jf?rf,‘ip:’lf'r‘f
Turbine Inviscid 543760 34.84 i Wﬂéﬁﬁ;ﬁ{?j}%’,:‘":‘
Sl
Exhaust Inviscid 19110 71.19 K
i

bine row and exhaust section for the new blade were perfarmed
Mixing planes were used to connect the adjacent rows. A
schematic of the flow domain is shown in Figure 15.

GRID MOTION

The motion of the individual grid points of the CFD mesh
has to be prescribed before performing the unsteady liregri
flow simulations. The grid motion is determined by solving a
modified Laplace equation on the CFD mesh. The boundary con- FIGURE 14. TURBINE MESH AT SHROUD FOR INVISCID
ditions for the Laplace problem are: the mode shape is interp  FLOW
lated on to the CFD mesh of the profile, zero motion at the inlet
outlet and periodic boundaries and zero normal displacéaten
the hub and shroud (points can slide). The calculated rehl an
imaginary components of the grid motion in the axial directi
for n= 15 are shown in Figures 16 and 17. The amplitude of the culated logarithmic decrement value is independent of thdem
grid motion used in linear flutter analysis is arbitrary as tal- amplitude.
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FIGURE 15. SCHEMATIC OF MULTI-ROW FLOW
FOR THE NEW BLADE

Real_dx

-10
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DOMAIN

FIGURE 16. REAL GRID MOTION IN AXIAL DIRECTION AT

90% SPAN FOR NODAL DIAMETER 15

STEADY-STATE RESULTS

Steady-state simulations were performed using four differ

FIGURE 17. IMAGINARY GRID MOTION IN AXIAL DIREC-
TION AT 90% SPAN FOR NODAL DIAMETER 15

TABLE 2. DETAILS OF STEADY-STATE SIMULATIONS

Flow Gas Nozzle Mass
Equations Model Included Flow
RANS Wet-Steam yes 1.0

RANS Ideal no 1.027

Inviscid  Wet-Steam no 1.035

Inviscid Ideal no 1.015

models included the turbine row and the exhaust section. The
pitchwise-averaged flow at the turbine inlet predicted bg th
RANS wet-steam steady simulation was prescribed at the tur-
bine inlet for the steady-state simulations of the other fiood-
els. The Reynolds number of the flow was 340 000, based on the
turbine exit flow conditions and the average chord length.

The calculated flow at the outlet of the turbine domain is
mostly supersonic. This can be seen by the fact that the axial
Mach number is greater than 1.0 (Fig. 18). This shows theavalu

ent flow models as shown in Table 2. The RANS wet-steam of including the exhaust section in the steady-state caticu.

simulation was calculated with the nozzle row, turbine rowd a
exhaust section. The steady-state simulations for the fitive

8

As the flow at the turbine outlet is mixed subsonic and supgcso
(mostly supersonic), it is not possible to apply a steadyndeu

Copyright © 2014 by RPMTurbo & LMZ Power Machines
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FIGURE 19. NORMALIZED STATIC PRESSURE AT TURBINE
EXIT PREDICTED BY VARIOUS FLOW MODELS

ary condition to this boundary without knowing the naturetef
flow at various sections of the boundary, as different boanda
conditions need to be applied for subsonic and supersonic flo
The flow Mach number in the exhaust section predicted by the
RANS wet-steam calculation is shown in Figure 20. It can be
seen that the supersonic flow extends well into the exhauast se
tion.

The pressure calculated at the turbine outlet is signifigant
lower than the pressure prescribed at the outlet of the esthau
section (Fig. 19). The differences in the pressure on thél@ro
at 90% blade height calculated by the different flow modeds ar
shown in Figure 21.

Mach-number
b

12
0.8

T

EO.A

0

L.

FIGURE 20. FLOW MACH NUMBER IN EXHAUST SECTION
PREDICTED BY RANS WET-STEAM SIMULATION
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FIGURE 21. NORMALIZED PRESSURE ON PROFILE AT 90%

BLADE HEIGHT

UNSTEADY FLOW RESULTS

Linearized flow simulations were performed to calculate the
unsteady flow response from the various traveling wave modes
The normalized work performed by the unsteady flow predicted
by the various flow models on the pressure and the suction side
for the mode corresponding to= —15 are shown in Figures 22
and 23 respectively. Positive values of work coefficientéate
that the aerodynamic forces are adding energy to the bladle an
hence are unstable. The reduced frequencynfer—15 based

Copyright © 2014 by RPMTurbo & LMZ Power Machines



Unsteady Flow, OP 1, ND=-15
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FIGURE 22. NORMALIZED WORK COEFFICIENT ON PRES-
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Unsteady Flow, OP 1, ND=-15
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FIGURE 23. NORMALIZED WORK COEFFICIENT ON SUC-
TION SIDE AT 90% BLADE HEIGHT FOR NODAL DIAMETER -15

on full chord isw* = 0.363.

