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ABSTRACT

In order to increase efficiency and achieve lighter engines,
turbine blades are currently developed with a higher aerody-
namic loading and tip Mach number which further increases
flutter probability. Thus, modern and innovative turbine con-
cepts include flutter-tolerant designs which limit the flutter in-
duced vibration amplitudes to an acceptable level due to in-
tentional friction in contact interfaces, which can lead to limit
state vibrations, where the dissipation due to friction balances
the aerodynamic excitation. Among several the possible limit
states, this work focuses on the analysis of a Limit Torus Oscil-
lation (LTO). Therefore, a fully coupled simulation of a turbine
blade row with nonlinear contact interactions in the shroud is
studied. An initial blade vibration evolves to an LTO. The har-
monic content of the converged LTO is studied and a certain
pattern of the participating harmonics is observed. Moreover
the aerodynamic forces are investigated with respect to the in-
teraction among the fluid waves of the quasi-periodic motion.

INTRODUCTION

In turbomachinery, blade vibrations are a major issue and
must be considered during the design phase of new mechanical
components. The three major mechanisms are flutter, forced
response and non-synchronous vibrations. The focus of this
work lies on flutter, which denotes self-excited vibrations of
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blades due to the interaction between the surrounding fluid and
the blade’s motion. Especially blades with a high aspect ratio
as found in fans or low pressure turbines are prone to flutter.

In the past, the energy method was used in order to eval-
uate mechanical designs of turbomachinery components with
the goal to avoid flutter at all costs. This however leads to a
very narrow design space of the blades.

In order to increase efficiency and achieve lighter engines,
turbine blades are currently developed with a higher aerody-
namic loading and tip Mach number which further increases
flutter probability [1,2]. Thus, modern and innovative turbine
concepts include flutter-tolerant designs which limit the flutter
induced vibration amplitudes to an acceptable level due to in-
tentional friction in contact interfaces in the blade root joints,
underplatform dampers or shroud contact interfaces [3]. Thus
limit state vibrations (e.g. a limit cycle oscillation) will arise
[4,5], where the dissipation due to friction balances the aerody-
namic excitation. The prediction of limit states and the result-
ing vibration amplitudes are of interest for engineers in order
to evaluated a design with respect to high cycle fatigue. Due to
the highly nonlinear behavior of the structure however, conven-
tional methods like the energy method, the influence coefficient
method or similar methods cannot be applied. These methods
do not model the impact of nonlinear contact forces/dissipation
on the mode shape and vibration frequency, which is important
especially for shrouded turbines with contact interfaces. The
mode shape and frequency, in turn, strongly influence the aero-
dynamic forces acting on the blade itself. As a result, the struc-
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tural motion and the fluid interact with each other, which must
be accounted for, when strong nonlinear effects are expected.

Time Domain Fluid-Structure Interaction (TD-FSI) simu-
lation methods are in principle able to resolve all these nonlin-
ear effects and allow the coupled system to converge to any
stable limit state, however they come at high computational
costs [6]. In [7,8] LCOs and stability limits (unstable LCOs
from energy balance considerations) are investigated with a re-
fined nonlinear modal analysis method based on [9] and a bidi-
rectionally coupled Frequency Domain Fluid-Structure Inter-
action (FD-FSI) solver was developed, which is able to capture
the nonlinear interactions between the fluid and the structure.
An LCO only has a single fundamental frequency @, and the
motion can be expressed as a Fourier series:
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The investigation of the stability of limit states (see e.g.
[10, 11]) however shows that an LCO which appears to be sta-
ble from energy balance considerations (as determined by the
FD-FSI solver) can nevertheless be asymptotically unstable.
An asymptotically unstable LCO does not necessarily mean
that unbounded growth of the vibration amplitude occurs. It
can also collapse into another stable LCO, Limit Torus Oscil-
lations (LTO) or chaotic motion. Thus the coupled analysis of
LTOs, where two or more incommensurable fundamental fre-
quencies present in the limit state, is also an important topic for
the evaluation of turbine blade row designs. In the case of two
fundamental frequencies, @; and m», the quasi-periodic motion
of an LTO can be represented as

u(t):ER{ Y aﬁkei(f'“’l*k“’z)f}, H =T ()
(jk)ent

So far, flutter induced LTOs were studied in [12, 13] with
a simplified blade row model (with a single mode shape per
wave number and linearized aerodynamic influence or even
simpler). As mentioned above however, the nonlinear fluid-
structure interactions can potentially lead to qualitative and
quantitative different results compared to reduced models or
uni-directional coupled methods. Since the previously devel-
oped FD-FSI solver is based on the classical harmonic bal-
ance method, it is limited to a single fundamental frequency,
which makes it unsuitable for the simulation of LTOs, where
two or more incommensurable base frequencies exist. Instead,
for fully coupled FSI simulations, one must resort to computa-
tionally costly TD-FSI solvers.

