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Abstract 

The general trend of efficiency increase, weight and noise reduction has 
derived in the design of more slender, loaded, and 3D shaped blades. 
This has a significant impact on the stability of fan, and low pressure 
turbine blades, which are more prone to aeroelastic phenomena such as 
flutter. The flutter phenomenon is a self-excited, self-sustained unstable 
vibration produced by the interaction of flow and structure. These work-
ing conditions will induce either blade overload, or High Cycle Fatigue 
(HCF) produced by Limited Cycle Oscillation (LCO).  

The main objectives of the present work are on the investigation of the 
aeroelastic properties of a high-lift low-pressure in the light of the local 
flow features present in such profiles, in nominal and extreme off-design 
conditions both in high and low subsonic Mach number, for three dif-
ferent rigid body modes. In addition, the validity of the linearity assump-
tion of the influence coefficient technique has also been investigated, in 
order to expand the understanding of the physical limits of this assump-
tion. 

This work has been designed as experimental investigation in the influ-
ence coefficient domain focused on a high-lift low pressure-turbine de-
signed by ITP within the framework of the European FP7 project FU-
TURE. These experiments have been carried out in the Aeroelastic test 
rig (AETR), at KTH Stockholm, which consist of an instrumented annu-
lar sector cascade with a single oscillating blade. The results acquired 
have been supported by numerical results provided by a non-propietary 
commercial software package (ANSYS CFX).  

The results suggest that the typical three-dimensional effects associated 
secondary flow features and tip leakage flows have a significant influence 
on the aeroelastic performance and the cascade stability. However the 
major influence appears as a consequence of the separation surface on 
the pressure side which appears at extreme off-design operating condi-
tions. The contribution to stability of this local feature depend on the os-
cillation mode showing for the axial and torsion mode a neutral stability 
contribution, which is directly associated with the geometrical properties 
of the cascade. However, on the circumferential mode this separation 
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surface has a stabilizing effect much more independent of the blade ge-
ometry.  

The study of the linearity assumption of the influence coefficient domain 
has revealed, that an apparent linear relation between the integrated un-
steady response and the vibrational amplitude, does not necessary imply 
that the local unsteady response is linear with respect to the oscillation 
amplitude. The results also suggest that the validity of the linearity as-
sumption is more sensitive to high oscillation amplitudes at high Mach 
conditions. 
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Sammanfattning 

Den generella utvecklingstrenden för flygmotorer visar på en högre 
bränsleeffektivitet, lättare konstruktioner och minskning av oljud. Detta 
har lett till slankare 3D-profilerade blad med högre belastning. Det har i 
sin tur en direkt inverkan på vibrationsstabiliteten hos fläktblad och blad 
i lågtrycksturbinen som är känsliga för aeroelastiska fenomen såsom 
fladder. Fladderfenomenet är i sig självt egeninducerande och instabila 
vibrationer orsakat av interaktioner mellan flödet och strukturen. Fladder 
är ett högst allvarligt problem i flygmotorer som oftast leder till utmatt-
ningsbrott i bladet efter ett lågt antal vibrationscykler. 

Huvudmålsättningarna med detta arbete är att undersöka de aeroelastiska 
egenskaperna för en högbelastad lågtrycksskovel under normala och ex-
trema lastförhållanden både i subsonisk strömning och på gränsen till 
transonisk strömning för tre olika bladmoder (rigid body modes). Vidare 
har giltigheten för linjär superpositionering av påverkningskoefficienter 
(influence coefficient technique) undersökts för att förstå de fysikaliska 
begränsningarna i detta antagande. 

Studien har lagts ut som en experimentell undersökning i domänen av 
påverkningskoefficienter för en högt belastat lågtrycksskovel designad av 
ITP inom projektet FUTURE under det sjunde europeiska rampro-
grammet (FP7). Experimenten har utförts i den aeroelastiska provriggen 
”AETR” på KTH i Stockholm. Den består av ett instrumenterad ring-
formigt sektorgitter där ett blad oscilleras under kontrollerade former. 
Resultaten stödjs med numeriska beräkningar i ett kommersiellt beräk-
ningsprogram (ANSYS CFX).  

