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Aeroelastic phenomena in turbomachinery are one of the most challenging problems to model using computational
fluid dynamics (CFD) due to their inherent nonlinear nature, the difficulties in simulating fluid—structure interactions
and the considerable computational requirements. Nonetheless, accurate modelling of self-sustained flow-induced
vibrations, known as flutter, has proved to be crucial in assessing stability boundaries and extending the operative
life of turbomachinery. Flutter avoidance and control is becoming more relevant in compressors and fans due to a

well-established trend towards lightweight and thinner designs that enhance aerodynamic efficiency.
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| 1. Introduction

Aeroelasticity has been defined by Collar I as the study of mutual interactions that take place within the triangle
formed by inertial, elastic and aerodynamic forces acting on structural elements exposed to airflows. Aeroelasticity
problems involving turbomachinery are of paramount importance in their design, analysis and testing because
forces induced on blades by the airflow can induce excessive deflections and vibrations, affecting nominal
performances, reducing the life of components, limiting the operational range or even leading to catastrophic

failures. Aeroelasticity phenomena can be sorted into static and dynamic.

In turbomachinery, static aeroelasticity deals with the determination of the generic running or hot blade shape, i.e.,
the one elastically deformed under aerodynamic loads and centrifugal stresses. As the rotor spins, the blades tend
to untwist, and the section profiles are prone to uncamber while larger blades are subjected to bending
displacements and torsional rotations. The engineering problem in static aeroelasticity is therefore to account for
loads and displacements in nominal conditions and manufacture a “cold” (i.e., unloaded) shape which eventually
deforms into the “hot” (i.e., loaded) designed one. Static deflections leading to critical plastic deformations and

catastrophic failures are not usually an issue in turbomachinery.

Dynamic aeroelasticity in turbomachinery deals with the phenomenon of flutter, which is defined as an unstable
and self-excited vibration motion of a body in an airstream and results from a continuous interaction between the
fluid and the structure, either or both of which may be nonlinear in nature. In turbomachinery blade rows, the
structure to fluid mass ratio tends to be high, while the same parameter is much lower for wings. Thus, whereas
wing flutter usually occurs as a result of coupling between the (bending and torsional) modes, turbomachinery
blade flutter is often a single-mode phenomenon, as aerodynamic forces are much smaller than the inertial ones

and usually do not cause modal coupling (Marshall and Imregun &),
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Flutter is particularly difficult to deal with as many features are not fully understood, e.qg., flow distortions due to up-
and downstream blade rows or boundary layer ingestion, coupling of assembly modes, loss of spatial vibration
periodicity due to aerodynamic effects and blade-to-blade manufacturing alterations (mistuning). Although turbine
stages are also known to be prone to flutter, the flutter stability of fans and compressors is usually considered to be
more critical as these components can be exposed to effects such as inlet distortion due to gusts, cross-winds and
foreign object damage. Moreover, modern fan designs tend towards lightweight, thinner and slender shapes to
enhance efficiency and thus propulsor performance, leading to a higher flutter susceptibility. It should now be clear
that the prediction of flutter boundaries retains a fundamental relevance in industrial blade design; however, the
accurate treating of this complex and inherently nonlinear phenomenon requires the development of sophisticated

models capable of simulating the fluid—structure interaction with a sufficient degree of accuracy.

The main objective of the present paper is to review computational methods for flutter prediction, focusing on
aspects such as methodology, complexity, fidelity to physical phenomena and accuracy, computational
requirements, applicability to design and analytic purposes. The last systematic review in the field was carried out
by Marshall and Imregun in 1996 & in our work, a synthesis of legacy methods from a modern point of view and
their applications in the literature is proposed. The progress made from the previous review in terms of techniques
and computational expenditures involved is also highlighted, and the new state of the art in flutter modelling is
depicted. Another treated topic is the sum of techniques employed to reduce the computational cost of aeroelastic
models, known as reduced order models (ROM); an overview is provided on mathematical formulations,
applications, expected accuracy and limitations. A schematic of this paper is presented in Figure 1; after a brief
presentation of CFD methods for turbomachinery unsteady flow calculations, the most widely adopted techniques
to numerically model flutter throughout the years are described, distinguishing between classical methods and
coupled ones. Two insights are made: one on coupling algorithms and the other on model order reduction to

decrease computational cost.
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Figure 1. Structure of the paper. The schematic of different flutter simulation techniques is an extension of [,
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| 2. Aeroelasticity Methods in Turbomachinery