In this work a fully coupled FSI simulation of a flutter in-
duced LTO of a shrouded turbine blade row is studied in order
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FIGURE 1: Structural model with a detailed view of the contact
area (yellow) in the shroud [7]

to gain some insight into the coupling between the fluid and the
structure. Past research showed that LTOs occur due to nonlin-
ear structural forces in shroud contact interfaces or at the blade
root, which leads to a coupling of waves with different nodal
diameter and incommensurable frequencies. In these studies
however, the aerodynamic forces have only been modeled with
linear aerodynamic influence coefficients. An open question
is the validity of this assumption for LTOs of turbine blades.
Therefore the harmonic content of the converged LTO will be
studied and also the aerodynamic forces are investigated with
respect to the interaction among the different harmonics on the
fluid side.

METHODOLOGIES AND NUMERICAL MODEL
Structure Model

The investigated low pressure turbine (LPT) blade row
(provided by MTU Aero Engines) has 60 tuned blades with in-
terlocked tip shrouds. The structure is described using a Finite
Element (FE) model with 33634 FE nodes and 25194 second
order tetrahedral elements per sector. In the shroud a contact in-
terface is located between each two neighbouring blades. One
sector is illustrated in Fig. 1.

In a preprocessing step a static equilibrium under centrifu-
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gal loading due to the rotation speed is computed. This static
equilibrium serves as a reference configuration for the follow-
ing dynamic force balance:

Myegpg + Kreqrg + fre = fre- 3)

The elastic forces are linearized which implies a linear material
behavior and linear kinematics and thus the model is only suit-
able for small vibrations. The sparse, symmetric and positive
definite matrices Mg and Kgg are the mass and the stiffness
matrix respectively and grg denotes the FE nodal displacement
coordinates (which are zero for the static equilibrium). fgg
and f&p are the contact and aerodynamic forces. Furthermore
Coriolis forces are neglected on the structural side. In the il-
lustration of the sector model the region where fixed boundary
conditions are applid is coloured in blue. Close to this region
the fir-tree root is located. In the current model the blade is
attached to the disk via fixed contact constraints.

In the contact area (marked yellow in Fig. 1) the normal
relative displacement is constrained. Here spatial dry friction
is modeled using coupled 2-dimensional elastic Coulomb ele-
ments with a constant normal load, also known as Jenkins ele-
ments [14, 15], which have a hysteretic force-displacement re-
lationship. Thus, one obtains two relative degrees of freedom
per contact element, which describe the relative motion in the
tangential plane. Each of the 25 contact elements is connect-
ing two neighboring nodes in the contact interface (both neigh-
boring contact patches contain 25 FE nodes). For the contact
model, the stiffness parameter is chosen very large. The eigen-
frequencies of the FE model with tied contact and of the FE
model with the contact stiffness of the contact elements devi-
ate by approximately 0.001 %. The tangential force at which
the transition from stick to slip occurs is denoted as Fiiction and
is also used for nondimensionalization. In Fig. 1 also a sensor
node is indicated at which the blade displacement is evaluated
for subsequent analysis and illustration. Furthermore the blade
length Ly and the frequency of the lowest eigenmode fi.¢ are
used for non-dimensionalization.

To reduce the number of unknowns in Eq. (3) a modal re-
duction according to gy = Wq is used with ¥ containing all
selected modeshapes and g denoting the modal coordinates.
Substituting this transformation into Eq. (1) and subsequent
Galerkin projection (modal truncation) yields a Reduced Order
Model (ROM):

Mg+Kq+f° = f “)

The ROM is truncated such that the first 10 mode families
are retained for each fundamental nodal diameter. During the
eigenvalue analysis for the construction of ¥, the nonlinear
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FIGURE 2: Lowest eigenfrequency of the linearized structure
(FE model and ROM) for each ND. [16]

contact forces fi and the aerodynamic forces f%, are ne-
glected (frictionless sliding of the contact surfaces is allowed).
In order to calculate the modal contact forces of the ROM f°,
the contact forces in FE space are projected onto the modal ba-
sis: f¢ =W fS .. The modal displacements and velocities g
and g are combined in u* = [q;¢].

