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Abstract 

The turbomachinery related industry relies heavily on numerical tools for the design and development of 

modern turbomachines. In order to be competitive turbomachines ought to be highly efficient and robust. 

This has lead engineers to develop more aggressive designs, which often leads to lower margins of 

structural reliability.  One of the strongest threats to turbomachines are high cycle fatigue problems which 

arise from aeroelastic phenomena such as flutter. According to Kielb R. (2013) many of such problems are 

detected at developing testing stage. This implies that the prediction capabilities for aeroelastic 

phenomena are in need of further development and/or tuning. This is especially evident for unsteady flow 

phenomena at transonic regimes.  

A very important step for the improvement of unsteady aerodynamic solvers is the validation and 

comparison of such solvers. The present thesis concerns with the validation and comparison of a non-

linear time marching (ANSYS CFX) and the GKN’s in-house linearised solvers used for flutter analysis. 

The former has recently implemented a new feature called Transient Blade Row TBR, which drastically 

reduces the simulation domain to a maximum of two blades.  In order to be included in the deign process, 

such tool need to be validated. In the same way, the recently launched in-house code LINNEA needs to 

be validated in order to be considered as a design tool. Experimental data from the aeroelastic standard 

configuration 4, and the FUTURE project were used for the validation purposes. The validation process 

showed that the solvers agreed very well between them for the standard configuration. Such agreement 

was less clear for the FUTURE compressor; nonetheless, the solutions still sit within the bulk of solutions 

provided from the different FUTURE partners. The validation showed that these tools provide with 

similar results as the state of the art tools from different companies. This indicates that they can be used in 

the design process. At the same time it was observed that there is room for improvement in the solvers, as 

these still present some considerable differences with the experimental results. 
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Nomenclature 

 

Latin Symbols 

 

𝐴 Chord to amplitude ratio 

�̂� Complex torsion component 

𝑐 Blade chord 

𝐶𝑃,𝐴  Static Pressure coefficient  

�̂�𝑃,𝐴 Unsteady pressure coefficient normalised with the chord to amplitude ratio 

𝑑𝑓 Force differential 

𝑑𝑠 Span differential 

𝑓  Oscillation frequency 

𝐹 Force 

�̂⃗� Complex force vector 

[𝐺] Structural Damping 

ℎ⃗⃗
̂
 Complex mode-shape vector 

ℎ̂ Complex bending component 

ℎ Bending amplitude 

𝑖 Imaginary number 

𝑘 Reduced frequency 

[𝐾] Structural stiffness 

𝑀 Mach 

[𝑀] Structural mass 

𝑚 Blade index, coefficient index 

�⃗⃗� Normal vector 

𝑁 Number of blades 

𝑁𝐶 Nodal circles 

𝑁𝐷 Nodal Diameter 

𝑃 Pressure 

 �̅� Steady or mean pressure 

�̃� Unsteady pressure 
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�̂� Complex pressure  

𝑅 Radius 

𝑠 Span 

𝑇 Period 

𝑈 Vector of primitive- flow variables 

𝑊𝑐𝑦𝑐𝑙𝑒  Work per cycle 

𝑋 Vector of node coordinates 

{𝑋} Displacement vector 

{𝑋}̇  Displacement vector 

{𝑋}̈  Displacement vector 

 

Greek Symbols 

 

Relative angle between y-axis and blade motion angle

 Inflow Angle

Stagger Angle

 Vibration Direction

 Torsion orthogonal mode coordinate  

 Circumferential orthogonal mode coordinate  

 Axial orthogonal mode coordinate  

 Stability parameter 

 Inter-blade phase angle  

 Pressure Phase 

 Oscillation frequency

 

Subscripts 

 

aero Aerodynamic 

is isentropic 

0 Total condition 

1 Inlet condition 

2 Outlet condition 

ref Reference value 
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Abbreviations 

 

2D Two dimensions 

3D Three dimensions 

ASME American Society of Mechanical Engineers 

BC Boundary Conditions 

BTWM Backwards Travelling Wave Mode 

CFD Computational Fluid Dynamics 

CG Centre of Gravity 

CSV Comma Separated Value 

CT Computational Time 

DNS Direct Numerical Solution 

EO Engine Order 

EPFL Ecole Polytechnique Fédéral de Lausanne  

FEM Finite Element Analysis 

FTWM Forward Travelling Wave Mode 

FUTURE Flutter-Free Turbomachinery European Project 

HCF High Cycle Fatigue 

HPT  High Pressure Turbine 

IBPA Inter-blade Phase Angle 

LCO Limit Cycle Oscillation 

LE Leading Edge 

LES Large Eddy Simulation 

LPC Low-Pressure Compressor 

LPT Low-Pressure Turbine 

NASA National Aeronautics and Space Agency  

ND Nodal diameter 

NS Navier-Stockes equations 

OPR Overall Pressure Ratio 

PS Pressure side 

P&W Pratt and Whitney  

ROM Reduced Order Model  

RPM Revolutions Per Minute 

SS Suction Side 

STCF Standard Configuration  

TBR Transient Blade Row 
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TE Trailing Edge 

TWM Travelling Wave 

URANS Unsteady Reynolds Averaged Navier-Stockes Equations 
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1 Introduction 

 

The energy and propulsion fields are driven by continuous improvement, constantly seeking for lighter, 

more efficient gas turbine designs. Such trend often leads to thinner and lighter blades, smaller gaps 

between blade rows, and higher aerodynamic loads, so that aeromechanics places itself in a central 

position during design stage.  Turbomachinery aeroelasticity is a challenging task that requires the 

optimisation of conflicting demands from structural and aerodynamic designs. Aeroelastic phenomena 

such as flutter and resonance can result in high cycle fatigue (HCF) and partial or complete machine 

failure. As much as 12% of the total damage cost of heavy-duty gas turbines, and 100 million dollars per 

year in expenditures by the US Air Force can be issued to high cycle fatigue problems as reported by 

Meher-Homije B. (1998) and Srinivasan (1997). In the energy sector a revenue loss due to engine 

development issues is in the order of millions of dollars per week as presented by Srinivasan (1997).  

However, even such losses may seem mild compare to a jet engine failure during flight such as the case 

also mentioned by Srinivasan (1997), where the Rolls Royce engine RB211-524G/H experienced flutter 

on the Cathay Pacific flight. Flutter in particular has earned a reputation due to its ability to rapidly 

escalate into catastrophic consequences. It becomes clear that the problem lies in the reliability and safe 

operation of turbomachines rather than a direct contribution to efficiency increase. Nevertheless, 

aeromechanical problems are amongst the key limiting factors for developing greener, lighter more 

efficient turbomachines. 

As Srinivasan (1997) wrote “Among a variety of phenomena that causes concern in regards to blade 

failures, perhaps the most serious is flutter”. Two decades after, flutter is still an issue. Moreover, what 

used to be an issue with fans and Low Pressure Compressors (LPC) only, expanded to Low Pressure 

Turbines (LPT) due to increasing demands on output power. Flutter is a complex aeroelastic instability 

resulting from the interaction of a vibrating blade assembly and the unsteady aerodynamic response from 

the surrounding flow. Classic flutter can be understood by a phase lag between the blade motion and the 

flow response. When the force follows the motion than the fluid has a stabilising effect damping out the 

motion. When the opposite is true i.e. force precedes the motion than the system becomes unstable 

leading to large vibration amplitudes.  

Flutter-free designs derive from the understanding of the underlying physics of flutter. This in turn 

depend much on the tools available to investigate the phenomenon. Numerical predictions are particularly 

useful for such tasks. Current predictions of aerodynamic stability are mostly based on two methods 

namely non-linear time domain methods, and time-linearised or frequency domain methods. The former 

resolves the flow marching in time, and in the case of viscous solvers, all non-linearities are considered. 

The later simplifies the flow by linearising it about a mean-flow, which is, considered to be much larger 

than the flow perturbation coming from the harmonic blade motion.  As such linearised methods are 

simplified versions of the non-linear methods; however, they are much more efficient in computing 

resources, especially in time computation which is of great importance for design industry tools. The two 

methods are desirable, perhaps at different design stages, flow complexity or to use the accurate method 

only when necessary e.g. at inter-blade phase angles with low aerodynamic damping. Nonetheless, 

regardless of the complexity of the methods the only way these can be trusted as design tools is by 

comparing their results with well-documented, reliable experimental data. Validation plays an essential role 

in the development of unsteady numerical methods used in flutter analysis. This becomes evident when 

looking at the general poor agreement between experimental data and numerical predictions of transonic 

flows where the predicted aerodynamic damping can be in the order of magnitude of the aerodynamic 

damping from solver to solver as Vogt D. pointed out during the presentation of the FUTURE project.  