Resultaten antyder att de typiskt tredimensionella effekterna relaterade 
till ändväggsflöden (secondary flow features) och toppläckageflöden har 
en markant påverkan för den aeroelastiska prestandan och gitterstabilitet. 
Emellertid så fås den största påverkan av en lokal flödesseparation på 
trycksidan av bladet som uppstår vid extrema dellastpunkter. Bidraget till 
stabiliteten från detta lokala separationsfenomen beror på vilken oscille-
rande mod som beaktas där påverkan på den första axiella böjmoden och 
första vridmoden är neutrala, något som är direkt relaterat till de geomet-
riska parametrarna för gittret. Däremot för den första tangentiella böj-
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moden så har denna flödesseparation en stabiliserande effekt oberoende 
av bladgeometri. 

Superpositioneringsstudien av påverkningskoefficientdomänet visar på 
ett klart linjärt förhållande mellan det integrerade, instationära trycket 
och vibrationsamplituden. Detta betyder inte nödvändigtvis att den lo-
kala instationära responsen är linjär med avseende på oscilleringsampli-
tuden. Resultaten visar också på att det linjära antagandet är mer känsligt 
för höga oscilleringsamplituder vid höga Machtal.       
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Abbreviat ions and 
Nomenclature 

Latin Symbols 

𝐴 blade oscillation amplitude (deg) 

𝑐   blade chord 

𝑐𝑝  static pressure coefficient   

�̂�𝑝  complex static pressure coefficient amplitude 

𝑐𝑣  specific heat at constant volume 

𝑑𝑓   infinitesimal force  

𝑑𝑚   infinitesimal moment  

𝑑𝑠   infinitesimal surface element, per unit span 

𝑓  frequency 

𝐹� effective complex force; forces projected on a mode 
shape 

G   damping matrix 

ℎ�⃗�  complex mode shape vector 

i   i = √−1 

𝑖  internal energy 

𝐼𝑚  imaginary part of a complex number 

𝑘   reduced frequency, probe calibration coefficients 
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𝐾   stiffness matrix 

𝑚   mass 

𝑀   mass matrix, Mach number 

𝑛,𝑚   blade indices 

𝑛�⃗   normal vector to surface element 

N   number of blades 

p   pressure 

𝑝𝑠   static pressure 

�̅�   mean pressure 

𝑝�  time-varying perturbation pressure 

�̂�  complex unsteady pressure amplitude  

Q   modal displacement vector 

𝑟  vector from a point to the centre of torsion 

R  ideal gas constant 

𝑡  time 

𝑇   oscillation period, temperature 

𝑢   flow velocity 

𝑢,𝑣,𝑤   cartesian velocity components 

𝑊𝑐𝑦𝑐𝑙𝑒  work per cycle 

𝑊  vorticity 

x, y, z  cartesian coordinates 

X   displacement vector 
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Greek Symbols 

𝛼  yaw angle, circumferential angle 

𝛽  pitch angle, radial angle 

∆  increment 

𝜁𝜁  torsion orthogonal mode coordinate, torsion direction 

𝜂𝜂  circumferential orthogonal mode coordinate, circumfer-
ential  direction 

𝜃 blade oscillation angle measured 

𝜆  wave length 

µ  flow mass ratio, dynamic viscosity 

𝜉𝜉  axial orthogonal mode coordinate, axial direction 

𝛯   stability parameter 

𝜌   density 

𝜎  interblade phase angle 

𝜏  viscous stress 

𝜑,𝜙  phase angle, mode shape matrix 

𝜔  angular frequency, natural frequency 

Subscripts 

0  total 

1   cascade inlet 

2   cascade outlet 

ae   aerodynamic 

avg   average 
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ax   axial 

b  backward 

circ  circumferential average 

damping  related to damping 

disturbance  related to disturbance 

dyn   dynamic 

f  forward 

ic   influence coefficient 

outlet   cascade outlet 

phase  phase of complex quantity 

ref   reference 

sec  secondary flow related 

Abbreviations 

arc  normalized arcwise coordinate, (positive suction side, 
negative pressure side) 