In a preprocessing step an interpolation matrix T is con-
structed using bilinear basis functions which maps the mode
shape displacements ¥ from the structural mesh at the fluid-
structure interface I onto the fluid mesh vertices. During
the coupled simulation the modal aerodynamic force vector is
then simply evaluated according to f* = (T¥|r)T fayy with
Sfivm(#?) containing the vertex based forces due to the sur-
face pressure of the fluid mesh (the traction forces are neglected
since they are small compared to the pressure).

For small vibrations the contact elements remain in stick-
ing conditions and the structure behaves linearly. Then only the
stiffness parameter of the contact elements is relevant. Since
the truncation to a moderate number of normal modes leads to
an underprediction of the static compliance to loads applied at
the contact interface, the eigenfrequencies of the modes with
sticking contacts are much higher than of the unreduced FE
model. Thus, for the ROM, the stiffness parameter of the Jenk-
ins elements is reduced such that the lowest linear eigenfre-
quency f, for each Nodal Diameter (ND) is similar to the one
from the FE model, cf. Fig. 2. Notice that fi.f = f,(ND = 0)
from the ROM and is used for nondimensionalization through-
out this work. It is emphasized that a substructuring technique
like the Craig-Bampton method [17] performs more accurately
in the nonlinear regime (at greater amplitudes) than a modally
truncated ROM. For the present study including numerical time
integration however a modal ROM is more suitable because of
the relatively high numerical stiffness due to the artificial high-
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frequency components associated with the component modes
of the Craig-Bampton method.

Aerodynamic Model
The fluid is modeled with the compressible unsteady
Reynolds-averaged Navier-Stokes (URANS) equations

du?
dt

+R(u*u*) =0 5)

where u? is the vector of conservative variables and R contains
the spatial discretization of the URANS equations. Ideal gas
is assumed and a k — @ turbulence model [18] is used. For the
spatial discretization of the fluid domain 862,848 finite volume
cells for a single sector and 51 x 10 cells for the full blade row
are used. For the boundary treatment at the inlet and exit of the
fluid domain, 1-dimensional fluid NRBCs [19] are chosen to
avoid the above mentioned disadvantages (they do not require
a fundamental frequency). Furthermore their implementation
is consistent in the frequency and time domain modules of the
fluid solver which is important in order to compare frequency
and time domain simulations.

The fluid mesh deformation at the fluid-structure interface
U|r (the blade surface) is computed from the modal displace-
ments according to Ulr = T¥|rq (and analogously the sur-
face velocity U|r = T¥|rg). The interior of the fluid mesh
must be deformed appropriately upon each coupling iteration
in order to follow the blades’ surface. This is achieved by
solving a Laplace equation with the deformed blade surface
U|r as boundary condition on the fluid mesh. The arbitrary
Langrangian-Eulerian form of the finite volume formulation is
used to take the mesh motion into account.

In Fig. 3 the Mach number contour at a channel height of
85% is shown. The total pressure ratio amounts to 1.16 (in the
absolute frame of reference). By prescribing a relatively low
static pressure at the exit a transonic point of operation with
a shock on the suction side is achieved, which leads to an in-
creased fluid velocity and thus to a low reduced frequency [20].
A low exit pressure also favours a high blade loading which fur-
ther increases flutter intensity. The low reduced frequency and
high aerodynamic blade loading leads to a strong aerodynamic
excitation of the blade row.

The fluttercurve is presented in Fig. 4 which shows the
aerodynamic damping ratio

47rEkin,max

(6

a

as function of the ND for the linearized structure ROM (with
sticking contact conditions in the shroud) with W, denoting the

FIGURE 3: Mach number contour at 85% channel height. [16]
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FIGURE 4: Fluttercurve of the linearized structure (FE model
and ROM) for the first mode. [16]

aerodynamic work per cycle and Eyin max being the maximum
kinetic energy of the mode. It can be observed that blade vibra-
tions are aerodynamically unstable for travelling wave modes
with ND between 3 and 19.