The present thesis regards the validation of a commercial time domain code (ANSYS cfx 15.0) as well as a 

GKN’s in-house frequency domain solver (LINNEA) both used for flutter predictions. The validation is 

to be carried using test data from the “Standard configurations for aeroelasticity in Turbomachinery 

cascades”, and a recent European academy-industry project named FUTURE.  
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2 Background  

2.1 Gas Turbines 

The main purpose of a gas turbine is to produce power. In today’s society turbomanchines play a vital role 

in the energy and transportation areas. About 90% of the world’s energy production is extracted from a 

turbomachine. A similar trend is observed in aviation where most modern aircrafts are propelled by jet 

engines. In such contexts gas turbines are mostly employed.  

Gas turbine idea has been around for a long time, since 1791 when John Barber patented a machine with 

all the elements of a functioning gas turbine [Web.mit.edu]. Several attempts to build a functioning gas 

turbine followed. Such were the cases of Franz Stolze in Berlin (1904) and Armengaud Lemale in France 

(1906). The former with an axial compressor was never able to run on its own power and the later used a 

centrifugal compressor and it did not produced any useful power. It was not until 1939 when a milestone 

in mechanical engineering happened in Switzerland; the world’s first gas turbine was developed. The 

breakthrough was mainly accredited to Prof. Aurel Stodola, and the machine was operating until recently.   

A gas turbine is a type of internal combustion engine. The working principle of an ideal gas turbine can be 

described in three thermodynamic processes: an isentropic compression, an isobaric combustion and an 

isentropic expansion. These three together form what is known as the Brayton cycle shown in Figure 1.  

These diagrams are useful in understanding the thermodynamic principles of gas turbines, but from the 

second law of thermodynamics one can deduce that these processes undergo losses and therefore deviate 

from such idealistic models. The friction losses and those resulting from turbulence follow throughout the 

entire machine process. Technological aspects such tip leakages (or any type of leakages), and cavities 

amongst other, are also responsible for efficiency losses.  

 

 

 

 

Gas turbines are fundamentally simple machines with three major components: a compressor, a 

combustion chamber and a turbine. In contrast, the technical complexity of each component and 

subcomponent is extraordinarily high. This is clearly reflected in the high-density energy production that 

characterises turbomachines in general.  The overall efficiency of a gas turbine is related to its useful 

output power, which in turn relates to the combustion temperature; the higher the combustion 

temperature the higher the efficiency.  One way to achieve higher combustion temperatures is by 

increasing the Overall Pressure Ratio (OPR) in the compressor. Consequently much effort has been put in 

achieving higher OPR’s, but always keeping special care of the engine weight, which is always an issue in 

the aerospace industry.  At early stages of gas turbine development material’s low thermal resistance was a 

limiting factor for high temperature combustions leading to higher efficiencies. However, newer more 

thermal resistance materials combined with cooling techniques on critical regions (High Pressure Turbine 

Figure 2. Brayton Cycle, retrieve from wikipedia.org/wiki/Gas_turbine Figure 1. Brayton Cycle, retrived from wikipedio.org/wiki/Gas_turbine 
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HPT) allow modern engines to run at higher temperatures (even higher than the blade’s material melting 

point) and efficiency.  Another equally important limiting factor is the structure’s integrity, which is, 

largely affected by flow induced vibration (aeromechanical) problems. This becomes more of an issue due 

to the continuous trend towards more aggressive designs with less components (e.g. blades, and blade-

rows), smaller gaps, and more pronounced 3D profiles amongst other. As the aerodynamic loads become 

more prominent and the structures thinner and lighter, flow induced vibration such as flutter become 

more prone to occur. This stresses the need for reliable aeromechanical prediction tools. 

2.2 Aeromechanics in Turbomachinery 

Aeromechanical issues are among the main concerns when it comes to the structure’s integrity of axial-

flow turbomachines. The term aeroelasticity, or equivalently aeromechanics (introduced in the mid 90’s) 

refers to the interdisciplinary engineering field that studies the relation of unsteady aerodynamics, inertial 

forces and elastic bodies.  In 1946 Collar represented them graphically in the well-known Collar’s triangle 

(see Figure 3). Collar’s triangle identifies the relationship amongst each of the three interacting disciplines 

that give rise to what we know as the field of Aeroelasticity. In his triangle, Collar also represents the 

disciplines resulting from partial interactions i.e. when the influence of one of the disciplines is low 

enough as to be disregarded. For instance when the deflection of a body is small enough so that the 

assumption of a rigid body motion is justifiable, then it can be said that such interaction is subject to the 

sub-category of “Aerodynamic Stability”.  When the opposite is true, i.e. the deflection of the body is far 

more influential than that of the motion of the body the study is known as “Static Aeroelasticity”.  

 

 

Since their inception turbomachines have always experienced flow induced vibration issues, and due to 

their inherently complex unsteady flow a complete mitigation of these effects is unlikely to appear any 

time soon. In axial-flow turbomachines, aeroelasticity can give rise to three main problems: 

 Flutter 

 Forced response (resonance) 

 Non-synchronous vibration 

These correspond to unsteady aeroelasticity i.e. interaction amongst the three disciplines represented in 

Collar’s triangle.  In the context of Turbomachinery, Aeroelastic phenomena are always undesired since 

they all lead to unwelcome flow induced vibration. Apart from that, these are very different in nature, and 

yet can be easily confused when approached for the first time. A very useful tool for identifying aeroelastic 

phenomena is the well-known Cambell diagram (see Figure 4), where the eigen-frequencies of a blade 

assembly are plotted as a function of the rotor speed (usually in RPM’s). These appear almost horizontally 

either tilting upwards due to centrifugal stiffening or downwards from the softening due to high 

temperatures in turbines. The engine order excitations EO, which are integer multiples of the base 

excitation, are function of the rotational speed, and superimposed on the diagram. These can be easily 

identified as the oblique straight lines at different slopes that correspond to integer multiples of the base 

Figure 3. Collar's triangle from Compedu 
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EO (the lowest one). Strong vibration occurrences can be represented in the Cambell diagram. A strong 

vibration occurring at the intersection of an eigen-frequency and an EO, is known as a crossing and it 

corresponds to a resonance point. If it happens at along an eigen-frequency but not at a crossing then the 

issue corresponds to flutter. Finally if it happens anywhere else than the vibration is not dependent on the 

rotor speed, and thus is known as non-synchronous vibration problem.  

 

Each of the previous phenomena can take a thesis work on their own; however, as previously mentioned 

the present work relates to the validation of solvers applied to flutter analysis. Hence only the later will be 

undertaken from this point onwards.  

2.3 Description of the Flutter Phenomenon  

Flutter is commonly described as a self-excited and self-sustained aeroelastic instability. Unlike forced 

response flutter is driven by the flow response from its own motion and not from external flow non-

uniformities, hence the term self-excited.  Once flutter is initiated, vibration amplitudes can either grow 

until failure if mechanical damping is not large enough, or grow until reaching a point of high amplitude 

oscillation and remain there, hence the term self-sustained. This point is commonly known as Limit Cycle 

Oscillation (LCO), and although it is not optimum it can be tolerated.  

Engineers and scientist studying the phenomenon of flutter started to observe the correlation of flutter 

occurrences with certain parameters. Srinivasan (1997) presented a list of 25 parameters of what he refers 

to as “an essentially complete list of parameters influencing aeroelastic aspects of blade vibration”. These 

vary from all sorts of geometrical aspects, fluid parameters and some special ones such as mechanical and 

aerodynamic mistuning. The mass ratio, which relates the fluid mass contained in one-chord diameter 

circle with that of the solid profile was early introduced as an important parameter in the aeronautical 

field. Experienced dictated that lower values of mass ratio related to higher flutter risk, and indeed it is 

easier to imagine fluttering a paper-like wing than a stronger metal-like one. In the context of 

turbomachines this parameter is acquires very high values given most blades are made of solid metal. Such 

high mass ratio explains the negligible effect of the surrounding flow in the eigenfrequencies and 

eigenmodes of the bladed disks. For such reason the mass ratio is not as important in the Turbomachinery 

industry. Another parameter known as reduce frequency was observed to have stronger influence in blade 

flutter occurrences. It relates the time a particle would take to travel one blade chord (some people use 

also half chord), to the time of one oscillation period. Another interesting interpretation is that it relates 

the chord with the wavelength of the ratio of flow velocity to angular velocity. Looked at it from any of 

the perspectives, the reduced frequency provides a measure of unsteadiness where small values represent 

low unsteadiness or quasi-steady conditions and large values represent high unsteadiness. In Table 1 a 

table showing ranges where flutter was observed is presented. 