The aim of aeroelastic methods for flutter prediction in turbomachinery is to solve the generic motion Equation:
Mx" +Dx +Kx=Fa(t)(1)

where X is the vector containing physical coordinates of the structural model degrees of freedom (d.o.f.); M, D and
K are the mass, damping and stiffness matrices; and Fa(t) is the time-dependent vector of aerodynamic forces
acting on degrees of freedom at the domain interfaces. When different effects are included, such as nonlinear
forces due to friction dampers, the related terms Fnl(t) are usually added to aerodynamic forces. Computational
approaches to model flutter in turbomachinery could be divided into two broad categories: classical and integrated
methods, the former ignoring the interaction between the fluid and the structure, and the latter attempting to model
it.

2.1. Classical Methods

Classical aeroelasticity methods are those where the fluid and structural domains are uncoupled, so that the fluid
flow does not affect the structural response which is pre-determined. Such methods thus split an inherently coupled

nonlinear phenomenon into two separate uncoupled analyses.

One of the key concepts in turbomachinery aeroelasticity, introduced by Lane [18], is the interblade phase angle
(IBPA): the individual blades in a cascade are assumed to vibrate with the same amplitude and mode shape, but
the maximum is reached with a constant phase lag, known as IBPA. With non-zero IBPAs, the cascade is assumed
to vibrate in the so-called travelling wave mode, whereas a zero IBPA implies a constant phase between all blade
displacements and a standing wave pattern. Figure 2 provides a visual representation of different nodal diameters
(ND) in a vibrating bladed disk, where colours indicate blade displacements. IBPA is related to the number of NDs

(diameters of the disk where blade displacements are zero) according to the Equation

IBPA=3600 NbladesND(2)
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Figure 2. Vibration patterns with different NDs in a compressor bladed disk.

In classical methods, the structure and the fluid are decoupled so that a free vibration problem can be solved first.
Normal mode-shapes and frequencies can either be calculated in a free vibration problem (in vacuum) or taking
into account gyroscopic effects, centrifugal stiffening and steady airloads of a given operative condition. Then, the
predicted mode-shapes are used with an arbitrary amplitude to calculate the unsteady aerodynamic forces, from
which a measure of stability is inferred. Typical outputs of classical imposed-oscillation analysis include real and
imaginary components of pressure distribution on blades’ surfaces, as shown in Figure 3. Different formulations of

classical methods have attained high popularity thanks to three main factors:
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Figure 3. Real and imaginary part of unsteady pressure on a 2D cascade using different CFD techniques, from
Ekici [7].

» Simplicity of models and relatively low computational costs, due to lack of interexchanging information between
the two domains at each substep.

e The assumption of uncoupling between the fluid and structural domain is usually realistic for many situations,
especially at low speeds, so that the motion of the structure is well defined by a certain mode shape and
frequency, which are substantially unaffected by the unsteady flow.

» The information regarding asymptotic stability of given modes and IBPAs, though conservative, is sufficient in
many cases, especially for preliminary design purposes.

The main drawback of this method is the inherent simplification of flow nature given by the linearisation of unsteady

flows, especially true when nonlinear phenomena such as shock waves are present and the mass ratio is low. A

common way to partially circumvent this aspect is achieved by varying the prescribed (small) oscillation amplitude

and assessing the linearity of flow response on the blades. Another direct consequence of uncoupling is the
inability to predict limit cycle behaviour in blade oscillation patterns, which could prevent a complete understanding

of the blade behaviour under actual loading conditions.