Analogous to the comparison of the eigenfrequencies of
the linearized structure in Fig. 2 also the aerodynamic damping
ratio D, is evaluated for the FE model and the ROM and plotted
in Fig. 4. The good agreement shows that the aerodynamic
behavior is suprisingly good described also with the structural
ROM.

Due to the nonlinear flow features, D, is not constant (as it
would be in the case of perfectly linear aerodynamic forces) but
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depends on the modal amplitude . This dependency is investi-
gated and found to be only small compared to the structural
damping. D, varies not more than 8 % relative to a reference
value picked for a very small amplitude.

TD-FSI Solver

The TD-FSI solver consists out of the flow solver TRACE
and a custom structural solver written in python. The two
solvers are coupled by a sequential fixed-point algorithm [21]
and is illustrated in Fig. 5. For each physical timestep a fixed
amount of coupling iterations is performed which ensures suf-
ficient convergence. A single coupling iteration consists of 4
steps (denoted 1 to 4 in Fig. 5).

2: structural TD solver
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FIGURE 5: TD-FSI coupling scheme [16]

At the beginning (step 1) the modal aerodynamic force
f*(u?, ) at the next time step #;41 is calculated and passed to
the structural solver. In case of a physical time step’s primary
coupling iteration, f*(u, ) is linearly extrapolated from the
last two time steps. In step 2 the structural solver calculates the
modal state variables u;, | for the next time step by integrating
Eq. (4) w.r.t. time. Subsequently (step 3) the fluid-structure in-
terface U |r (the blade surface) and the fluid mesh are deformed
according to the updated structural state variables. In step 4 the
flow solver then calculates the conservative fluid variables u?, |
for the next time step . Finally the next coupling iteration starts
with step 1 or, after three coupling iterations, the next physi-
cal time step is advanced (i < i+ 1). Three coupling iterations
turned out to be sufficient for the studied testcase because for
further iterations the residual of the fluid solver does not rise
above a very low level anymore (even directly after new dis-
placements have been received).

The tuned bladerow’s motion can be described with travel-
ing wave coordinates [14]. In the time domain a traveling wave
can be viewed as the superposition of two linearly independent
standing waves (except ND 0 and 30 which are standing waves

themselve in case of an even amount of 60 blades). Thus there
are 29 traveling waves (traveling forward or backward) and two
standing waves for ND 0 and 30 for each mode family. When
the structural motion is approximated with 10 mode families,
a corresponding real system as required for time domain treat-
ment must have (29-2+1+1)-10 = 600 modes. Thus, the
ROM for the full blade row described in Eq. (4) has 600 DOFs.

The time derivatives of Eq. (4) are discretized using the
Newmark scheme [22] with average constant acceleration.
The resulting nonlinear system of equations is solved with a
predictor-corrector like method. In the predictor step the non-
linear contact forces f€ are linearized with the stiffness of the
contact model and the state variables are calculated for the next
time step. In the subsequent corrector step the contact forces
are re-evaluated according to their differential formulation and
the next time step is calculated for a second time. Thus the res-
olution of the stick-slip transitions is limited by the time step
length used for numerical integration. For reasonable accuracy
each time step of the TD-FSI solver is always subdivided into
8 increments for the structural solver. For the increments, f* is
linearly interpolated between f7 and f7. ;.

The flow solver uses a pseudo-time stepping method in
order to solve the nonlinear system of equations arising from
the finite volume discretization of the Navier-Stokes equations.
The temporal terms are discretized with the second order back-
ward differentiation formula (BDF2).

In the current study the modal aerodynamic forces con-
nected to modes with ND O (which contain the steady part)
are not passed to the structural solver. The same simplifica-
tion is done for the other direction: the deflection of modes
with ND 0 (due to structural nonlinearities) is not represented
in the aerodynamic model. These simplifications reduce the
complexity of the coupled system. A coupling of modes with
ND 0 between the two solvers would induce a change in the
point of operation of the engine. This level of complexity is
not yet intended and spared for future research. Additionally
this would significantly increase the time needed to achieve a
periodic steady state. All DOFs connected to ND O are still part
of the solution within each physical domain.

