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ABSTRACT
The paper describes the flutter stability assessment of a steam turbine rotor and the
application of a multi-disciplinary shape optimization procedure to obtain a new blade
geometry with higher efficiency and an improved flutter stability. The investigated test
case consists of a steam turbine last stage representative of modern industrial steam tur-
bine blading, firstly presented by Durham University and intensively investigated during
last years. The aerodamping results on the original geometry, obtained by a non-linear
method, are compared with those already published by other researches with different
flutter approaches. The present results are in complete agreement with numerical in-
vestigations already present in the literature and show a high blade instability for the first
bending mode. Starting from this unstable geometry, a shape optimization procedure with
aeromechanical constraints has been applied in order to obtain a blade with improved per-
formances from both the aerodynamic and the flutter point of view. The optimum profile
shows a higher efficiency and a flutter instability reduction. Those aspects are exhaustively
discussed and comparisons with the baseline geometry are reported.
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NOMENCLATURE
ṁ mass flow
p pressure

Greek:
ηTT total-to-total stage efficiency
ω∗ reduced frequency, = ω∗c/vout
σ static stress
ξ logarithmic decrement (log.dec.)

Acronyms:
IE Inviscid Endwall
LE Leading Edge
nd nodal diameter
PS Pressure Side
SS Suction Side
TE Trailing Edge

INTRODUCTION
The current trend of designing more flexible steam turbine is worsening the vibration issues

due to flutter and forced response phenomena, especially on the last-stage long blades (Rice
et al. (2008); Pinelli et al. (2020)). Asynchronous vibrations caused by flutter occurrence are
one of the main concerns when designing new-generation low pressure steam turbine rotors.
In this context, different EU projects (e.g. FLEXTURBINE) have increased the knowledge in
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terms of physical understanding and simulation technology thus leading to a deeper insight on
flutter phenomena of low pressure turbine rotor (Bessone et al. (2020); Pinelli et al. (2020)).

Nowadays flutter assessment of turbine blade in subsonic condition is a common practice
during the turbomachinery design phase, and the available numerical tools (linearized and non
linear in time or frequency domain) are now mature and reliable (Kielb et al. (2003); Lottini
et al. (2019); Biagiotti et al. (2018)). However there is still a lack of confidence when such
solvers are applied to unsteady flows with high non linear phenomena (Doi and Alonso (2002);
Barreca et al. (2018)) like shock boundary layer interaction or massive recirculating areas that
are present in the low pressure steam turbine blade (Rice et al. (2008); Pinelli et al. (2020)).
The analysis of these components in such severe operating conditions usually leads to a result
dispersion among different computational methods also depending on the level of simulation
accuracy. In light of this, the open flutter test case (Qi et al. (2017); Sun et al. (2017)), derived
by the open access steam turbine geometry is thus an interesting numerical benchmark to test
and validate numerical methods in an environment with flow non-linearities.

The fist part of the paper describes the flutter assessment results of the open flutter test case
obtained with an uncoupled non-linear flutter solver in time domain and compares them with
numerical results coming from different numerical solvers already presented in the literature (Qi
et al. (2017); Frey et al. (2019)). The results shows a good agreement among different codes
and confirm that blade area subjected to non linear phenomena (e.g. shock wave impingement),
are the most critical for the blade flutter stability.

In the final part of the paper, an aerodynamic optimization of the original rotor row based on
neural network and able to include flutter constraints is presented. This exercise demonstrates
that a steam rotor design requires a multi-objective optimization strategy as flutter stability
and aerodynamic performance are often competing targets. The optimum geometry shows an
increase of the efficiency and a reduction of the flutter instability.