2.1.1. Actuator Disk Theory

Actuator disk representations are simplified forms of linearized cascade theories, based on the fundamental
assumptions of low reduced frequency and small interblade phase angle (Whitehead [19]). Tanida and Okazaki
[20] developed a variant where the hypothesis of small frequencies was relaxed, and the method was improved to
be used with 2D compressible flows by Adamczyc [21]. The actuator disk model calculated the unsteady
aerodynamic forces as a function of the steady flow field and the dynamic response of the cascade. Linearized
potential equations were generally adopted, and viscous and stalling effects were included via experimentally
derived quasi-steady loss coefficients. In principle, different viscous loss coefficients should be derived for each
new geometry; however, it was not uncommon to use the original coefficients for a wide range of blades. The main
limitation is that the method requires ‘tuning’ to each particular type of problem, and its performance would be
poorer where viscous effects are known to be important, such as in transonic stall flutter. The early version of
actuator disk theory, as developed by Whitehead, could not properly simulate non-zero IBPA and used the
assumption of infinitesimal chord length and spacing, so that flutter boundaries in strictly limited conditions could be
computed. Later methods such as the one by Adamczyc adopted compressible transonic flows and quasi-steady
total pressure loss coefficients to predict flutter boundaries of four high-speed rotors, with slightly conservative
results. The steep variation in viscous forces associated with a rapid rise in the tip blade-element was identified as

the cause of flutter onset.

2.1.2. Indicial Method

The indicial method was proposed by Ballhaus and Goorjian [22] and further explored by Ueda and Dowell [23] and

Stark [24]. It used transonic small disturbances (TSD) or linearized potential equations to compute the unsteady
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forces acting on an airfoil in transonic flow. The flow response due to a step-change in the airfoil position was
computed first, and the response to any other prescribed motion was obtained via the convolution integral from this
initial result. The cascade motion was assumed to be simple harmonic, so that the aeroelastic equations of motion
could be solved by standard matrix techniques once the aerodynamic forcing terms were known. The indicial
method by Ueda and Dowell proved suitable in predicting flutter boundaries of two-dimensional pitching cascades
in a wide range of reduced frequencies with a very small amount of computation time compared to time-marching
solutions. The method was capable of predicting nonlinear limit cycle flutter confirmed by time-marched
simulations, but generally, the accuracy of the describing function method decreased as the amplitude of the
motion increased. Moreover, the neglection of the component in the upwash distribution due to the angular velocity
of the airfoil motion caused a fictitious flutter instability at high frequencies. However, the use of convolution
integrals and excitation signals presents the advantage of predicting the flutter boundary over a range of conditions
from only one set of time-marching fluid calculations. It is also the basis of another method named aerodynamic

influence coefficients, frequently adopted as a ROM and described later on in the paper.

2.1.3. Aeroelastic Eigensolution Method

This method is based on obtaining the linearized harmonic unsteady aerodynamic coefficients for the motion of a
freely vibrating structure. The unsteady aerodynamics can be provided by anything from empirically determined
airfoil lift and moment coefficients, through linearized potential methods, to nonlinear RANS codes. The structural
model is usually represented as a two-degree-of-freedom section, but the formulation is general, so that 3D blade
descriptions can also be accommodated. Once determined, the aeroelastic forces are expressed in the frequency
domain, either directly if analytical theories are used or by Fourier analysis if the forces were first calculated in the
time domain. The resulting aeroelastic equations of motion are obtained by adding the aerodynamic contributions
to the mass and/or stiffness matrices of the structural equation. However, these new system matrices may well
become a function of the frequency, in which case, the eigenproblem is no longer linear. In such situations, an
approximate solution can be found using iterative techniques. The stability of the system is then assessed by
considering the amount of damping in each aeroelastic mode. Many applications of the methods can be found in
the open literature, among those [25,26,27]. Early models employing the aeroelastic eigensolution method used
potential linearized CFD codes, computing the airloads as a linear function of the blade displacement and
assuming the superposition of effect due to different modes. The flutter boundaries obtained are essentially
gualitative; nevertheless, the dependency of vibration eigenmodes on airloads and a resonance at nominal speed
for an experimental fan was captured by Klose [25]. More advanced techniques employing multiple-passage
domains often rely on the assumption of airloads which are linearly dependent to blade displacement and velocity.
The model of Tateishi [27] correctly predicted flutter boundaries in a range of conditions except low speed lines,

where the effect of grid size and the accurate simulation of shock impingement appear to be critical factors.