Unfortunately, it was not possible to calculate an unsteady
solution for the URANS flow model with wet-steam and the 3D-
NRBC. The solution failed to converge. It appears that idiclg
all the modeling features makes the linear flow equationgisr
case too stiff for the linear solver to reduce the residuahef
linear problem to an acceptable level. However, it was [bbssi
to achieve solutions for all other combinations of flow model
gas model and boundary condition. The work coefficient cairve
are similar for the various flow models and it is expected that
the URANS flow model with the wet-steam gas model and 3D-
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NRBC would not be significantly different to the other result

The plot of normalized logarithmic decrement (log.-dec.)
versus nodal diameter of the traveling wave modes is shown in
Figure 24. Negative aerodynamic damping values are umstabl
The log.-dec values are normalized by the magnitude of time mi
imum log.-dec. value from a similar blade with a known safe
working history. The points of the log.-dec. curve were galc
lated for various flow models. The curves have a similar shape
and the least stable mode occursiat —15 for all models. The
modeling feature that causes the biggest difference in #éhe c
culated log.-dec. is the choice of the far-field boundarydion
tion. The minimum normalized log.-dec. value for Invisaital
3D-NRBC is -0.131 compared with -0.270 for Inviscid Ideal-1D
NRBC. The differences in the calculated log.-dec. due taagho
of gas model (ideal versus wet-steam) and flow equationgs(inv
cid versus URANS) are small.

The minimum normalized log.-dec. value shown in Figure
24 is -0.27. This suggests that the new blade at this comditio
should not experience unfavorable flutter vibrations. Have
the amount of mechanical damping is dependent on the nodal
diameter so the normalized log.-dec. value can not be used as
the sole flutter criteria. It is important to compare the idgc.
value with the expected mechanical damping at the giveninoda
diameter.

DISCUSSION

The decision to perform a multi-row steady-state calcula-
tion with the exhaust section was vindicated because the pre
dicted flow at the turbine exit was mainly supersonic and ex-
tended well into the exhaust section. It is not possible falyap
a steady boundary condition at the turbine exit if it is nobwmn

Copyright © 2014 by RPMTurbo & LMZ Power Machines



beforehand what regions are subsonic and supersonic.

There were some differences in the work coefficient pre-
dicted by inviscid and URANS flow simulations, particuladg
the first half of the pressure side (Fig. 22). However, theke d
ferences tended to cancel each other out when the logacithmi
decrement was calculated for the case examined. If thereawas
significant region of separated flow then it is expected that t
URANS results would differ from the inviscid results and be
more accurate.

There were also some differences in the work coefficient
predicted by the ideal gas and wet-steam flow simulations on
the first half of the pressure side. Once again, these diféee

vibrating blades. These measurements would be helpfuflyrto
ther validate the method. There are some characteristittseof
flutter analysis of the last stage steam turbine blade tleahar
tested by the standard flutter test cases, such as high egh Ma
number, high stagger angle and wet-steam flow. The develop-
ment of new open test cases that examine these characteristi
are recommended for future work.

CONCLUSIONS
A flutter analysis of a new steam turbine blade has been pre-
sented. The logarithmic decrements of the aeroelastic mode

tended to cancel each other out when the logarithmic deereme were calculated and compared with a reference case for a sim-
was calculated. Most of the flow through the turbine is a satu- ilar steam turbine blade, at a condition known to have a lontj a
rated mixture of steam and water droplets. There are onlyisma safe working history. The new steam turbine at the flow condi-
pockets of superheated vapor immediately downstream of the tion examined was found to be more stable than the reference

trailing edge. The isentropic polytropic index of the flowrva
ied from 1.105 to 1.125. It has been shown that if most of the
flow is a saturated mixture and the polytropic index is reason
ably constant then ideal gas simulations can give similsulte

to wet-steam calculations [8]. Wet-steam effects may beemor
important in earlier stages of a steam turbine where coradens
tion first occurs. In this case, the flow will contain regiorfs o
superheated steam vapor and regions with saturated flow. The
polytropic index of the flow in these different regions woilel
significantly different and it is expected that the predios from

a wet-steam model would probably be different from the ideal
gas predictions.

The application of the 3D-NRBC only made a small change
to the unsteady flow solutions for the operating conditioanax
ined for the new turbine blade. The flow at the outlet is mostly
supersonic so it is not possible for unsteady flow reflectattise
outlet to travel upstream and affect the unsteady pressutieeo
profile. However, there remains the possibility of unstefioly
reflections from the upstream blade row. The outgoing a@ust
modes at the inlet are cut-off (decaying) for most of the aero
lastic modes 6] < 4). If there were unsteady flow reflections
at the inlet forn = —15, the amplitudes of the reflected waves
when they return to the blade would be small and would not af-
fect the solution significantly. This is why there is only aain
difference between the solutions calculated with the 1CBRR
and 3D-NRBC. Further work is planned to quantify the influieenc
of unsteady wave reflections from the upstream blade row.

However, the application of the 3D-NRBC did change the
unsteady flow solution for the test case shown in Figure 10&he
the exhaust pressure is higher. The flow at the turbine exit is
subsonic and the down-stream traveling acoustic waveseat th
outlet are not decaying (cut-on), so it is possible for réfidc
waves at the outlet to travel upstream and change the work don
on the blade.

Unfortunately the authors do not have access to unsteady
pressure measurements on steam turbine blade surfacee due t

11

case.

The logarithmic decrement values were calculated from the
unsteady work predicted by linearized flow simulations. Tiilne
earized flow simulations included many advanced featurels su
as URANS flow modeling, a wet-steam equation of state and
a three-dimensional non-reflecting boundary conditionother
feature of the flutter analysis was that multi-row steadyessim-
ulations that included the exhaust section were performée.
multi-row steady-state simulations were necessary torately
predict the flow conditions at the turbine exit, which was ttyos
supersonic.
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