avg  average 

BLD  blade 

CFD   computational fluid dynamics 

EXP  experimental result 

HPT   Heat and Power Technology 

HS  hoseshoe vortex 

IBPA   interblade phase angle   

IC, INFC influence coefficient 
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KTH Kungliga Tekniska Högskolan                                
(Royal Institute of Technology) 

LPT   low-pressure turbine 

LE   leading edge 

LSB  laminar separation bubble 

OP  operating point 

NUM  numerical result 

PS   pressure side 

PV  passage vortex 

Re   real part of complex number 

Re  Reynolds number  𝑅𝑒 = 𝜌𝑢𝑐
𝜇

 

SS   suction side 

TE   trailing edge 

TV  tip vortex 

TWM   traveling wave mode 

WI  wake interaction 
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1 Background 

1 . 1  F l u t t e r  i n  T u r b o m a c h i n e r y  

The present challenges in turbomachinery are a direct result of the continuous 
improvements performed during the last fifty years. The increase in competitive-
ness, the tightening of the operational and safety requirements, and the environ-
mental challenges, have pushed the introduction of new materials, techniques and 
concepts, which have revolutionized both the power generation and the propul-
sion turbomachinery.  

The design tendencies towards more loaded, slender, and lighter blades, with a 
much more complex three dimensional geometries appear in response to the ne-
cessities of noise, efficiency increase, NOx/COx emissions reduction and the 
weight reduction in civil aviation engines. However the characteristics of these 
blades, makes them more sensitive to the appearance of aeroelastic phenomena. 

 

Figure 1.1  Collar's triangle of forces 

Blades are normally subjected to aerodynamic, elastic and inertial forces. The in-
teractions between them are described in the Collar’s triangle (Collar, 1946), see 

Dynamic 
Aeroelasticity 

Aerodynamic 
Forces 

Inertial 
Forces Elastic forces 

Structural Dynamics 
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Figure 1.1. In the centre of this triangle, the Dynamic Aeroelasticity is defined as the 
simultaneous interaction of Static Aeroelasticity, Structural Dynamics and Rigid-body 
Aerodynamics. Under certain circumstances the equilibrium among these forces be-
comes unstable, producing aeroelastic events, as for example flutter.  

Flutter can be defined as a self-excited and self-sustained vibration of a structure 
that is subjected to aerodynamic forces produced by a fluid. The flow disturbances 
generate an unsteady pressure field, which in turn can excite the structure natural 
modes. The interaction between the three forces may produce an energy transfer 
from the structure to the fluid, damping the vibration, or from the fluid to the 
structure, increasing the vibrational amplitude.  

  

Figure 1.2  Campbell diagram.  Synchronous and non-synchronous vibrations 

The second case is an unstable condition which can lead to two possible scenarios; 
a limit cycle oscillation (LCO) where the amplitude increases until a stable value is 
reached. This occurs because the structural and friction damping shows a non-
linear behaviour with the oscillation amplitude, which produces a dramatic in-
crease of the energy dissipation from a certain displacement (Martel and Corral, 
2013). This situation is potentially dangerous because of high cycle fatigue (HCF). 
The second scenario occurs when the amplitude diverges until catastrophic failure. 
This is known as a fully unstable flutter situation.  