(a) Meridional view (b) 3D view (c) IE mesh

Figure 1: Test case geometry and rotor mesh
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NUMERICAL TEST CASE
The open access geometry was made available by the Durham University and is representa-

tive of a last stage steam turbine (Burton (2014)). Starting from this geometry, the open flutter
test case has been established by Qi et al. (2017) by the definition of flow conditions (compati-
ble with steam turbine at design conditions) and blade structural characteristics. The numerical
flutter test-case is already fully described in previous publications (Qi et al. (2017); Frey et al.
(2019)) and only the main information are reported hereafter. The stage depicted in Fig. 1(a)
and Fig. 1(b) consists of 60 stators and 65 rotors and the rotational speed is set to 3000 rpm. The
rotor blade length is 0.92 m with a tip gap clearance of 2.3 mm (0.25% of the blade span). For
the CFD analyses, stage boundary conditions prescribe total pressure and temperature values of
27 kPa and 340 K at the stage inlet, while the rotor outlet static pressure is 8.8 kPa. Following
the approach Qi et al. (2017) the wet steam working fluid was modeled with perfect gas law
with a constant ratio of specific heats of 1.12, gas constant of 461.52 J kg-1K-1 and a constant
dynamic viscosity of 1.032 · 10−5Pa s. The incoming turbulence intensity level was set to 10%
and the turbulence length scale of 0.002 m. The Reynolds number computed with the midspan
chord length and the mean flow at the rotor outlet was about 400000 and the maximum value of
the Mach number is around 1.5.

NUMERICAL METHODS
In this section the FEM and CFD methods used for the flutter analysis of the open flutter

test case and for the following optimization process are described in detail.

Blade geometry generation, profile parametrization and perturbation method
The 3D blade geometry is built by stacking a number of 2D airfoil profiles that are further

used to generate both CFD and FEM meshes. For the optimization process, a parametrization
of the 2D profile is handled by a dedicated tool which reconstructs the 2D blade profile starting
from a pseudo-camber line (PCL) defined by a B-spline up to 5 control points as shown in Fig. 2.

Figure 2: Airfoil parametrization: pseudo-
camber definition and control points
(squares), PS (circles) and SS (triangles)
airfoil control points

From the PCL, two half-thickness are con-
structed to define PS and SS by means of
B-splines. LE and TE are defined by circle
arcs. The number of control points and their
degrees of freedom (DOFs) are selected by
the user and the parametrized geometry can
be perturbed by modifying the DOFs or the
control point positions. The geometry varia-
tion is handled starting from the baseline one
and defining perturbation ranges for selected
parameters. The perturbation values are ob-
tained by means of a Sobol’s sequence within
the defined ranges. This technique produces
a quasi-random data-set where the data are
more spread out compared to a fully random
sequence which can produce an inappropriate
data clustering.
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FEM modal analysis
The open source FEM solver CalculiX has been used for the modal analysis of the rotor row

in pre-stressed conditions. The solid grid is automatically generated by using an in-house tool
that discretizes the inner blade region with C3D20 elements. Mesh refinements are provided
in high curvature zones as the LE and TE and the overall grid density was defined after a
sensitivity analysis on similar geometries. Pre-stress conditions include centrifugal forces and
mean pressure surface distribution extracted from steady state CFD simulations in order to
include the untwist effect due to the rotational speed on the blade geometry (”hot geometry“)
for both modal and CFD successive simulations. As boundary condition the blade is clamped at
the root in order to reproduce a cantilever configuration. This setup is representative of bladerow
with negligible coupling with adjacent profiles through the disk (very stiff disk configuration).
The modal analysis, without any blade coupling, leads to the so-called real mode-shape where
the modal displacement phasors are in phase or counter-phase among them. Moreover the
typical mode families (1st bending, 1st torsion, etc. . . ) are characterized by a same frequency
and mode-shape for all the possible nodal diameters. Such approximation is valid not only
when the disk can be considered stiff, but also when blade connections (shrouds, snubbers,
etc. . . ) are not present as in this numerical test-case. The input file for CalculiX (including
mesh patches, material definition, centrifugal force definitions, boundary conditions, etc. . . ) is
also automatically generated and the modal displacement transfer to CFD grid for the flutter
analyses is handled by a dedicated tool (Vanti et al. (2017)). Therefore mesh generation, modal
analysis and mode-shape transfer can be automatically performed in a row, making the overall
procedure attractive for an optimization process.