2.1.4. Energy Method

The energy method, first developed by Carta [28], is based on calculating the sum of the work done by unsteady

aerodynamic forces on blades, which oscillate with a prescribed motion of pitching or plunging (2D sections), or
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determined from a free-vibration analysis (when 3D models are used). It is inherently assumed that the flutter
behaviour is linear: positive aerodynamic work, i.e., energy transfer to the structure, indicates instability, while a

stable situation is characterized by a negative net aerodynamic work. The aerodynamic damping &

is defined as the work of aerodynamic forces on blades over a cycle W, usually normalized with respect to the

blade vibration mechanical energy Ke, as indicated in Equation (3).

5=W4Ke(3)

The stability of the bladed disk is assessed by calculating the aerodynamic damping for each IBPA for every single
mode-shape oscillating at its natural frequency, as shown in Figure 4, from Mabhler [26]. The method was
historically implemented calculating the work per unit of a span on a number of 2D sections, using linearised
aerodynamic theories. The process of assessing the overall stability by performing this worksum procedure was
found to be ill-conditioned, the result being indicated by a small number, obtained as the algebraic sum of large
numbers; the accuracy of the calculated damping was thus largely affected by the number of sections chosen.
Today, with more computational power available, this approach and its many variants are implemented with 3D
simulations and represent the state of the art in turbomachinery flutter analysis in the aerospace industry because
of their simplicity. However, the fluid and structure domains are still treated as two separate media; thus,
considerations and limitations of classical methods hold true. Examples of energy method applications are found in
many works, including simulations of stall flutter and flows with large, separated regions, e.g., in [29]. The method
is also used to compare the accuracy of coupled methods to well-known uncoupled formulations, as in
[26,30,31,32,33]. Figure 5, taken from Mahler [26], plots aerodynamic damping versus IBPA for two different

coupling algorithms.
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Figure 4. Aerodynamic damping over IBPAs for different modes.
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Figure 5. Aerodynamic damping over IBPAs for a fixed mode using different aerodynamic codes.

2.2, Integrated Aeroelasticity Methods
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Integrated aeroelasticity methods are those which do not uncouple the flow motion from that of the structure but
attempt to treat the problem in one continuous medium [2]. The need for such an approach arises from the inherent
nonlinear behaviour of unsteady high-speed viscous fluid flows, especially when shock waves and separation
phenomena are considered, e.g., in transonic flutter or in stalled conditions. The existence of nonlinear structural
effects such as friction damping in the blade roots and shroud interfaces further justifies the implementation of such
methods. The mathematical formulation of integrated methods is devised in such a way that the flow behaviour is
allowed to modify the structural motion, and vice versa, as in the true physical phenomenon. The most striking
difference between the classical methods and integrated ones is that the former can only predict the onset of flutter
as a sudden change from a stable to an unstable region, while the latter are capable of predicting limit-cycle
behaviour, a constant amplitude oscillation due to nonlinear aerodynamic phenomena, as shown in Figure 6.
Experimental evidence suggests that flutter can occur at different limit cycle amplitudes influenced by both
aerodynamics and structural damping, and the prediction of that amplitude is crucial in assessing the life of
turbomachinery components. Integrated algorithms can also predict nonlinear instabilities, i.e., situations where the
equilibrium point is locally stable, but for sufficiently strong perturbation, the frictional dissipation cannot bound the
flutter vibrations, as proved by Berthold [17]. As with classical flutter analysis methods, different formulations are
possible for the integrated methods: one key factor in categorizing different algorithms is the numerical treatment of
the physical domains (i.e., whether fluid and structure are discretized into a single domain or not). Another

parameter is the accuracy in assessing fluid—structure equilibrium at each physical timestep in time-marching

simulations.
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Figure 6. Total energy of a cascade and deflection angle at three different conditions: stable mode, limit cycle

behaviour and unstable mode, from Sadeghi [31].
2.2.1. Partially Integrated Method