Synchronous Vibrations Flutter Events 

2 

3 

4 

5 
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The blades are subjected to other excitation sources dependent on the rotational 
speed of the machine. These can be either mechanical (such as bearings, gears) or 
aerodynamic (produced by inlet/outlet vanes, the interaction between stationary 
and non-stationary blades). In the Campbell diagram (Figure 1.2) these excitations 
are synchronous and therefore proportional to the rotational speed (engine or-
ders). The crossings of these excitation sources with the blade natural frequencies 
trigger the blade resonance, producing a potentially dangerous situation. However 
the self-sustainability and self-excitability of flutter makes this phenomenon not 
necessarily synchronous with the rotation, making it appear outside of the cross-
ing points. 

The parameters ruling the appearance of flutter, are strongly dependent on the 
system properties. The first flutter events were detected on isolated wings. The 
flow mass ratio (Eq. 1) between the profile and surrounding flow was rapidly 
identified as a favourable factor to flutter occurrence. However on turbine and 
compressor blades this ratio is two orders of magnitude bigger, which lessens the 
impact of this parameter. 

𝜇 = 4𝑚
𝜋𝜌0𝑐2

                     Eq. 1 

Applied to turbomachinery, (Meldahl, 1946) discovered that the stability was 
mainly dependent on the relation between the oscillation frequency, the chord and 
the flow velocity.  

𝑘 = 𝑡
𝑇

= 2𝜋𝑓𝑐
𝑢

= 𝑐
𝜆

     Eq. 2 

This parameter, called reduced frequency (Eq. 2), represents the relation between 
the blade oscillation period and the time that a particle needs to pass one cord. In 
other words, it quantifies the relation between the flow response time with respect 
to the oscillation period. 

 

 

Figure 1.3  Graphical interpretation of mass ratio and reduced frequency. Adapted 
from (Vogt, 2005) 
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The typical flutter reduced frequencies lie between 0.1 and 1. Therefore the most 
critical modes will be the first ones (generally first bending and torsion) because 
these are the modes with lower natural frequencies (Panovsky and Kielb, 2000). 

This is one of the reasons why fan and low-pressure turbines (LPT) are the parts 
most prone to flutter occurrence (Srinivasan, 1997). These blades are both more 
slender, which reduces the first natural frequencies, and more loaded, which re-
duces the ratio between structural and aerodynamic forces.  

 

Figure 1.4  Cross section of engine Rolls&Royce Trent XWB. Adapted from (Rolls-
Royce, 2014) 

In contradistinction to wings, blade flutter is highly dependent on the interaction 
with the neighbouring blades in a blade row. The unsteady pressure field is not 
limited to a single blade environment, hence blades are affected by their own in-
stantaneous movements and by the propagated perturbations produced by the os-
cillation of the neighbouring blades (Figure 1.5). This phenomenon is known as 
aerodynamic coupling. Previous studies have revealed that the major contributions 
are consequence of the blade self-oscillation and the coupling with the immediate 
neighbours (Panovsky and Kielb, 2000; Vogt, 2005; Glodic, 2013). However, this 
influence decays dramatically for the non-neighbouring blades. 

The oscillation of the cascade’s blades, occurs in so called traveling wave modes 
(Crawley, 1988).  In an ideal situation a traveling wave mode (TWM) takes place 
when all the blades  vibrate in the same mode, with the same amplitude and fre-
quency, but with a de-phase between blades. This needs to be compatible with the 
cyclic symmetry of the full annulus. This dephase is known as inter blade phase 
angle (IBPA). 

Fan 

LPT 
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Figure 1.5  Blade row influence phenomenon during Flutter. Adapted from (Vogt, 
2005) 

The phenomenon can be interpreted as a wave that travels along a circumference, 
while its wavelength is a natural divisor of the circumference length (Nodal diame-
ter), Figure 1.6.  

For a determined nodal diameter there are 2 possible wave solutions traveling in 
opposite directions. Eq. 3 represents the IBPA for a forward traveling wave and 
Eq. 4 the backward. 