CFD steady state and flutter analyses
The CFD analyses are carried out with the RANS/URANS TRAF code. The main char-

acteristics of the solver can be found in Arnone (1994), while the code extensions to moving
grid analysis (to perform flutter assessment with an uncoupled approach) are fully described in
Vanti et al. (2017). H-type or O-type grids can be used to discretize the fluid domain and steady
state simulations with mixing plane approach between rows are used to extract mean pressure
surface distribution for the FEM pre-stressed analysis. Flutter analyses can be performed on a
single row by exploiting phase-lagged or full annulus approaches. Row oscillation is defined
by a sinusoidal vibration of blade surface points according to the traveling wave concept. The
mean blade vibration amplitude is about 0.1 mm in order to keep the maximum blade displace-
ment below 1 mm to simulate flutter occurrence. The grid deformation is built to distribute
the modal displacements from the blade surface to the interior grid so that the biggest cells
undergo the highest deformations to avoid element interlacing. A sliding clearance model is
applied to the blade tip and no-slip condition respect to the vibrating surfaces are implemented
on the walls. A single blade oscillation is usually discretized in time by means of 80 equally-
spaced instants and solution periodicity can be checked by looking at the aerodamping value
after each oscillation period: when the aerodamping remains constant over the successive pe-
riods, the flutter computation is considered converged. A further important aspect for flutter
analyses is the use of buffer zone at the domain extremities (zones with grid stretching and high
numerical dissipation, see their use in Gaetani et al. (2020)) in order to avoid pressure spurious
back-reflection of the acoustic waves generated by row vibration that can pollute the unsteady
pressure response on the blade moving surfaces. Blade stability is thus assessed by means of
aerodynamic damping computation.
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Figure 3: Aeromechanical optimization workflow

Optimization procedure
The multi-disciplinary optimization procedure was presented in a previous work by the

authors (Vanti et al. (2018)). In short, the automatic procedure is based on surrogate model
(meta-models) supervised by training algorithms based on artificial neural networks. A meta-
models aims to provide a prediction of phenomena starting from the knowledge of a design
space through polynomial equations, neural networks and so on. The predictions are usually
very cheap in terms of computational costs. Once the surrogate models have been trained by
means of CFD and FEM analyses, it is possible to thoroughly check if a blade geometry has
high performances by means of meta-models prediction instead of performing time-consuming
simulations. The fist step of the optimization tool-chain is the parametrization of the baseline
geometry and the generation of perturbed geometries by using the Sobol’s sequence which are
numerically studied one by one by means of FEM and CFD tool in the loop shown in Fig. 3.
The aerodynamic and aeroelastic outputs produced by the numerical analyses are collected in
a database and they are used to train the artificial neural networks. The training set is made
by 3500 different geometries to reach the ANN convergence, while 300 new geometries are
generated to obtain required validation error for the surrogate models. In the end, the optimum
geometries can be obtained by means of a gradient based optimization (Vanti et al. (2018)).

ORIGINAL GEOMETRY RESULTS AND COMPARISONS WITH DIFFERENT CODES
Mean aerodynamic results
The first comparison concerns the mean aerodynamic of the rotor blade. The results were

obtained by RANS simulations carried out with TRAF code of the entire stage with a two
equations k−ω high Reynolds turbulence model. Fig. 4 shows the comparison with LUFT and
TRACE code results in terms of pressure distribution at two different rotor spans. TRAF and
TRACE agree very well in predicting a stronger leading edge suction peak (and the following
shock), and a higher pressure rise at the mid chord. It is worth highlighting that TRAF and
TRACE computations were performed on a grid with a similar density (around 5 M cells for
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Figure 4: Pressure distribution on the rotor

the whole stage discretization). The discrepancy with LUFT results may be due to a different
treatment of the incoming turbulence across mixing planes: indeed looking at the single rotor
results with the coarser grid (IE approach) that dissipates part of the incoming turbulence, the
results move closer to LUFT (see Fig. 4). The good agreement between TRAF and TRACE
results can be further appreciated by looking at the shock system on the rotor channel. As
depicted in Fig. 5(d), the classical fish-tail shock starting from the rotor TE is present. One of
the two shock branch impinges the SS of the adjacent airfoil at about 50% of chord and the
shock reflection is clearly visible. The other shock branch propagate downstream to the outlet.