Figure 4. Campbell Diagram retrieved from Compedu KTH 
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Table 1. Reduced Frequency ranges at which flutter has been observed from Srinivasan (1997) 

 Reduced Frequency Author, Year 

P&W Research Rotor 0.4-0.6 Mikolajczak, 1975 

TS 22 0.6-0.65 Stargardter, 1979 

NASA Test Rotor 0.5-0.7 Kielb, 1983 

NASA Engine Test 0.7-0.75 Lubomski, 1980 

First Fan Rotor 0.7 Kurkov, 1984 

  

Turbomachinery blades are essentially different depending on the specific function they play. For instance, 

compressor blades have less pronounced profile curvatures since due to aerodynamic effects (flow 

separation) the flow compression has to be more gradual, and thus a much larger number of stages is 

required (see Figure 5). The fore part of the compressor (i.e. fan and Low Pressure Compressor LPC) and 

the after part of the turbine (i.e. Low Pressure Turbine LPT) are composed by slimmer larger blades as 

can be seen in Figure 5. Flutter is more likely to occur in those components.  

 

 

Figure 5. Locations where flutter is more commonly encountered, illustrated in the Volvo RM12. Picture courtesy of 
GKN Aerospace  

 

Mechanic and aerodynamic coupling affect to great extent the behaviour of blades and blade-rows under 

external excitation. Blade-rows are composed of several blades arranged in a circumferentially uniform 

fashion, which may be attached to a disk (bladed disks) or be one single piece (bliks).  These bladed disks 

or blisks couple all the blades together since they all share a support. Mechanical coupling can also be 

introduced through technological aspects such as shrouds and lacing wires amongst other. Aerodynamic 

coupling on the other hand is driven by the arrangement of the blades and their relative motion between 

adjacent blades. This relative motion results in time varying pitches, which in turn give rise to time varying 

mass flows, so that the aerodynamic conditions of one passage depend on itself and its neighbouring 

blades. In a way blades can “feel” the presence of their neighbouring peers.  

Vibration of entire assemblies differs from that of stand-alone blades. As previously mentioned, these 

blades sit on top of a hub or a disk so that the vibration of the disk plays a role. The vibration of the 

assembly can be dominated by the blade (typically low frequencies), or by the disk (higher frequencies). 

Disks are there simply for structural purposes and their geometry is generally very simple. Their eigen-

modes can be described by zero deformation diametric lines called nodal diameters (ND), and by zero 

deformation smaller circles known as nodal circles (NC). Bladeless disks have infinite number of ND and 

NC; however, bladed disks have a finite number of ND bounded by the number of blades. In a system 

where all the blades are assumed to vibrate at the same frequency and amplitude known as Traveling 
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Wave Modes (TWM) these ND can introduce a phase between blades. Such phase is known as Inter-

Blade Phase Angle (IBPA), and mathematically is described as 

𝜎 =
 2𝜋𝑁𝐷

𝑁
, 𝑁𝐷 =

𝑁

2
, … , −1,0,1, … ,

𝑁

2
 

Where 𝜎 is the IBPA, and N is the number of blades.  From the above equation it can be noticed that the 

IBPA can only take on discreet numbers. For instance a blade row with 20 blades can only take values 

from -180° to 180° in intervals of 18°.  For each ND there is a Forward Travelling Wave Mode (FTWM) 

and a Backwards Travelling Wave Mode (BTWM). The former indicates that the TWM goes in the 

direction of the rotor. Naturally, the later travels against the rotor, hence backwards. The so called TWM 

are very important since they are the eigenmodes of the aeroelastic system. 

The concept of TWM lies under the assumption of a tuned system that is, all the blades are identical 

around the blade row, and therefore all their characteristics are the same. However, strictly speaking this is 

not the case; on the one hand manufacturing processes work under certain tolerance and on the other 

hand the blades will eventually deviate from their design due to wear and tear of foreign object injection.  

Mistuned systems allow for difference in each of the blades treating the problem with stochastic analysis. 

It has been noted that mistuning has a stabilizing effect in terms of flutter. In Figure 6 Kileb and Kaza 

(1983) showed how an unstable tuned system became stable by introducing a 5% alternating mistuning.  

Engineers have used the stabilising nature of mistuning to attenuate or to treat flutter. However, 

intentional mistuning needs to be treated very carefully since it can lead to stress concentration and 

resonance problems.  

 
 

The compressor stability map shown on Figure 7 identifies the regions of flutter vulnerability. According 

to Saiz G. (2008) there are four main categories of flutter encounter in modern turbomachinery namely; 

classical flutter, stall flutter, choke flutter and acoustic flutter. Classical flutter comes from a phase lag 

between aerodynamic forces and the blade motion. Classical flutter corresponds to attached flow with no 

separation. Stall and choke flutter occur near their respective stall and choke lines, and as explained by Saiz 

G. (2008) these are very much affected by the incidence angle. Lastly, acoustic flutter results from the 

bouncing of the acoustic waves generated by the blades motion feeding back energy to the structure.  

As described the phase has an important effect on flutter stability. If the structure’s motion lead the 

aerodynamic force than the fluid takes energy from the structure leading to a positive aerodynamic 

Figure 7. Compressor map stability (Lubomski, 1980) 
Figure 6. Effect of mistuning on flutter (Kielb and 
Kaza, 1983) 
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damping i.e. stable motion. On the contrary, when the aerodynamic force precedes the blade motion it 

feeds energy into it making amplitudes get larger every passing cycle for an unstable motion 

2.4 Review of Flutter Analysis Methods 

According to Kehoe  (1995) the earliest observation of flutter in the aeronautical field dates back to 1916 

on a biplane in the UK. At that time there were rather few tools for the prediction of flutter. It was not 

until late 50’s that CFD simulation tools and computed-based FEM started to emerge. These two 

constitute today’s elementary tools for assessing flutter risk. Even with the rapid development of these 

tools, perfect agreement or even negligible differences between experimental and numerical prediction are 

not very common.  

Flutter is predicted by solving the balance of the structural equation and the aerodynamic excitation, 

mathematically expressed as: 

[𝑀]{�̈�} + [𝐺]{�̇�} + [𝐾]{𝑋} = {𝐹𝑎𝑒𝑟𝑜(𝑡)} 

Where [M] stands for the mass of the assembly, [G] is the structural damping, [K] is the assembly 

stiffness, {X} is the displacement vector (with its corresponding derivatives).   Faero
 is the time dependent 

force that the fluid exerts on the blade. The left-hand side of the equation expresses the structural part, 

whereas the right-hand side conveys the aerodynamic force. In flutter analysis this force depends solely on 

the flow unsteadiness generated by the blade’s motion 𝐹𝑎𝑒𝑟𝑜(𝑡) = 𝑓(𝑋, �̇�) rather then on flow non-

uniformities or defects. As previously mentioned, decoupled approaches are justified by the high mass 

ratios of typical blades so that the structural modal analysis is commonly performed in advance. The 

challenge usually comes during the fluid simulation, since full non-linear simulations can be extremely 

computationally expensive. This has led to simplified approaches trying to find a balance between 

accuracy and computation expenses (mostly time saving). According to Vogt D. (2005), and Saiz G. 

(2008), there are three general approaches in flutter stability prediction. The first approach is based on 

analytical and semi-analytical implicit solutions also referred as Reduced Order Models ROM. As 

presented in the literature review of Vogt D. (2005), and Saiz G. (2008) such models are restricted to very 

simple, lowly loaded cases due to the number of simplifications required for almost any analytical and 

semi-analytical method. Flutter predictions are mainly attacked using either time-linearised frequency 

methods or non-linear time-marching methods. There are inherent advantages and disadvantages with 

each of the methods. Given that the present thesis aims to serve as a validation as well as a comparison 

between the previously mentioned, a further description of such approaches falls in place.   

2.4.1 Time-linearised Frequency Domain Methods 

Time-linearised methods, also known as frequency domain methods emerged from the need to simulate 

more realistic cases than the classical methods allowed for, while keeping in mind computational 

limitations. As the name implies, these methods are simplified versions of the non-linear methods, where 

the flow perturbations (i.e. motion of the structure) is assumed to be periodic with time. Given a periodic 

excitation the flow variables can be expressed as 

𝑈(𝑋, 𝑡) = �̅�(𝑋) + �̃�(𝑋, 𝑡) = �̅�(𝑋) + ∑ �̂�𝑛(𝑋) ∙ 𝑒𝑖(𝜔𝑡)

∞

𝑛=−∞

 

And 

|�̃�(𝑋, 𝑡)| ≪ |�̅�(𝑋)| 

Where 𝑋 represents each point of the computational domain, and 𝑈 is the matrix with the primitive 

variables. The last equation basically states that the unsteady flow has to be very small compared to the 

steady flow. By the implementation of a pseudo time, the linear equations become mathematically steady. 