𝐼𝐵𝑃𝐴 = 𝜎𝑓 = 2𝜋𝑙
𝑁

, 𝑙 = 1,2,3 …𝑁   Eq. 3 

𝜎𝑏 = 2𝜋(𝑁−𝑙)
𝑁

     Eq. 4 

 

Figure 1.6 Nodal diameters of a disk, traveling wave mode shape and correspond-
ing instantaneous blade row geometry. Adapted from (Vogt, 2005) 
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Previously in this chapter, the importance of the blade structural properties has 
been outlined. A decoupled behavior of the structure respect to the aerodynamic 
damping provided by the flow can be assumed, based on the high mass ratio of 
turbine blades (Marshall and Imregun, 1996). This implies that the frequency re-
sponse of the structure is considered independent of the surrounding flow. Sub-
sequently the eigen modes and frequencies are the solution of the dynamic equa-
tion of motion with no external aerodynamic forces applied. 

The structure will experience a natural vibration at the aforementioned eigen fre-
quencies (natural frequencies), oscillating with an specific mode shape (natural 
modes) for each frequency. The modes are characterized by inflexion lines (sta-
tionary points in the vibrating structure), and with a direction of deformation. 
They are grouped in families depending on the allocation of the inflexion lines. 
Assuming a blade as a beam the eigen modes can be decomposed in axial mode 
(edgewise) circumferential mode (flap), torsion mode (twist).       

 

Figure 1.7 Blade first-order eigen modes. Adapted from (Vogt, 2005) 

The blades are assembled on disks which have their own natural frequencies and 
natural modes, being these modes characterized by nodal diameters and nodal cir-
cles. Blade and disk are structurally coupled through the mechanical interaction on 
their joint and furthermore, the different blades are also structurally interrelated 
through the disk. Consequently, the natural modes of the assembly will be influ-
enced by the individual vibratory properties of the disk and blades, and by the 
characteristics of the jointures. Therefore the system modes (assuming un-
shrouded blades) can be divided in: disk dominated modes (where the blades are 
much stiffer with respect to the disk), and blade dominated (where the disk is 
much stiffer with respect to the blades). 

Summarizing, the structural properties will affect the reduced frequency through 
the blades natural frequencies, and the mode shapes will affect the unsteady pres-
sure field. These two causes make the structural properties of paramount im-
portance towards flutter (Nowinski and Panovsky, 2000; Panovsky and Kielb, 
2000; Tchernycheva et al., 2001). 
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1 . 1 . 1  F l u t t e r  S t a b i l i t y ,  A n a l y t i c a l  A p p r o a c h  

The fluid structure interaction is described by the dynamic equation of motion 
(Eq. 5). It represents the balance between the aerodynamic, elastic and inertial 
forces. 

[𝑀]��̈�� + [𝐺]��̇�� + [𝐾]{𝑋} = {𝐹𝑎𝑒(𝑡)}  Eq. 5 

[𝑀] Represents the modal mass, [𝐺] the modal damping and [𝐾] the modal stiff-
ness Matrix. {𝑋} Represents the modal coordinate vector and {𝐹𝑎𝑒(𝑡)} the modal 
unsteady aerodynamic forces acting on the blade surface. 

𝐹𝑎𝑒(𝑡) = 𝐹𝑑𝑎𝑚𝑝𝑖𝑛𝑔(𝑡) + 𝐹𝑑𝑖𝑠𝑡𝑢𝑟𝑏𝑎𝑛𝑐𝑒(𝑡)  Eq. 6 

The aerodynamic force (Eq. 6) can be decomposed into  𝐹𝑑𝑎𝑚𝑝𝑖𝑛𝑔(𝑡)  
and  𝐹𝑑𝑖𝑠𝑡𝑢𝑟𝑏𝑎𝑛𝑐𝑒(𝑡). The first one represents the damping forces produced by 
the flow due to the blade motion and can be represented as 𝐹𝑑𝑎𝑚𝑝𝑖𝑛𝑔(𝑡) =
𝐺𝑎𝑒��̇�� + 𝐾𝑎𝑒{𝑋}. The second corresponds to disturbances from outside the 
blade row. In flutter analyses the disturbance forces are neglected and only the 
forces produced by the blade motion are taken into account. 