Frequency Domain Methods

Currently there is no method available for a
bidirectionally-coupled frequency domain FSI simulation
of nonlinear turbine blade vibrations with two or more in-
commensurable frequencies. In the current study however,
isolated waves of the LTO are investigated and compared to
the time domain LTO result, in order to obtain a first estimate
of the degree of coupling among the different fundamental
fluid waves. For the computations of the isolated waves the
Harmonic Balance (HB) method is used, which approximates
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FIGURE 6: X-Displacement over time at sensor node for
LTO12-14-16. [16]

the solution by a truncated Fourier series:

H'd
u(r) ~ R { Y e"’““'az} . (7
k=0

ity denotes the k-th harmonic complex Fourier coefficient vec-
tor of the state variables and H® the number of harmonics
used for the approximation. The semi-discrete Navier-Stokes
equations are transformed into the frequency domain by means
of the Harmonic Balance (HB) method [23]. The alternating
frequency-time (AFT) scheme is used to deal with all nonlin-
ear terms. Due to the assumed traveling wave motion of the
fluid and the structure, only a single sector of the blade row
must be modeled which drastically reduces the computational
effort. For consistency, the structural modes of ND 0 are not
represented in a HB fluid simulation.

MAIN RESULTS

The initial intent was to investigate an LCO of ND 3 by
using an appropriate traveling wave motion as initial condi-
tion. The evolution of the X-displacement over time depicted
in Fig. 6 shows two transitions. The first one occurs at the very
beginning when the exponential growth stops and the vibra-
tions start settling for an LCO with ND 3. In a second transi-
tion (starting at ¢ - fif = 20) the vibration disintegrates and an
LTO starts to develop. A 2D Fourier transform analysis of the
quasi-periodic motion is shown in Fig. 7. The spectrum of Z-
displacement at the sensor node reveals a “basic wave package”
containing several fundamental waves centered around NDs
12, 14 and 16. A linear combination with the same coefficients
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FIGURE 7: 2D-DFT of Z-Displacement at sensor node for
LTO12-14-16. [16]

for frequencies and NDs among the waves of the “basic wave
package” can be observed as in [13] and the same also holds
for smaller peaks in this package (next to the three dominating
ones). Furthermore, the spectrum also exhibits small contribu-
tions of higher harmonics, which are grouped in three distinct
wave packages above the basic wave package. Investigation
of the spectrum shows, that the LTO has two fundamental fre-
quencies as in Eq. (2). @; and @, can be chosen arbitrarily and
all participating wave frequencies can be obtained by a linear
combination of the two weighted with signed integer coeffi-
cient. These coefficients correspond to elements in the space
of the harmonic coefficients J#, cf. Eq. (2), but in the current
case only a finite amount of harmonics participate significantly
and thus .7 is only a small subset of Z2. Given the Fourier
basis in Eq. (2), the harmonic indices are distributed in 72 over
a relatively wide range. Interestingly, when the Fourier space
for a motion with two fundamental frequencies is expressed by
an appropriate Fourier basis

uS(t)% Z ﬁ?mei(mw()HAw)t7
(mex

K C 72, (8)

with A(D/(Zﬂ.') = Af = 03fs and 0)()/(2717) = fND14,
the relevant harmonic indices space can be identified as
H =(—6,—4,-20,2,4) % (1,3,5,7), which suddenly is a
very compact grid in Z? compared to the conventional Fourier
basis (cf. Eq. (2)). The index / describes harmonics within a
single wave package while the index m refers to on of the four
wave packages shown in Fig. 7. Obviously, the frequencies of
the dominant participating harmonics are close to the eigenfre-
quencies of the modes (red line in Fig. 7) but it is interesting
to see that the frequencies (and analogously NDs) of all partic-
ipating harmonics follow the above relation even when there is
no corresponding structural eigenfrequency.
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Coupling Among Fundamental Fluid Waves