This offers great computational advantages since very efficient computational techniques used for steady 
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flows can now be implemented for the linearised equations. Within time-linearised solvers there are levels 

of complexity related to the flow equations. The common flow representations are: 

 Linearised potential methods 

 Euler equations 

 Navier-Stokes equations 

Linearised potential methods are the simplest fluid representation of the above listed. Such methods 

describe the flow in terms of a potential velocity field that satisfies Laplace’s equation. Potential methods 

assume inviscid, irrotational flows. According to Saiz G. (2008), despite its crude simplifications these 

methods were widely employed for turbomachinery applications due to its low computational demands. In 

sight of its limitations further extensions to include accurate prediction of shocks, and/or 3D rotational 

flows were found to be too difficult, so that Euler and Navier-Stokes approaches were sought. The next 

method in complexity order is the Euler equations method. Euler’s equations are composed by 

conservation principles of mass, energy and momentum that allow for rotational, non-isentropic flows. 

Such methods provide with more realistic representation of shocks, especially at transonic regimes. Again, 

as described by Saiz G. (2008), the implementation of Euler’s methods was improved over the years 

allowing for shock capturing techniques and moving grids. Last but not least are the linearised Navier-

Stokes equations, which can be seen as a generalisation of the Euler’s equations by the inclusion of 

viscous effects. Just like with Euler’s equations NS equations can be linearised around a mean flow in 

order to solve for a specific frequency instead of a time span. The inclusion of viscous effects can be 

significant when simulating real flows in turbomachines, for instance when analysing rotor-stator 

interactions wakes are basically generated by low momentum highly viscous flow. In general linearised NS 

provides a better flow representation of some important flow features such as boundary layer, correct 

mass flow, secondary flows, tip leakage etc. As pointed out by Sais G. (2008) NS solvers are more versatile 

when studying off-design flow conditions. Linearised Navier-Stokes equations are of especial importance 

for the present thesis since GKN Aerospace’s in-house code LINNEA is based on this method.  

2.4.2 Non-Linear Time-Marching Methods 

One of the requirements of linear models is that the unsteady flow has to be very small compared to the 

mean flow i.e. |�̃�(𝑋, 𝑡)| ≪ |�̅�(𝑋)|, such is not the case for non-linear flow models that can be solved 

regardless of the flow unsteadiness. Viscous non-linear time-marching models are the most accurate 

representation of unsteady flows as of today. These can be solved by Direct Numerical Simulation DNS, 

Large-Eddy Simulations LES, or Unsteady Reynolds-Averaged Navier Stokes URANS.  It is remarkable to 

mention how despite the continuously increasing computational power, DNS and to some extent LES are 

still unrealistic, and/or unaffordable for most applications.  Therefore, most CFD codes follow the 

URANS approach by implementing turbulence models in order to account for viscous effects. As the 

name implies time-marching methods solve the flow marching in “real time”, meaning that not only space 

is discretised, but also time.   

Through the years, engineers have looked on possible techniques to reduce simulation time. One way this 

was achieved is by exploiting the circumferential symmetry of assemblies to reduce the simulation domain 

leading to the so-called periodic boundary conditions. Nevertheless, this approach cannot handle non-

integral pitch ratios, that is, one passage must be described by an integer number of rotors and stators.   

Time-marching solvers open up different approaches in terms of the simulation domain. Naturally, it is 

always possible to simulate the full-annulus pre defining a phase-shift on each blade accounting for all the 

possible IBPA’s. For certain nodal diameters (that is a fixed IBPA) the domain may be reduced thanks to 

periodic boundary conditions. For instance, a 20 blades assembly can be reduced to 4 blades at an IBPA 

of 90 Degrees (i.e. 5 ND’s), and to 10 at an IBPA (i.e. 6 ND’s) of 108 Degrees, but a full wheel simulation 

would eventually be needed e.g. 3 and 7 ND’s. Alternatively, phase-shifted boundary conditions can be 
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used to reduce the simulation domain to a maximum of 2 passages per IBPA. This method is referred to 

as Fourier Transformation Method in the Transient Blade Row modelling defined by ANSYS CFX.  

Phase-shifted boundary conditions developed from the idea of the Fourier transformation method, which 

exploits the circumferential symmetry of blade rows and the periodicity of travelling wave modes. In 

ANSYS CFX the way this method is implemented is by sampling the interphase between the two 

oscillating blades during a number of periods. This time signal 𝑓(𝑡)s is time shifted 𝑓(𝑡)1,2 = 𝑓s(t ± ∆t) 

with a Δ𝑡 corresponding to the IBPA and decomposed in terms of its frequency content (i.e. Fourier 

coefficients) to later be imposed on the upper and lower boundaries of the two domain passages. 

According to the sign convention, the frequency content of the +Δ𝑡 signal is imposed on the lower 

periodic boundary (lower theta position) from the reference blade, and the frequency content from the 

– Δ𝑡 is imposed on the higher theta position periodic boundary (see Figure 8).  

 

 

Figure 8. Shifted periodic boundary conditions 

 

Saiz G. (2008) came up with a table comparing the main approaches used for unsteady flows of interest in 

aeroelastic analysis (see Table 2).  The trend is simple; the more complex the model is, the more accurately 

it describes the flow, but also the more computationally expensive it gets.  

Non-linear methods are still considered to be “slow”, compared to their counterparts especially in an 

industry environment where highly efficient methods are always preferred.  Nonetheless, non-linear 

methods are promising in the sense that computational power keeps on growing at a more or less steady 

rate, whereas the physical limitations in which linear methods are based will remain there. A truly 

interesting finding would be to determine to what extent linear solutions are valid, and how well this 

compares to a fully non-linear solution. The concern of the present thesis is to verify the validity of such 

methods compared to experiment.  
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Table 2. Comparison of Conventional CFD methods for Turbomachinery Flows, from Saiz G. (2008) 

Method Category Advantage Disadvantage Computational 

Time [%] 

Classical -Very fast -Simple geometries 

-Simple flows 

Insignificant 

Harmonic linearised -Fast -Non-linear effects ignored 1-5 

Non-linear (single-passage) -Fast 

-Non-linear effects included 

-Multi blade-row effects 

included 

-Issues with modelling more 

that 2 blade-rows  

10-15 

Non-linear (whole annulus) -All non-linear effects 

included 

-Slow 100 

 

2.5 Flutter Risk Determination 

The “flutter stability” referred in the present thesis relates to the sign of the aerodynamic damping, which 

results from the work the fluid poses on the blade without taking into account any other source of 

damping (e.g. material damping, and friction damping). In other words it tells whether the flow resulting 

from the blade motion absorbs work stabilising (damping-out) the assembly’s motion, or whether it feeds 

work back into the system destabilising it. The work posed on the blade can be calculated by integrating 

the dot product of the external (aerodynamic) force vector and the motion as 

𝑊𝑐𝑦𝑐𝑙𝑒 = ∫ �̃⃗� ∙ ℎ⃗⃗
̃

∙ 𝑑𝑡 =  ∫ �̂⃗� ∙ ℎ⃗⃗
̂

∙ 𝑒𝑖𝜔𝑡𝑑𝑡

𝑇𝑇

 

Where 𝑊𝑐𝑦𝑐𝑙𝑒 is the fluid work per cycle, �̃⃗� denotes the unsteady aerodynamic force, and ℎ⃗⃗
̃
 the complex 

blade motion. Under the assumption of a tuned system, the blade-row motion can be represented by a 

perfectly defined TWM. Furthermore, if rigid blade motion is assumed, the rigid-body modes can be 

expressed as a liner superposition of three basic modes shown on Figure 9.        

 

ℎ̃𝜉(𝑡) = ℎ̂𝜉 ∙ 𝑒𝑖𝜔𝑡 

ℎ̃𝜂(𝑡) = ℎ̂𝜂 ∙ 𝑒𝑖𝜔𝑡 

Figure 9. System of Orthogonal Modes 
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�̃�𝜁(𝑡) = �̂�𝜁 ∙ 𝑒𝑖𝜔𝑡 

 

These orthogonal modes consist in two bending modes in axial and circumferential directions and a 

rotational mode about the pivot point (centre of gravity is commonly used). 