Modal analysis results
The blade mode-shape for the following flutter computation was computed with CalculiX.

The blade internal domain has been discretized with C3D20 elements and the blade hub section
has been fixed to obtain a cantilever configuration. The blade material was selected as titanium
alloy typical for these applications. Pre-stress conditions due to mean pressure load and cen-

(a) TRACE (b) TRAF (c) TRACE (d) TRAF

Figure 5: Numerical Schlieren in the rotor domain (left 50% span and right 90% span)
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trifugal force are included in the model. The computed mode frequency for the first bending
mode is 91.88 Hz, very close to the one computed by KTH researchers (89.76 Hz). Moreover
blade mode-shapes are practically identical. Following the approach suggested by Qi et al.
(2017), the subsequent flutter computations have been performed with a modified frequency of
132.08 Hz, so that the reduced frequency becomes ω∗ = 0.3, a typical value for this bladerow.
Otherwise the frequency would have been too low to be representative of an actual last blade
steam rotor with snubber connections.

Unsteady flutter results
The flutter results are compared with the other solvers by plotting the values of aero-

damping in terms of logarithmic decrement ξ as a function of nodal diameters. TRAF flut-
ter results have been computed by using the full annulus approach instead of making use
of phase-lagged conditions. The main reason behind this choice is the very slow conver-
gence of the phase-lagged Fourier coefficients used to time-shift the conservative variables
at the periodic boundaries. This is probably due to the shock waves that cross periodicity
boundaries and vibrate following the row oscillations. Having noted this behavior, it has
been decided to simulate the entire wheel for each nodal diameter (except the ones that al-
lows a domain reduction like nd=±5 and nd=±13). Each nodal diameter was computed with
65 cores on a Linux cluster (Intel® Xeon® E5-2680 v2 2.8 GHz) taking around 10 hours to
solve 6 vibration periods which are necessary to reach solution convergence and periodicity.
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Figure 6: Aerodamping curves (log.dec.)

The log.dec. curves (shown in Fig. 6)
confirm the good agreement among dif-
ferent codes. It is worth noting that
LUFT and TRACE results are based on
a linearized approach (LN) while the
TRAF computation are non-linear (NL).
Again, the TRAF code results are closer
to TRACE ones, yet all the three ap-
proaches predict a similar range in terms
of unstable nodal diameters, and also
the minimum value at the nd=+13 is in
agreement among the different codes.
The only visible difference is located at
negative nodal diameters around nd=-10
when the TRAF curve moves away from
a classical S-shape curve: the authors
suspect that this difference stems from the fact that non-linear phenomena (only accounted
by the non linear solver) connected to the shock oscillation for negative nodal diameters may
have an impact on the overall stability. The higher pressure harmonics are one order of magni-
tude below the first one, but they are present around the shock impingement region although the
vibration amplitude already reported is quite low. To further confirm the excellent agreement
between TRAF and TRACE, the authors also include in the plot the single value of damping
obtained with the non linear version of TRACE for the most unstable nodal diameter (see Frey
et al. (2019)): TRAF and TRACE practically predict the same value. An additional qualitative
comparison can be done by looking at the local work distribution on the blade surface for the
most unstable nodal diameter nd=+13 (see Fig. 7). Red color highlights the areas where the en-
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(a) TRACE (SS) (b) TRAF (SS) (c) TRACE (PS) (d) TRAF (PS)

Figure 7: Local aerodynamic work for nd=+13 on blade surface

ergy goes from fluid to blade (destabilizing zones), while on the blue area, the unsteady pressure
produces a damping effect. On the suction side the shock wave traces are clearly visible and
are the blade zones where the maximum energy exchange occurs. Again, the good agreement
between TRAF and TRACE results is present.