In the following, the coupling among the fundamental fluid
waves with ND 12,14 and 16 with incommensurable frequen-
cies is investigated. Therefore, the fundamental waves (and
their higher harmonics) are isolated from each other. At first,
for each fundamental frequency wnpy, n = 12,14,16, a subset
ity |\py » k = 1,2,3 of the Fourier coefficients i ,,, (I,m) € %
is extracted from the modal displacements u® of the LTO so-
lution via a Discrete Fourier Transformation (DFT). Each sub-
set conforms to a harmonic set of the fundamental wave with
a single fundamental frequency and its higher harmonics, in
other words, it conforms to a periodic motion / LCO. For ex-
ample, the Fourier coefficients i} |yp,,, kK = 1,2,3 correspond
to & ,,, (I,m) € {(0,1),(0,2),(0,3)} and the resulting harmonic
set has a fundamental frequency wnpi4 and a fundamental ND
of 14. The sampling window for the DFTs is adjusted for each
fundamental frequency in order to achieve the best result and
to reduce spectral leakage. Subsequently, for each fundamental
frequency wnp, a periodic blade motion

HS
us([) Egn ~R { Z elkwNDnt ﬁlscNDn} : (9)
k=1

with H® = 3 is prescribed. Since a single fundamental fre-
quency @npy, is present for each subset of Fourier coefficients
ity |\p,» the HB method is very suitable to determine the re-

sulting harmonic modal aerodynamic forces f;, B with a har-
monic truncation order of H* = 4 (harmonic convergence for
H’ =5 and H* = 6 could be confirmed). Due to the harmonic
set approach, the HB method only approximates the aerody-
namic forces f;\ggn since

a.) the coupling among the sets is neglected and

b.) several Fourier modes (linear combinations of the two fun-
damental frequencies) which participate in the LTO are not
contained in any harmonic set at all.

The harmonic modal aerodynamic forces obtained with the HB
+4 HB :
method f|\p, are compared to the ones directly computed

from the coupled LTO solution f;|<T© (again using a DFT with

a carefully chosen window). In Fig. 8a ]A"z|§gl4 and fZPﬁ%Ol 4

for three harmonics of the fundamental ND of 14 are shown.
The colors identify the indices of the modes associated to the
ND (10 mode families per ND are used for the ROM). For the
first harmonic they agree perfectly while for an increasing har-
monic index the deviations get larger. In case of the second
harmonic some similarity can still be observed, but for the third
harmonic there is no agreement at all (except the order of mag-
nitude of the forces). In Fig. 8b the same is depicted for the
fundamental wave of ND 10. While good agreement for the
first harmonic can be observed, the second and third harmonic

do not show any similarity of the results. For other harmonic
sets with the fundamental NDs 12, 16 and 18 the results are
similar. Essentially, the observation can be made, that the first
harmonic forces for all harmonic sets agree quite well with the
LTO result. For higher harmonics (especially when the vibra-
tional amplitude of the fundamental harmonic is relatively low)
deviations with respect to the LTO result occur. Here, the cou-
pling among harmonic sets of the LTO solution on the fluid side
is visible.

SUMMARY AND CONCLUSIONS

An LTO of a shrouded LPT with a sophisticated numeri-
cal model is presented and the harmonic content of it is inves-
tigated. The observed pattern of the participating harmonics
motivated the formulation of an alternative basis of the Fourier
space for the description of quasi-periodic blade vibrations.
This alternative basis leads to a very compact grid for the rele-
vant harmonic indices. This observation could be very helpful
for the prospective analysis of LTOs with frequency domain
methods, where a set of harmonics must be chosen before a
simulation is carried out. While it is known that the coupling of
the participating fundamental waves on the structural side is of
great importance due to the strongly nonlinear contact forces,
in this study the coupling among waves on the fluid side is nu-
merically investigated. It is empirically shown, that the aero-
dynamic forces can to some extend be approximated with the
HB method using the harmonic set approach, where coupling
among harmonic sets is neglected. This observation should
be considered to be part of an intermediate research result and
motivates the development of novel coupled frequency domain
methods suitable for the simulation of LTOs with multiple fun-
damental frequencies. One concept includes the application
of a Multidimensional Harmonic Balance (MHB) Method [24]
to the fluid and the structure which would be an extension of
the FD-FSI solver developed in [7, 8]. The presented study
indicates, that the application of the (computationally more ex-
pensive) MHB method on the fluid side might not be neces-
sary and the HB approach could turn out to be sufficient. It
remains to be evaluated, if the error of the harmonic set ap-
proach, which is especially observable for higher harmonics, is
acceptable for the development of coupled frequency domain
FSI solvers which are capable of simulating LTOs.
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