Fluid forces exerted on immersed solids come mainly in the form of pressure, which can be assumed to be 

periodic given the periodic nature of the flow perturbation. Verdon (1987) showed that in the case of 

small perturbations this is indeed the case. Unsteady pressure oscillates around a mean steady flow as 

 

𝑝(𝑥, 𝑦, 𝑡) = �̅�(𝑥, 𝑦) + �̃�(𝑥, 𝑦, 𝑡) = �̅�(𝑥, 𝑦) + �̂� ∙ 𝑒𝑖(𝜔𝑡+𝜑𝑝→ℎ) 

 

Where �̅�(𝑥, 𝑦) is the steady mean flow around which the unsteady pressure �̃�(𝑥, 𝑦, 𝑡) oscillates, and �̂� 

represents the oscillating pressure amplitude. For convenience the unsteady pressure is commonly 

normalised with the dynamic pressure and some reference value of the motion’s amplitude as 

�̂�𝑝,𝐴 =
�̂�

(𝑝01,𝑟𝑒𝑓 − 𝑝1,𝑟𝑒𝑓) ∙ 𝐴
 

Analogously one might introduce a force coefficient of the form 

𝑓
̂

=
�̂⃗�

(𝑝01,𝑟𝑒𝑓 − 𝑝1,𝑟𝑒𝑓) ∙ 𝐴
 

It is possible to obtain the blade surface force (or force coefficient) by integrating the blade surface 

pressure around the blade surface as 

𝑓
̂

= ∮ 𝑑𝑓
̂

∙ 𝑑𝑠 

Where 

𝑑𝑓𝜉 = �̂�𝑝,𝐴 ∙ �⃗⃗�𝜉 ∙ 𝑑𝑠 

𝑑𝑓𝜂 = �̂�𝑝,𝐴 ∙ �⃗⃗�𝜂 ∙ 𝑑𝑠 

𝑑�̂�𝜁 = (𝑟 × �̂�𝑝,𝐴) ∙ 𝑒𝜁⊥ ∙ 𝑑𝑠 

By replacing the previous into the initial equation of the work per cycle, an expression for the total work 

per cycle can be expressed as  

𝑊𝑐𝑦𝑐𝑙𝑒 = ∫  𝑓𝜉 ∙ ℎ̂𝜉 ∙ 𝑒𝑖𝜔𝑡𝑑𝑡

𝑇

+ ∫  𝑓𝜂 ∙ ℎ̂𝜂 ∙ 𝑒𝑖𝜔𝑡𝑑𝑡

𝑇

+ ∫  �̂�𝜁 ∙ �̂�𝜁 ∙ 𝑒𝑖𝜔𝑡𝑑𝑡

𝑇

 

𝑊𝑐𝑦𝑐𝑙𝑒 = |𝑓𝜉||ℎ𝜉| sin (𝜙𝑓𝜉→ℎ𝜉
) + |𝑓𝜂||ℎ𝜂| sin (𝜙𝑓𝜂→ℎ𝜂

) + |𝑎𝜁||𝑚𝜁|sin (𝜙𝑓𝜁→ℎ𝜁
) 

The work per cycle is usually expressed in terms of a stability parameter, which is nothing more than a 

normalisation of the work per cycle as can be shown in the equation below. 

Ξ =
−𝑊𝑐𝑦𝑐𝑙𝑒

𝜋ℎ
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3 Experimental Test Cases 

Experimental tests are in general very expensive, both in time and economical resources. In the 

turbomachinery field this is not different. Aeroelastic test cases can be quite sophisticated involving 

complex unsteady flow measurements and blade vibration measurement/control.   As reported by Bölcs 

A. and Fransson T. H. (1986) during the “Symposium on Aeroelasticity in Turbomachines” held in 

Lausanne, Switzerland in 1980 it was realised that standardised, reliable experimental data was missing, 

and the validation of the numerical methods developed was not possible. This acknowledgment led to the 

creation of a committee that would later embark on the mission to collect standardised reliable test cases. 

These were named Standard Configurations (STCF) followed by a number. To the nine STCF’s originally 

created two more have been added making 11 STCF’s up to now.  The cases consist of different blade 

geometries such as flat plates, compressors and turbines at subsonic, transonic and supersonic flow 

regimes. Since their release to the scientific community, the STCF’s have been widely used for code 

validation with a very good agreement between numerical and experimental data. One drawback from 

these cases is that are mainly two-dimensional and quasi three-dimensional. This was mainly because the 

computer power at that time allowed only for 2D simulations. Therefore, 3D effects cannot be verified 

from STCF’s.  

In sight of such limitation and the acknowledgement of the need to collect new data that reflected more 

closely the operation of modern turbomachines as well as the computational power nowadays available, a 

new project arose namely Flutter-Free Turbomachinery Blades or FUTURE. This project brings together 

in total 25 reputable institutions i.e. companies, research laboratories, and universities to work towards the 

improvement of the state of the art aeromechanical design tools. 

The code validation of the present thesis involves the STCF4 and transonic compressor from FUTURE. 

The test campaign of both of the selected validation cases was performed at the annular non-rotating test-

rig of the Ecole Polytechnique Fédéral de Lausanne EPFL depicted on Figure 10 and Figure 11.  

 

 

Figure 10. EPFL test-rig cross-section 

 

 

Figure 11. EPFL test-rig 

 

3.1 Standard Configuration 4 

The STCF4 was selected as the first validation test case. As described by Bölcs A. and Fransson T. H. 

(1986) this configuration represents a freestanding highly loaded turbine at high-subsonic/transonic 

operation. Instabilities in the first bending mode of such type of turbines have been observed in the past 
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and thus the importance of the present aeroelastic test-case. Such configuration has been compared in the 

past with different numerical methods showing general agreement at subsonic regimes, but significant 

discrepancies at off-design transonic regimes. For such reason the present work focuses on the transonic 

part. The turbine profile along with some of the important case parameters and conditions are shown in 

Figure 12 and Table 3 respectively.  

 

Table 3. STCF4 Test-case conditions 

Geometry 

Chord c [mm] 74.4 

Stagger  [º] 56.6 

Span span [mm] 40 

Tip gap gap [mm] 0.26 

Time-Average 

Mach in M1 [-] 0.28 

Mach out M2 [-] 0.9 

Flow angle in 1 [º] -45 

Flow angle out 2 [º] -71 

Total Pressure P0 [kPa] 205.8 

Time-Dependent 

Frequency f [hz] 150 

Vib. Direction  [º] 60.4 

IBPA  [º] -180:90:180 

Amplitude h [-] 0.0038 

 

 

Figure 12. STCF4 Turbine cascade representation (from 
Bölcs A. and Fransson T.H., 1986) 

 

 

The blades vibration amplitude, frequency and IBPA were controlled to represent the first bending mode 

of the structure, which is a coupled axial/normal bending mode represented by a vector with magnitude ℎ 

and direction 𝛿 from the chord line. The blades were attached to a hub supported on a spring. The 

oscillation mechanism was designed so that the spring would take most of the deformation in order to 

allow for the assumption of blade rigid body motion.  

3.2 FUTURE EPFL compressor 

One of the parts of the FUTURE project concerned the study of a transonic compressor based on a 

Volvo aero design used for a similar test at TU Darmstadt. Due to some constraints of the EPFL test-rig 

the compressor was modified into a prismatic blade with the profile of the 90% span of the base 

compressor. Eight industry and research partners participated providing with their state of the art 

simulation results that each one obtained. There is a rich pool of solution for comparison from 

simulations with diverse numerical settings and modeling detail.  
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Table 4. FUTURE EPFL compressor test conditions 

Geometry 

Chord c [-] 1.73 

Span span [-] 1 

Tip gap gap [-] 0.01 

Time-Average 

Mach in M1 [-] 0.713 

Flow angle in 1 [º] -62.5 

Static Pressure 

ratio 
P2/P1 [-] 0.97 

Reduced 

frequency 
k [-] 0.57 

Time-Dependent 

Vib. Direction  [º] 90 

IBPA  [º] -180:18:180 

Amplitude h [-] 0.1 

 

 

Figure 13. FUTURE EPFL compressor profile (from 
FUTURE report FTR-WP1-EPFL-2 Cheanaux V., 2011) 

 

4 Methodology  

The same methodology was followed for both cases i.e. STCF4 and FUTURE EPFL compressor. In the 

same way, the methodology followed for the linear and non-linear analysis is also similar with a few minor 

differences (see Figure 14). The process can be broke down to pre and post processing (and calculation, 

but this is computer’s work only). The pre-processing part consisted of the following: 

 Creation of computational mesh 

 Steady-state flow 

 Imposition of rigid-body modes 

 Run of unsteady/linearised simulation 

As part of the same methodology both cases will be presented in parallel.   
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Figure 14. Methodology 

 

4.1 Mesh  

Both meshes were created using a GKN Aerospace in-house tool called Volmop. This tool allows for very 

versatile, quick mesh generation. However, unlike fully automatic mesh generators Volmop demands 

certain user experience and familiarity to GKN Aerospace’s in-house tools. The meshing tool works by 

reading a series of commands stated in a file(s). Modules, which are nothing more than parameterised 

input files definitions of specific topologies, exist for some turbomachinery geometries such as typical 

compressors and turbines. The compressor and the turbine were both meshed with the same topology. 

Meshing the turbine was a rather tedious and cumbersome process. Most structured meshes with simple 

topologies commonly run into problems when dealing with highly curved turbines at high incidence angle, 

and this was not the exception.  As shown on Figure 16 the cells tend to get very skewed in the after part 

(50-100% axial chord) of the passage. Improving the quality of the mesh becomes an optimisation 

problem of conflicting demands due to the periodic nature of the mesh i.e. 1:1 connectivity from the 

upper and lower circumferential boundaries. In order to stretch the skewed cells it is needed to rearrange 

their configuration by either stretching ones side or compressing the opposite side. This would indeed 

reduce the skewness of one group of angles, but it would make the other group worst. Another limitation 

to this approach is that there is limit on how much you can move the singularity points (vertex). This is 

dictated mainly by the module’s structure, and in this particular case the inclusion of the tip gap, which 

plays an important role in the meshing procedure. Closing a tip gap in the mesh causes extra 

complications since the meshing approach for solid and hollowed profiles is quite different.  