In the partially integrated methods, the solutions of the fluid and structural equations are calculated separately, but
the information is exchanged at each time step, so that the solution from one domain is used as a boundary
condition for the other domain. In other words, a new blade position is calculated at each time step using the fluid
forces of the previous time step, and this new position is used as the new fluid—structure boundary for the next time
step when the aerodynamic forces are computed first. Many examples of partially integrated methods can be found
in the open literature. In the works by Sayma [34], Sadeghi [31], Debrabandere [35], Zheng [36] and Li [37], the
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eigenmodes were computed using constant or Rayleigh structural damping model, and the domain was reduced to
one or two passages to contain the computational effort, with a limitation on the explorable IBPA range as a payoff.
Coupled simulations showed that the normal ’in-vacuum’ eigenmodes can be significantly different from the
aeroelastic mode, especially at low mass ratios, leading to inaccurate results when assumed modes and the
energy method are employed, as evidenced in Figure 7. Furthermore, a nonlinear fluid—structure interaction can
lead to the oscillation of blades around a displaced position, with two different harmonics and a pattern of
alternated chocked and unchocked flows in neighbouring passages, as evidenced by Sadeghi [31]. Fluid—structure
coupling also permits the simulation of a forced response [35]; the influence of the passing rotor on stator blades is
captured, and the Fourier transformation of induced vibrations showed that they are more related to the natural
stator frequencies than to the rotor passing frequency. Various works adopted multiple mode superposition in
coupled simulations, but some evidence suggested that the influence of modes next to the first is often negligible.
In the papers by Liang [38] and Zhang [39], the structural reduction to a few modes (including centrifugal stiffening
and the Coriolis effect) was coupled to the three-dimensional full annulus fluid model of transonic compressors,
relaxing the limitations on permitted IBPA and allowing the simulation of complex phenomena such as rotating stall
and nonsynchronized vibrations. The computational model of Liang [38] showed that rotating stall cells have about
30% the rotor speed (see Figure 8) and an energy mainly distributed in the first two orders of excitation. Some
resonances were found between blade modes and the stalled flow cell velocity; a novel algorithm was built to
predict those resonances. In the paper by Zhang [39], the rotating stall was simulated showing a limit-cycle
oscillation of all blades as the stall line was approached, followed by flutter as the system became dynamically
unstable, with all the blades vibrating at the same mode and frequency but with different amplitudes. A sinusoidal
travelling wave pulsation was observed during flutter, but with a non-constant IBPA. Im [10] simulated flutter for the
NASA Rotor 67 at different operative conditions using a fully coupled partially integrated model with both a four-

passage domain and the full annulus, showing comparable results for the two cases in unstalled flutter conditions.
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Figure 7. Reduced frequency at neutral stability over mass ratio. From Sadeghi [31].

Figure 8. Axial velocity contours of a bladed disk during rotating stall. From Liang [38].

2.2.2. Periodic Mode Updating Method
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This method is a hybrid between classical and partially integrated aeroelasticity methods. Similar to the aeroelastic
eigensolution method, a free vibration problem is solved in the frequency domain, and the mode shape of interest
is used to describe the blade motion for one period using a 3D time-marching nonlinear CFD code. After the first
period is simulated, the mode shape is updated using aerodynamic coefficients which were calculated in the
previous period, via a frequency-domain structural calculation based on modal projection. The cycle of time-domain
aerodynamics, followed by frequency-domain structural dynamics, is repeated until the mode calculated in the
frequency domain converges. An example of such a procedure can be found in the work of Gerolymos [40]. The
model adopted a rather coarse mesh and was used for illustrative purposes. It was found that the coupling slightly
affected the mean accumulated power on blades, but this difference was sufficient to lower the aerodynamic
damping by 30%.