OPTIMIZATION RESULTS
In this section the results of the blade optimization process with flutter constraints are shown

and discussed. All the details of this multi-objective optimization methodology can be found
in a previous paper by the authors (Vanti et al. (2018)). The main aim of this part of the work
is to test the already implemented optimization procedure in a severe environment with strong
non-linear flow characteristics. The design space of the optimization is defined by the pertur-
bation ranges of the geometrical key parameters. These parameters and the relative ranges of
variation are listed in the left side of Tab. 1. The total amount of degrees of freedom is 11 as 5
main span-wise sections are considered for the blade shape perturbation (hub, 25%, midspan,
75% and tip) as the blade aspect ratio is high, and each of this section has 2 degrees of freedom:
airfoil chord and stagger. The last parameter is the PS thickness. Additional parameters like
entry and exit angles of the fluid have been neglected since it was decided to keep the match-
ing with the upstream stator and with a possible exit strut. The principal goal of this activity
is to improve the efficiency of the original (baseline) rotor, thus the only aerodynamic objec-
tive function is the total-to-total efficiency, while an aerodynamic constraint is applied to mass
flow, whose variation is limited to ±1%. Static stress limitation is an additional constraint to

(a) Blade parameters and variation ranges

Rotor span

Hub 25% Mid 75% Tip

Chord ±8% ±10% ±12% ±8% ±10%
Stagger ±6° ±6° ±8° ±6° ±6°
PS Thickness - - - - +2.5%

(b) Constraints and objectives

Quantity Constraint-OF

ṁ ±1%
ηTT Maximized
σ ≤ 570MPa
f ±3%

ξND=+13 Maximized

Table 1: Aeromechanical optimization setup
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take into account strength of the titanium alloy. The blade natural frequency is also limited
to remain in a range of about ±3% for the first mode frequency in order to avoid the mode
shape to significantly change. For this reason, it has been decided to perform the optimiza-
tion with the actual frequency computed by FEM solver without applying the correction factor
to obtain ω∗ = 0.3. For a wider aeromechanical optimization, the higher modes should have
been included in the procedure, yet this is not the aim of the presented exercise. The second
optimization objective function, related to flutter behavior, is the ξ value of the nodal diameter
nd=+13 that must be maximized as well as reported in the right side of Tab. 1. To lower the
computational requirements both FEM and CFD computations are performed on coarser grids.
In detail, after a sensitivity analysis the number of C3D20 element of the structural model was
reduced by 40%, while all the steady and flutter simulations are performed with an inviscid
endwall (IE) setup that ensures a similar result accuracy as validated in a previous paper by the
authors, Pinelli et al. (2015)) allowing the removal of grid reclustering at hub and tip endwall
(while maintaining the blade-to-blade mesh) thus reducing the mesh elements of about 60% (see
fig. 1(c). Finally the flutter analysis was performed only for the worst nodal diameter nd=+13.
3500 perturbed (training) geometries have been run on a cluster environment. The number of
the training geometries has been chosen in order to have a training set wide enough to ensure
the convergence of training and validation error.

Each geometry undergoes the different simulation steps already described taking around 4
hours on a single CPU Intel® Xeon® E5-2680 v2 2.8 GHz. The optimization clouds are thus
computed at the actual blade frequency and with coarser meshes for FEM and CFD simulations.
On the other hand, the final verification of the optimum geometry was performed with the same
setup used to study the original blade (already presented in previous section) also considering
the frequency correction to have a direct comparison with the baseline. All the results with the
inviscid endwall mesh are not shown here for the sake of brevity.

Optimization clouds
The optimization clouds collect all the training geometries that reached the convergence

target and they are 85% of the 3500 perturbed geometries. The blue dots represent the “training
geometries”, the red dots the “optimum geometries”, the violet cross the baseline geometry
and the yellow circle the “final optimum geometry”. Such clouds are discussed in terms of
aerodynamic, structural performance and flutter margin improvement.