The mesh that yielded the best quality was selected for the process throughout the validation case (see 

Figure 16). However, even such mesh did not possess a great quality having a minimum Jacobian of less 

than 0.2. Mesh sensitivity studies were performed in order to ensure mesh independent results. Having the 

experience of the turbine mesh and without the issue of the curvature the meshing of the compressor 

went on smoothly. Figure 15 shows the result of the later one. Some important parameters of the meshes 

are described on Table 5. 
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Figure 15. FUTURE EPFL compressor mesh 

 

 

Table 5. Mesh parameters 

  

FUTURE 
EPFL STCF4 

Nodes 

Radial 65 49 

Blade profile 420 166 

tip 8 5 

O-grid 20 20 

blade 2 blade 25 16 

Total 1.10E+06 2.20E+05 

Min. Jacobian 0.27 0.17 

delta y 1.00E-06 5.00E-05 

 

Figure 16. Mesh of STCF4 turbine blade 
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4.2 Steady State 

Steady state solutions are used as initialisation for ANSYS cfx and for LINNEA. In both cases it is 

essential to provide with a steady solution that resembles as closely as possible the actual flow. In principle 

a good set of boundary conditions from the experimental result should provide a good steady flow 

agreement between CFD and experimental values. Nonetheless, in practice there are a number of factors 

that can lead to disagreement. Examples of such factors are modelling details (e.g. inclusion of tip gaps, 

cavity flows, fillets etc.), measurement uncertainties, mesh dependent results, and inadequate computation 

settings (e.g. turbulence model, and convection schemes among others). Throughout the validation 

process a lot of time was spent in the tuning of the steady-state solution, especially for the transonic 

compressor. Given the experimental boundary conditions, the steady results were first verified for mesh 

dependency, followed by the effect of the simulation settings. It was noticed that these were not the 

source of the discrepancies, furthermore it was noticed that the location of the measurement planes was 

too close to the LE in the STCF4 and too close to the TE in the FUTURE compressor so that these 

needed to be changed to avoid the inlet/outlet closing of the CFD boundaries. Such modifications 

required an adjustment of the boundary conditions. Apart from such modification, the STCF4 case 

needed an adjustment of the in-flow angle since the measurement seems to be off by about 5 degrees. In 

the case of the FUTURE compressor steady flow the cavities made it difficult to tune the flow. As a 

matter of fact some of the industry partners involved in the project referred to it as “the main challenge” 

of the process. More of the details are pointed out in the result section.      

4.3 Blade Motion 

It is common for aeromechanical test cases to use blades supported on springs so that when excited the 

spring would absorb most of the deflection allowing for the assumption of rigid body modes. Figure 18 

shows the assembly used for the FUTURE compressor case. The rigid-body mode simplification makes 

things easier for both, the experimental measurements/control as well as for the simulations. For code 

validation purposes only, the modal analysis becomes unnecessary provided the frequency, amplitude, and 

direction of the blade motion is given. The bending deformation becomes a function of the radius. 

 The blade motion was prescribed differently for the commercial and the in-house code. The later one is 

completely defined by a rotation amplitude, a vector normal to the motion plane, and the oscillation 

frequency. The former was specified by a field rotated about a fictional zero deflection point (pivot). The 

steps taken to generate such fields are described below. 

1. The coordinates of the blade surfaces are imported in MATLAB 

2. Translate the set of coordinates to coincide with the pivot point 

3. If the blade motion is not normal to the chord line, a new coordinate system aligned with the 

direction of the motion is defined through a rotation as 

∝=
𝜋

2
− (𝛿 + 𝛾) 

 

[

𝑥𝑟

𝑦𝑟

𝑧𝑟

] = [
cos (∝) 0 −sin (∝)

0 1 0
sin (∝) 0 cos (∝)

] 

Where 𝛿 denotes the direction of the motion and 𝛾 the stagger angle.  

4. The blade is then rotated as to coincide with the amplitude given by the experiment as 

𝜑 = 𝑠𝑖𝑛−1(
|𝐴|

∆𝑅
) 

[

𝑥𝑚𝑎𝑥

𝑦𝑚𝑎𝑥

𝑧𝑚𝑎𝑥

] = [

1 0 0
0 cos (𝜑) −sin (𝜑)
0 sin (𝜑) cos (𝜑)

] 
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Where |𝐴| represent the amplitude at a reference point, and ∆𝑅 is the radial distance from that 

measuring point to the pivot point 

5. The blade is then rotated and translated back to its original position 

6. The initial and final position of the blade are written in a CSV file 

7. These are imported and expanded (circumferentially rotated) in ANSYS cfx 15.0 

In Figure 17 it can be observed the original position of the blade and the position at maximum amplitude 

(amplitude scaled by 100x). 

 

 

Figure 18. Vibrating blade assembly retrieved from EPFL 
webpage 

 

4.4 Time-marching and Time-linearised definitions 

The last part of the methodology consists in defining the settings for the unsteady simulations. Such 

parameters define the setup of the unsteady calculations. These values are arbitrarily defined and later on 

they are checked to ensure convergence. Table 6 summarises the settings of both cases and both solvers. 

It is during this stage that the motion of the blade is defined. It is not uncommon to run into mesh 

problems when defining a moving grid even if this was not the case for the steady solution. The blade 

motion leads to distortion of the mesh, so that lower quality mesh or even negative cells can show up. 

There are a number of ways to deal with such problem.  

 Increase Mesh stiffness and/or volume 

 Using advanced deformation schemes  

 Scaling down vibration amplitude/ increase number of time-steps 

At some point all of the above listed were used. The first two methods are mentioned and recommended 

in the ANSYS CFX tutorial, as for the last one it can be inferred that the smaller the deformation of the 

grid, the less it would generate problems for excessive deformation, and the more time-steps the smoother 

the deformation would take place.    

 

 

 

 

Figure 17. Rigid-body mode FUTURE compressor 
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Table 6. Unsteady simulation settings 

 FUTURE EPFL STCF4 

Solver ANSYS CFX/LINNEA 

Turbulence model k- k-

Tip gap   

Cavities   

 ANSYS CFX 15.0 

Steady-state initialisation CFX CFX 

Blade Motion Prescribed Prescribed 

Time steps per cycle 64 64 

Number of cycles 18 7 

Number of passages 2 2 

Fourier Coefficients 7 7 

 LINNEA 

Steady-state initialisation CFX VOLSOL++ 

Blade Motion Prescribed Prescribed 

Iteration per Kyrlov vector 100 100 

Number of Kyrlov vectors 80 40 

Number of passages 1 1 

 

5 Results 

The results are presented one case at a time in order to avoid any confusion between them. Moreover, 

these will be presented following the order stated in the methodology, as this was the actual chronological 

order and it was found to be easier to follow.  

5.1 STCF4 

The standard configuration 4 was the first simulated case. The main results are presented below. 

5.1.1 Steady-state 

The steady-state solution was evaluated by comparing the computed surface pressure coefficient and the 

experimental values at mid-span as shown in Figure 19.  The plot shows the solutions calculated from 

ANSYS CFX using different mesh densities, and the solution from VOLSOL++, which is an in-house 

code from GKN Aerospace. The three solutions agree almost perfectly. The agreement between the base 

and the refined mesh shows that the steady-state results are mesh independent. It is important to mention 

that such good agreement was not obtained at first. It was observed that the inflow angle provided from 

the experimental data was off by about 5 degrees, which was causing a mismatch at the front part of the 

blade. As the CFD inlet/outlet boundaries were modified the back pressure had to be adjusted in order to 

match the isentropic Mach number at the mid-span position. Some important values at the boundaries are 

summarized in Table 7.  
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Figure 19. Surface Pressure coefficient comparison STCF4 

 

Table 7. Boundary conditions STCF4 

  Experiment ANSYS CFX 15.0 VOLSOL++ 

Inlet Outlet Inlet Outlet Inlet Outlet 

Mis [-] 0.28 0.9 0.28 0.85 0.28 0.8 

Beta [degrees] 45 -71 -49.8 -70.6 -50.1 -71.1 

Ps [kPa] 194.9 121.2 194.9 122.742 195.168 126.715 

P0 [kPa] 205.8  205.625 196.966 205.787 192.781 

 

5.1.2 Unsteady Pressure 

The assessment of the unsteady resolution of both solvers is evaluated by comparing the unsteady 

pressure coefficient in terms of its amplitude and the phase along the blade surface. The pressure 

coefficient is normalized with respect to the reference dynamic pressure and the ratio between the blade 

chord and vibration amplitude.  