2.2.3. Fluid-Structure Coupling Algorithms

Since each of the components of the coupled aeroelastic problem has different mathematical and numerical
properties, well-established but distinct numerical solvers and readily available commercial software, the
simultaneous solution of the equations by a monolithic scheme is, in general, computationally challenging,
mathematically and economically suboptimal and unmanageable software-wise. On the other hand, the solution of
the aeromechanical system through different integration schemes and the exchange of information between the

two domains presents various issues and requires some precautions.

The simplest form of the integration algorithm is depicted in Figure 9. The flow solver is advanced for one physical
time step, then the fluid load is sent to the structural solver that computes the corresponding deformation and a
new iteration starts. As the equilibrium between the structure and the fluid is not ensured at the end of each
iteration, this is called a weak-coupling method. Examples of weakly coupled algorithms can be found in [34,35].
More accurate representations of fluid—structure interactions ensure the equilibrium of quantities such as force,
displacement and energy at each physical substep by subiterating the governing equations until the prescribed

tolerance on the chosen quantities is reached: those methods are named fully coupled and were adopted in
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Figure 9. Conventional serial staggered algorithm. The circled numbers indicate steps order.

Since the typical time integration steps needed for accuracy and stability reasons may differ by orders of
magnitude between the structural and fluid problem, in almost all aeroelastic problems, it is the integration of the
fluid state vector that requires a much finer temporal resolution than the structural vibration. For this reason, some
algorithms were developed that subiterate the fluid flow with a factor equal to the structural/fluid timestep ratio,
reducing the needed advancements of the structural domain and I/O transfers, as shown in Figure 10. However, in

certain cases, the cost of subiterations can offset the benefits of the larger timestep they can allow.

Xp= Un-1 Xp+1= "'n Xp2= Uni1

Figure 10. Conventional serial staggered algorithm with fluid subiterations.

More advanced methods try to achieve an accuracy comparable to that of a monolithic or fully coupled scheme but
with a reduced computational cost: among these are the displacement and velocity conserving staggered algorithm

by Farhat and Lesoinne [41] and employed by Carstens [42]. As schematized in Figure 11, the computations of
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structural displacements and fluid state vectors are shifted by t/2, while the CFD-mesh deflections at the blades’
surfaces are calculated from the structural displacements. Furthermore, the mesh deformation is computed by
Newmark’s algorithm estimating the constant acceleration in the time interval [t,t+Af] from the unsteady

aerodynamic forces at time t+t/2.
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Figure 11. Improved serial staggered procedure.
2.3. Fully Integrated Methods

Fully integrated methods differ from their partially integrated counterparts in the discretization and subsequent
numerical treatment of the governing equations. They are based on formulating the structural and fluid dynamics
together so that they can be solved at each time step using the same integrator. The two domains are discretized
into one arbitrary Lagrangian—Eulerian (ALE) space; as a consequence, the motion of the grid becomes an integral
part of the equations of motion and does not have to be handled separately. The direct method uses an explicit
temporal discretization which is integrated using a Runge—Kutta scheme, and upwind differencing is used for the
spatial discretization of the arbitrary Lagrangian—Eulerian formulation of the aeroelasticity equations. The structural
equations are formulated on a local nodal level, which enables them to be discretized using the same integrator as
the aerodynamics. Thus, both sets of equations are handled simultaneously at the same time step without
distinguishing between the fluid and the structure. This model is claimed to calculate the energy transfer between
the structure and the fluid more accurately than similar partially integrated schemes since there is no possibility of a
time lag between the structure and the fluid. The method was developed by Bendiksen [43] and applied to both
wing and cascade flutter using quasi three-dimensional models, predicting divergent behaviours and limiting cycle

flutter in a range of conditions.
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