Aerodynamic performance
Figure 8(a) shows the normalized total-to-total efficiency as a function of the normalized

mass flow rate. The optimum geometry cloud is clustered around m/mORI = 1 to satisfy
the constraints applied on the mass flow variation in order to maintain the operating point.
The Pareto front is clearly visible and also the efficiency increase with respect to the baseline
geometry. The reasons behind the efficiency gain are explained in the following section.

Structural performance
In a multi-objective optimization it is also important to verify the structural integrity of the

blade. This can be done by checking the maximum static stress due to centrifugal load and
pressure surface distribution. Figure 8(b) reports the normalized total-to-total efficiency as a
function of the σ maximum value. For a successful re-design with a structural improvement the
maximum value must not exceed the original value, so that the optimum geometries must lie
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(a) ηTT Vs. ṁ (b) ηTT Vs. σmax

(c) ηTT Vs. frequency (d) ηTT Vs. aerodamping

Figure 8: Optimization clouds (the yellow circle in the last plot is the “optimum geometry”)

on the left of the vertical line which defines the original geometry maximum static stress value.
Many perturbed geometries exceed the static stress of the baseline, confirming that aerodynamic
and structural goals are conflicting requirements. Moving to the dynamic constraints, Fig. 8(c)
shows the normalized total-to-total aerodynamic efficiency as a function of the normalized blade
eigenfrequency (1st bending mode). The frequency variation constraint has been imposed in
order to avoid a mode shape variation. As can be appreciated in the plot, the first natural
frequency of the optimum geometries is bound in a range of ± 3 Hz.

Flutter instability reduction
The last cloud which deserves to be discussed reports the normalized total-to-total aerody-

namic efficiency as a function of the normalized log.dec. for nd=+13 (see Fig. 8(d)). Since the
ξ for the original blade is negative at the nd=+13, values lower than 1 means an improvement of
the flutter stability (that is the log.dec. becomes less negative). Again, optimum geometry set
is highlighted in red, and among red dots, the yellow circle represents the ”optimum rotor” as
the best trade-off between the two main objectives that is the increase of both the aerodynamic
total-to-total efficiency and the flutter stability margin. The optimum geometry shows a 0.8%
increase of efficiency and a reduction of 18% of the flutter instability in term of log.dec. (see
Fig. 8(d)). Such improvements were obtained with a coarser domain discretization, the inviscid
endwall simplification and only for the most unstable nodal diameter; so they have to be verified
with the same setup used for the study of the original blade in the first part of the paper.
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Original and optimum geometry comparison
The comparison between original and optimum geometry was finally carried out using

the most accurate simulation setup (finer meshes and fully viscous analysis) also including
the frequency correction to increase the reduced frequency to 0.3. Once all the simplifica-
tions are removed, the efficiency and the log.dec. increases are reduced, but are still remark-
able. As listed in Tab. 2 the efficiency increase is 0.5%, while the aerodynamic damping
terms of log.dec. increases is around 12%. Fig. 9 shows the profile geometrical modifica-
tions at three different spans and the corresponding blade pressure distribution comparisons.

ηTT ξ

ORI 0.9350 −0.4306%
OPT 0.9396 −0.3833%

Table 2: Original Vs. optimum

The blade chord was reduced over all the sections,
while a lower stagger value is found for the opti-
mized airfoil near the blade hub. The stagger values
at midspan and blade tip are slightly higher than the
original ones. These geometry variations lead to dif-
ferent blade loadings, visible at the bottom of Fig. 9.
The shock wave at the tip section is slightly reduced,
while the supersonic bubble near the LE at the hub section is removed. At midspan, the pressure
recovery is less strong, and so the losses are reduced, despite the counter-swirl increase of the
flow at the blade hub that can causes additional losses. All those aspects are the reasons of the
gain in terms of aerodynamic efficiency.

Concerning the flutter stability increase, Fig. 10 shows the overall logarithmic decrement
curves for the 1st bending mode. The optimum geometry is still unstable, yet a little increase of
the stability is found for all the nodal diameters, meaning that the optimization procedure pro-
vided the expected results. Indeed, it has been shown that the improvement on the most critical
nodal diameter has also a positive effect on the overall curve (see Fig. 10). However, the mag-
nitude of this improvement is not so high as expected, and this can be due to a low perturbation
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Figure 9: Comparison between the original and optimum geometries
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range of the blade parameters (small design space) and also to the severe operating conditions.