Two of the simulated IBPA’s are presented on Figure 20. In the top two plots, the blades have an 

IBPA=180° i.e. each of the blades moves in opposite direction than its immediate neighbor blade.  The 

phase along the surface shows good agreement between the two solvers and the experiment. There are 

however slight differences close to the TE in the suction side. The amplitude plots show more notorious 

differences especially in the suction side and close to the TE in both sides. There is an abrupt increase in 

the ANSYS CFX solution close to the TE in the suction side, which is not physical. This peak shows up 
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in all the calculated IBPA’s, and one possible cause is the mesh. It is important to mention that a mesh 

independent steady solution does not guarantee mesh independent unsteady results. Moreover, the quality 

of the moving grid is lower than that of the static one. The two plots from the bottom are the cases of a 

zero inter-blade phase angle i.e. they all vibrate in synchrony. In these plots the agreement is less clear. It is 

not easy to judge with such big error bars, for instance both solutions fit inside the experimental ranges in 

the amplitude at the suction side, nonetheless the solutions look very different in shape. In the phase it 

can be observed that the solution of ANSYS CFX predicted a phase shift in the pressure side whereas 

LINNEA does not. The pressure phase in the suction side has experimental and predicted values all over 

the place with very large experimental error bars. 

 

Figure 20. Unsteady pressure coefficient at mid-span STCF4 

 

5.1.3 Aerodynamic damping 

The final result of flutter analysis in the present context determines whether the flow acts in a stabilizing 

or destabilizing way. This can be read from the stability curve that plots the aerodynamic damping at each 

IBPA. The sign convention of the stability curve is based so that negative aerodynamic damping indicates 

unstable operation i.e. positive fluid work, and a positive aerodynamic damping indicates stable operation. 

Figure 21 shows the aerodynamic damping calculated from ANSYS CFX and LINNEA compared to 

experimental values and previous calculations. It is important to mention that the values from ANSYS 

CFX and LINNEA where obtained at the entire blade whereas the experimental and the FINSUP values 

where evaluated at mid-span. Such plot was made early during the thesis, and some partial loss of data 

made it impossible to plot the values at mid-span. Yet, the values seemed to agree better than the 

predicted by FINSUP with the exception of the IBPA=-90°. For such IBPA the experiment yielded 

negative aerodynamic damping values that were also captured by FINSUP, however, the values at the 

entire blade do not indicate such instability. Nonetheless the calculated aerodynamic damping at that point 

is indeed very low. The excellent agreement shown between CFX and LINNEA corroborate the 

equations are being solved correctly in LINNEA.  



-33- 
 

 

 

Figure 21. Stability curve STCF4 

5.1.4 Influence of time-steps per period 

As part of sensitivity studies the influence of the time steps per period was investigated. The four different 

IBPAs were simulated at 32, 64 and 128 (power of 2, to apply fast Fourier transform) time steps per 

period, for 7 periods. As all the settings were identical, the results were compared in terms of the 

aerodynamic damping as shown by Figure 22. It can be observed that the number of time-steps has a 

different effect at each IBPA. Moreover, it shows even different trends, for instance for the IBPA=+/-

180°, the difference in aerodynamic damping seems to vary very slightly, so that the effect is quite small. 

On the contrary for the rest IBPA there seems to be a large jump from the 64 to the 128 time steps per 

cycle specially at IBPA=90°.  

 

Unstable 

Stable 

Figure 22. Time-steps per period influence STCF4 
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5.2 FUTURE EPFL compressor 

The FUTURE compressor test campaign was more recently performed at the same test rig. The provided 

experimental data for boundary conditions, steady and unsteady flow measurements are much more 

detailed allowing for a more extensive study of the unsteady aerodynamics. Due to time constraints the 

only operated point that was used for the validation case is the transonic case. Such operating point was 

selected, as transonic flows are usually more sensible resulting in larger scatter of results.  

5.2.1 Steady-state 

The boundary conditions to be used for the numerical predictions are based on averaged measurements 

up and downstream of the blade. Such information is provided as a set of circumferentially averaged 

values at different radial positions as can be appreciated in Figure 23. It can be observed that the CFD and 

measured BC’s are not exactly on top of each other as might be expected. One of the reasons was found 

to be the degree of modelling detail more specifically the exclusion of the cavities present in the test case. 

The base in which the blade is mounted has some slots (gaps) at the hub that allow the blade to oscillate. 

These led to flow leakage, which has an impact on the flow field. Chenaux V. who was in charge of the 

experimental tests at EPFL published a paper where she concluded that at transonic regimes the inclusion 

of cavities was important for the steady-state assessment, specifically to determine the location of the 

shock and the amplitude. However, the present work as well as some industry partners in the project did 

not include the cavities in the modelling. But rather opted on modifying the obtained boundary conditions 

in order to get as good matching with the experimental blade load as possible. The boundary conditions at 

the inlet plane were slightly changed, however they still agree well with the experimental values as shown 

by Figure 24. On the other hand the boundary conditions downstream do not agree as well. All the 

industry partners encountered such disagreement. 

The computed blade load in terms of the isentropic Mach number at three different blade span positions 

(20, 50 and 90%) is shown at Figure 25. In the first half of the suction side the isentropic Mach number at 

90 and 20% blade span are slightly off. . It can also be observed how the peaks from the shock at the 

suction side are slightly shifted. Moreover, at 50 and 90 percent the solution did not entirely captured the 

isentropic Mach number at such peak. At first the issue with the peak at 80% of the suction side was 

thought to be due to a too coarse mesh; however, it can be shown at Figure 26 that the steady load from 

the base and the refined meshes are on top of each other with almost twice the number of cells. The 

contour Mach number at the three span positions (see Figure 27) shows that especially close to the tip the 

flow has a non-uniform radial distribution.   

 

FUTURE Deliverable Report 139 2014-01-29 

 

Report No FTR-5-72-73-74 

 

Figure 119: General scheme of the Non-Rotating Annular Test Facility 

 

Figure 120: A: Single blade vibration system. B: Assembly including the 20 blades vibration systems and 
forming the annular compressor cascade. C: View from of the cavity associated to the cascade 

configuration (from downstream plane), blue points represent both pairs of cavity pressure measurement 

locations. 

 

Figure 121:  Instrumentation. Left hand side: Blade instrumented spans. Center: Blade steady-state 
pressure tap positions. Right hand side: Upstream and downstream measurement plane positions.  

 

Figure 122: Computational setups. Left hand side: Setup with blade passage only.  

Center: setup including the cascade's cavity. Right hand side: Computational grid including the cascade's 
cavity. 

Figure 23. Location of measurement instrumentation (retrieved from FUTURE report no. FTR 5 -72) 
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Figure 24. Boundary conditions FUTURE compressor 

 

 

 

Figure 25. Steady-state blade load at different blade spans 
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Figure 26. Steady-state blade load 

 

 

Figure 27. Contour plots of Mach number at different blade spans 
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5.2.2 Unsteady Pressure 

The phase and amplitude of the unsteady pressure coefficient of some selected IBPAs are shown, the rest 

of the IBPA’s can be found at the appendix. The first selected IBPA is shown on Figure 28. This IBPA 

was selected given that the aerodynamic work predicted from ANSYS CFX is very close to the 

experimental value unlike most of the other solutions. Both of the calculated pressure coefficient 

amplitudes agree well with the experimental values with some minor differences at the shock positions in 

the pressure and suction side. Some of the solutions from the industry partners, namely number 2 and 7 

predicted a very sharp peak at the shock position in the suction side, however the experimental data 

indicates a much lower value. The plot from the phase shows a very good matching almost everywhere for 

the CFX solution. Only the phase shift was predicted slightly closer to the TE in the pressure side than 

the experimental results. Such phase shift was only predicted by the solution from ANSYS CFX and the 

solution number 1 (based on a harmonic balance solver).   