The harmonic nature of the motion allows the decomposition of the modal coor-
dinates into a mode shape [𝜑], a modal displacement {𝑄�} and natural frequen-
cy 𝜔. 

{𝑋(𝑡)} = [𝜑]{𝑄�}𝑒𝑖𝜔𝑡     Eq. 7 

Substituting Eq. 7 on the dynamic equation of motion (Eq. 5), the problem be-
comes a complex eigen value problem. The stability of the system is characterized 
by the resulting eigen values. 

(−𝜔2[𝑀𝑚] + 𝑖𝜔[𝐺𝑚 − 𝐺𝑎𝑒] + [𝐾𝑚 − 𝐾𝑎𝑒]){𝑄�} = 0 Eq. 8 

However, as it has been outlined before, 𝐾𝑎𝑒 and 𝐺𝑎𝑒 are very small in compari-
son with 𝐾𝑚 and 𝐺𝑚, because of the high mass ratio. This makes it possible to de-
couple the structural problem from the unsteady aerodynamics.  
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1 . 1 . 2  F l u t t e r  S t a b i l i t y  C a l c u l a t i o n  

Based on the previous assumption, the stability is not analyzed from an overall 
structure fluid interaction but as the energy transfer from the unsteady pressure 
field onto an in vacuo natural mode. 

The present study assumes that the blade is a rigid body, with three orthogonal 
eigen modes (axial mode, circumferential mode and torsion mode). These modes 
are associated with the rotation of the whole body in three orthogonal directions 
around a pivot point. Assuming small rotations, it can be decomposed into a bi-
dimensional problem with two displacements and one rotation. 

 

Figure 1.8 Bi-dimensional modes 

Therefore the bi-dimensional modes can be expressed as a linear combination of 

harmonic motions, along these directions. �ℎ�⃗�(𝜉𝜉, 𝜂𝜂, 𝜁𝜁)� = {ℎ�𝜉,ℎ�𝜂, ℎ�𝜁  }. 

The harmonic motion of the blade in the pressure field produces the appearance 
of the unsteady pressure distribution.(Verdon, 1987) concluded that in case of 
small perturbations the unsteady pressure can be modeled as a harmonic pressure 
(𝑝�), oscillating around a stationary value (�̅�). 

𝑝(𝑥,𝑦, 𝑡) = �̅�(𝑥, 𝑦) + 𝑝�(𝑥,𝑦, 𝑡)   Eq. 9 

𝑝�(𝑥,𝑦, 𝑡) = �̂�(𝑥, 𝑦) ∙ 𝑒𝑖(𝜔𝑡+𝜑)   Eq. 10 

In turn, the harmonic pressure can be expressed in the complex subspace, with 
amplitude �̂�, frequency 𝜔, and its dephase with respect to the motion 𝜑. 

In the present study, according to (Vogt, 2005), the unsteady pressure has been 
normalized with the inlet dynamic head (𝑝𝑑𝑦𝑛,𝑟𝑒𝑓) and the oscillation amplitude 
(𝐴), in order to generalize the results. 

�̂�𝑝,𝐴(𝑥, 𝑦) = 𝑝�(𝑥,𝑦)
𝐴∙𝑝𝑑𝑦𝑛,𝑟𝑒𝑓

, 𝑝𝑑𝑦𝑛,𝑟𝑒𝑓 = 𝑝01 − 𝑝𝑠1 Eq. 11 

𝜂𝜂: Circumferential mode 

𝜉𝜉: Axial mode 

𝜁𝜁: Torsion mode 
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Consequently the normalized complex force applied on the surface can be ex-
pressed as the �̂�𝑝,𝐴 multiplied by the surface element 𝑑𝑠 and direction of motion. 