Figure 10: Damping curves: comparison be-
tween original and optimum geometries

Yet, it is important to mention that the in-
troduction of a flutter objective in the opti-
mizations allows a remarkable increase of the
blade efficiency without worsening the flut-
ter stability of this blade as demonstrated on
Fig. 8(d) where the majority of the training
geometries show a dramatic increase of the
flutter instability. All the presented results
suggest to include (at least as a constraint),
a flutter stability parameter when performing
a blade aerodynamic optimization of highly
transonic steam rotor and also confirm appli-
cability of the multy-objective procedure in
such a severe environment.

CONCLUSIONS
The flutter assessment of an open 3D steam turbine test case was performed with a non-

linear uncoupled method implemented in the TRAF code, and the results were compared with
two different codes (TRACE and LUFT) whose results had already been presented in the liter-
ature. Mean aerodynamic and flutter results show a good agreement among solvers, especially
when comparing TRAF with TRACE results. Slight differences in flutter curve shape could be
attributed to the different modeling approaches (linearized and non-linear).

Starting from this geometry, a shape optimization procedure which includes aeromechanical
constraints and objectives has been applied to obtain an “optimum geometry” with an improved
performance and a reduction of flutter instability. The optimization process is based on arti-
ficial neural networks and automatically handles FEM and CFD simulations in an integrated
framework. The optimum geometry shows a 0.5%increase of efficiency and a reduction of 12%
of the flutter instability. The efficiency gain is remarkable, whereas the flutter stabilization is
lower then expected as the blade remains unstable. The latter aspect can be attributed to the
small design space and also to the severe operating conditions of the last blade steam rotor.

In summary, the present numerical activity suggests to use non-linear analysis for the flutter
assessment of supersonic rows like last blade steam rotors. The further recommendation is
to include flutter stability objectives (or constraints) when facing aerodynamic optimization of
these type of blades as it has been clearly shown that aerodynamic and flutter aspects are usually
conflicting requirements. Finally, to improve the results, the optimization can be extended to
the whole stage by modifying both stator and rotor geometries at the same time, also including
mechanical damping estimation.
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Frey, C., Ashcroft, G., and end D. Schlüß, H.-P. K. H.-P. (2019). Flutter analysis of a tran-
sonic steam turbine blade with frequency and time-domain solvers. International Journal of
Turbomachinery, Propulsion and Power, 4(2).

Gaetani, P., Persico, G., Pinelli, L., Marconcini, M., and Pacciani, R. (2020). Computational
and Experimental Study of Hot Streak Transport Within the First Stage of a Gas Turbine.
Journal of Turbomachinery, 142(8). 081002.

Kielb, R., Barter, J., Chernysheva, O., and Fransson, T. (2003). Flutter design of low pressure
turbine blades with cyclic symmetric modes. In 10th International Symposium on Unsteady
Aerodynamics, Aeroacoustics and Aeroelasticity of Turbomachines.

Lottini, F., Poli, F., Pinelli, L., Vanti, F., and Pacciani, R. (2019). Flutter stability assessment of a
low pressure turbine rotor: A comparison between cantilever and interlocked configurations.
AIP Conference Proceedings, 2191(1):020102.

Pinelli, L., Poli, F., Bellucci, J., Giovanini, M., and Arnone, A. (2015). Evaluation of fast nu-
merical methods for turbomachinery blade flutter analysis. In 14th International Symposium
on Unsteady Aerodynamics, Aeroacoustics and Aeroelasticity of Turbomachines (ISUAAAT).
September 8–11, Stockholm, Sweden, paper I14-S7-1.

Pinelli, L., Vanti, F., Peruzzi, L., Arnone, A., Bessone, A., Bettini, C., R, R. G., Marrè Bruneghi,
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