 

Figure 28. Unsteady pressure coefficient IBPA=0º (lower plot retrieved from Sicot F., 2013) 

The unsteady pressure at the three measuring span positions is shown in Figure 29 for the calculated 

present solutions and in Figure 30 for the other partner solutions. The LINNEA predictions of the 

pressure coefficient amplitude match very well for the 20 and 90% blade spans. It can be seen that apart 

from LINNEA and solutions number 5 and 6 the rest of the pressure coefficients amplitudes (including 

the ones from ANSYS CFX) were low as compared to the experimental values. In the suction side the 

pressure coefficient phase predicted correctly only at mid-span. At 20 and 90% the calculated phase varies 

slightly from the mid-span values, whereas the experimental values seem to vary more strongly from the 

mid-span values.        
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Figure 29. Unsteady pressure coefficient at different blade spans IBPA=-36º 

 

Figure 30. Partner solutions of unsteady pressure at different blade spans (retrieved from Sicot F., 2013) 
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5.2.3 Aerodynamic damping and work 

The obtained stability curve was superimposed in order to compare to experimental results and an 

envelope showing the highest and lowest values obtained from the industry partners at each IBPA (see 

Figure 31). The plot shows the integrated aerodynamic damping at mid-span. From the plot it can be 

observed the large scatter among solutions, as it is common for transonic cases. Such scatter is more 

prominent at positive IBPAs. The width of the envelope, and differences between CFX and LINNEA 

solutions increase at positive IBPAs as well. Moreover, the discrepancies with the experimental values 

become more prominent as well. The solution from LINNEA fits inside the envelope at almost all IBPA 

with a couple of exceptions. Nonetheless, compared to the experimental values LINNEA solution over-

predicts the aerodynamic damping at all IBPAs with exception of two values. The solution from ANSYS 

CFX is the case with the lowest predicted aerodynamic damping values, and unlike most of the other 

solutions it under-predicts the aerodynamic damping with respect to the experimental values at several 

IBPAs. From a design perspective the later would lead to a safer, more conservative approach, whereas 

the LINNEA solutions would lead to an unsafe approach. Although for confidentiality issues the curves 

from the partners are not shown, in general the predictions from linear solvers provide higher values than 

those of the non-linear solvers and harmonic valance solvers.  

 

 

 

5.2.4 Code efficiency 

The highest fidelity representation of the real flow comes from time-marching viscous solvers since it 

takes into account all non-linearities. However, the high computational demand (especially computation 

time) from time domain approaches is the main reason why nowadays frequency domain solvers are still 

used as industry design tools. It is to be expected from the frequency domain to be more efficient as these 

solve for a frequency rather than a time span and indeed such trend is observed from Table 8. Such values 

are in perfect agreement with Saiz G. (2008) review of flutter analysis methods (see Table 2) where he 

estimated that the computational cost of linearised solver is about 10% of time-domain approaches. From 

such values it can also be observed that despite the continuous increase of computational power time 

Figure 31. Stability curve FUTURE compressor 
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domain approaches are still very slow with computations on the range of days per IBPA. Using a single 

ANSYS CFX license and 10 nodes per computation it would take about 58 days to compute all 20 IBPAs, 

whereas with LINNEA 5 days using 6 nodes.  For the comparison it has been considered serial 

computations i.e. one simulation after the other, since parallel computations take several licenses, which is 

a serious limitation in the industry environment. However, this is not the case with LINNEA given that 

for internal purposes (inside GKN Aerospace) it does not require any license so that parallel computations 

are possible allowing for a reduction of simulation time from 5 days to about 6 hours. In other words, 

LINNEA requires less time per calculation, and these calculations can be performed in parallel without 

licensing issues. The limitation then becomes the number of nodes available.       

 

Table 8. Computation time FUTURE compressor 

FUTURE EPFL TEST-CASE 

 

CFX (10 nodes) LINNEA (6 nodes) 

IBPA  

Total Wall Clock Time   CPU-TIME 

Seconds Days Hours Minutes Seconds Seconds Seconds 

-54 2.50E+05 2 21 21 36.871 1.86E+06 1.74E+04 

-36 2.31E+05 2 16 6 19.952 1.70E+06 2.04E+04 

-18 2.54E+05 2 22 28 17.063 1.88E+06 2.08E+04 

0 2.65E+05 3 1 38 24.506 1.98E+06 1.94E+04 

18 2.60E+05 3 0 5 11.04 1.93E+06 2.13E+04 

36 2.52E+05 2 21 59 49.19 1.89E+06 2.09E+04 

54 2.58E+05 2 23 43 42.955 1.93E+06 1.91E+04 

72 2.68E+05 3 2 17 42.503 1.89E+06 1.82E+04 

90 2.53E+05 2 22 18 31.837 1.86E+06 1.76E+04 

Average 2.48E+05 2 20 51 58.1818 1.83E+06 1.93E+04 

 

5.2.5 Effect of time discretisation 

As part of a sensitivity analysis the effect of the time discretisation i.e. time-steps per periods was studied. 

The computation of IBPA=0° was performed using 32, 64 and 128 time-steps for 18 periods of 

oscillations. The integrated aerodynamic damping calculated on the blade is compared in the upper left 

plot of Figure 32. From such plot it can be observed that the effect of the time-step per periods is very 

low (in the third decimal) going from the largest value at 32 and the lowest at 128. The lower plot shows 

the huge difference in number of iterations, which directly relates to the computational time. The number 

of iterations grows in the same rate as the time-steps per cycle (in a quadratic way). It is very interesting to 

note how the simulation required a certain number of cycles in order to converge as shown by the upper 

right plot. When plotting the work as a function of the periods (physical time) it seems to be almost 

independent of the number of time-steps per cycle. The finding suggests that using 32 time steps might 

have been appropriate. However, as shown in the previous case (the standard configurations) the effect of 

time discretisation can vary for different IBPAs.  
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Figure 32. Influence of time-step per cycle 

 

6 Conclusion  

Two aeroelastic test cases were used in order to validate the in-house code LINNEA and the new feature 

TBR from ANSYS CFX. Flutter analysis of the STCF 4 and FUTURE compressor cases was performed 

at transonic conditions. 

In the case of the standard configuration 4, there was a very good agreement of the aerodynamic damping 

between the two solvers at all IBPAs.  The comparison with the experimental aerodynamic damping 

shows some discrepancies from the predicted values. However, it was pointed out that one of the likely 

reasons was that the experimental values were obtained at mid-span whereas the predicted values were 

obtained at the entire blade (as it was mentioned earlier partial loss of data made it impossible to show the 

integrated values only at mid-span as the experiment). The unsteady pressure coefficient show reasonable 

agreement between both of the predictions and the experiment. For future work, it would be very 

interesting to look at the local aerodynamic work of IBPA=-90 where the experimental measurements 

determined negative damping.  

In the FUTURE compressor case the predicted aerodynamic coefficient show discrepancies between the 

two solutions and the experimental values. However, it was observed that both solutions sit inside the 

envelope of solutions from the partner solutions at most IBPAs. Some IBPAs showed very good 

agreement for a particular solver. ANSYS CFX predicted very well the aerodynamic damping at IBPA=0° 

and -18° and LINNEA at IBPA=-90° and -72°. Moreover, the minimum aerodynamic damping, which 

determines the stability of system was found at IBPA=-18° for ANSYS CFX, and IBPA=0° for 

LINNEA. According to the FUTURE report FTR 5-72, all the solutions shown in Figure 31 were 

obtained using only 2 different solvers apart from ANSYS CFX and LINNEA. Yet the envelope is rather 

large. This highlights the importance of the modelling/setup of the simulation for transonic flows. The 

advantages of the use of linear solvers in terms of computational time were shown to be consistent with 

previous literature reviews (see Table 2) with time computations of linear solvers about 10% as compared 

to non-linear time marching solvers. It ought to be mentioned that the sensitivity studies show potential to 
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reduce the computational costs of the time domain solvers by reducing the number of time steps per 

cycle, and/or reducing the number of Fourier coefficients of the phase-shifted boundary conditions. 

In general the validation process shows congruent results for both of the solvers. As explained above, the 

fact that the solutions fit inside or very close to the envelope in the case of the FUTURE compressor 

indicates that the resolution of the equations is performed correctly. This is rather important for LINNEA 

as a newly developed solver. The discrepancies with the experimental results indicate that the modelling of 

the case may not be ideal. At the same time it ought to be remembered that transonic cases are more 

sensible and often result in large scatter of results. Moreover, it was suggested by my academic supervisor 

Paul Petri-Repar that an identification of the resonant IBPA can determine whether the acoustic modes 

are cut-on or cut-off, which could possibly explain why the discrepancies are larger at positive IBPAs. 

This is a clear candidate for future work. 
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Appendix I. Pressure Coefficient FUTURE compressor 

 

Figure 33. Unsteady pressure coefficient comparison IBPA=-72º 

 

Figure 34. Unsteady pressure coefficient comparison IBPA=-54º 

 

Figure 35. Unsteady pressure coefficient comparison IBPA=-36º 

 

Figure 36. Unsteady pressure coefficient comparison IBPA=0º 
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Figure 37. Unsteady pressure coefficient comparison IBPA=18º 

 

Figure 38. Unsteady pressure coefficient comparison IBPA=36º 

 

Figure 39. Unsteady pressure coefficient comparison IBPA=54º 

 

Figure 40. Unsteady pressure coefficient comparison IBPA=72º 
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Figure 41. Unsteady pressure coefficient comparison IBPA=90º 
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Figure 42. Unsteady pressure coefficient comparison different spans IBPA=-18º 

 

Figure 43. Unsteady pressure coefficient comparison different spans IBPA=-36º 
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Figure 44. Unsteady pressure coefficient comparison different spans IBPA=-54º 

 

Figure 45. Unsteady pressure coefficient comparison different spans IBPA=-72º 

 

 