𝑑𝑓(𝜉𝜉, 𝜂𝜂, 𝜁𝜁) =  �̂�𝑝,𝐴 ∙ 𝑛�⃗ .𝑑𝑠     Eq. 12 

𝑑𝑓𝜉 = �̂�𝑝,𝐴 ∙ 𝑛�⃗ 𝜉 .𝑑𝑠    Eq. 13 

𝑑𝑓𝜂 = �̂�𝑝,𝐴 ∙ 𝑛�⃗ 𝜂. 𝑑𝑠    Eq. 14 

𝑑𝑚�𝜁 = �̂�𝑝,𝐴 ∙ (𝑟 × 𝑒𝜁⊥).𝑑𝑠   Eq. 15 

The integration along the surface results in a total complex force 𝑓(𝜉𝜉, 𝜂𝜂, 𝜁𝜁)  ap-
plied to the profile.  

𝑓(𝜉𝜉, 𝜂𝜂, 𝜁𝜁) = ∮ �̂�𝑝,𝐴 ∙ 𝑛�⃗ .𝑑𝑠    Eq. 16 

Only the complex forces on the direction of motion will be able to produce work 
during the oscillation. 𝐹�𝑗 denotes the effective complex force associated with a 
mode j. 

𝐹�𝑗  = 𝑓 ∙ ℎ�⃗�𝑗     Eq. 17 

In conclusion, the stability of the system will depend on the work done by the 
forces along a full oscillation cycle (Verdon, 1987).  

𝑊𝑐𝑦𝑐𝑙𝑒𝑗
= ∫ 𝑓 ∙ ℎ�⃗�𝑗  ∙ 𝑒𝑖(𝜔𝑡)𝑑𝑡 

𝑇    Eq. 18 

From a physical point of view, the forces in phase with the motion will produce 
no work along a complete cycle. While the out of phase forces will either oppose 
or favor the motion adding or absorbing energy from the system. Consequently, 
only the imaginary part of the forces is taken into account, because it represents 
the pressure-motion dephase. 

(Verdon, 1987) proposed the introduction of the normalized unsteady parameter 
(aerodynamic damping coefficient), for assessing the stability of a specific blade 
oscillating on a specific mode. 

𝛯 = −
𝑊𝑐𝑦𝑐𝑙𝑒𝑗

𝜋ℎ𝑗
= −𝐼𝑚(𝐹�𝑗)    Eq. 19 
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1 . 1 . 3  I n f l u e n c e  C o e f f i c i e n t  D o m a i n  

The flutter study, from an experimental point of view, is very complex because of 
its occurrence in TWM. Therefore, its complete modeling requires individual exci-
tation of each blade on a full annulus cascade.  

In order to understand the TWM, the focus is put on a simple model composed 
by a cascade with a single oscillating blade. Its motion produces an unsteady pres-
sure field that affects not only itself but all the cascade blades. If the n-th blade is 
also oscillated with a specific IBPA, it will experience the pressure field caused by 
its own oscillation plus the unsteady pressure field of the original blade, dephased 
the corresponding IBPA.  

When applying this concept to the whole cascade simultaneously, it can be con-
cluded that the unsteady pressure field observed by a blade m in the TWM for an 
specific IBPA 𝜎 is equivalent to the summation of the unsteady pressure pro-
duced on m by the oscillation of the n blades, dephased the correspondent angle 
(𝜎𝑛) Eq. 20 (Hanamura et al., 1980; Széchényi and Girault, 1983; Crawley, 1988; 
Panovsky and Kielb, 2000). This is called decomposition in the influence coeffi-
cient domain (INFC). 

�̂�𝑝,𝐴𝑇𝑊𝑀
𝜎,𝑚 = ∑ �̂�𝑝,𝐴𝐼𝐶

𝑛,𝑚𝑛=+𝑁2
𝑛=−𝑁2

∙ 𝑒−𝑖𝜎𝑛,     𝑁 = 1,2 … Eq. 20 

From a practical point of view, this means that the behavior in the TWM can be 
modeled with the oscillation of a single blade, accounting its self-influence and its 
influence on the rest of the stationary blades. The validity of this procedure is 
however limited by the linearity assumption which means that the influences can 
only been superimposed when the perturbations are linear with the movement 
(Hanamura et al., 1980; Crawley, 1988). This implies that the blade motion needs 
to be sufficiently small for the unsteady pressure to be linear. The physical limits 
of this oscillation where the assumption is valid are not clearly defined, since they 
depend on many factors. This has been studied in prior publications from a gen-
eral point of view, for example, (He, 1998a) concluded based on a numerical in-
vestigation, that the influence coefficient technique was applicable on high-lift 
profiles, with pressure separation surfaces and  laminar separation bubbles, oscil-
lating on a torsion mode (max amplitude studied, 1deg).  
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Figure 1.9 Schematic influence of blade pairs on blade row aeroelastic stability. 
Adapted from (Vogt, 2005) 

On Figure 1.9 the graphical interpretation of the decomposition in the INFC can 
be observed. With respect to stability, the IBPA has paramount importance be-
cause it modifies the overall phase of the system, as it can be derived from Eq. 20. 
In other words, it modifies the imaginary part of the forces applied. 

The most relevant blades are blade0 and the neighboring surfaces of blades ±1, 
while the contribution of ±2 are an order of magnitude smaller (Vogt, 2005). 
Nevertheless, the influence of the oscillating blade decreases rapidly. Previous 
studies (Crawley, 1988; Nowinski and Panovsky, 2000) have limited this influence 
to blades ±2, but this depends on the blade geometry, and in some cases could be 
limited to ±1. This confers the characteristic S-shape of the stability parameter 
versus IBPA. 
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1 . 2  A e r o d y n a m i c  f l o w  f e a t u r e s  

As explained before, flutter is a result of the blade row unsteady aerodynamics, 
which in turn is largely affected by the steady aerodynamics. The global flow fea-
tures (pressure gradients), and the local (vortices, separations, etc.) have a major 
influence. These features affect the blade loading and consequently configure the 
unsteady pressure distribution and propagation. 

 

Figure 1.10 Hawthorne  secondary flow model (left). Goldstein and Spores sec-
ondary flow model (Goldstein and Spores, 1988) (right). Adapted from (Lampart, 

2009) 

Among all the different features that may affect the blade loading, the present 
study will focus only on the ones with a local impact. 

The secondary flow occurs due to the pressure gradient strumming from the de-
flection of the mean flow that is imposed to the boundary layers. This washes the 
flow from the pressure side to the suction side (cross flow) of the adjacent blade 
(Figure 1.10) generating two counter rotating passage vortices. 

The horseshoe appears as consequence of the interaction between the flow im-
pingement on the leading edge and boundary layer (Figure 1.11).  This occurs be-
cause the boundary layer before the leading edge is decelerated due to the adverse 
pressure gradient separating at the saddle point s1. The vorticity of the boundary 
layer between s1 and the leading edge induces a reversed flow, which separates at 
saddle point s2 and rolls up forming the horseshoe vortex (Marchal and 
Sieverding, 1977). As it is produced on the leading edge, it evolves toward the 
pressure and suction side of the blade.  On the one hand, the suction side leg of 
the horseshoe remains attached to the surface. On the other hand, the pressure 
side leg crosses the passage towards the suction side of the adjacent blade due to 
the cross flow. This leg impinges on the suction side of the adjacent blade, and is 
wrapped up by the cross flow generating the passage vortex. 
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Figure 1.11 Horseshoe and passage vortex scheme. Adapted from (Marchal and 
Sieverding, 1977) 

This phenomenon has been deeply studied and several models have tried to ex-
plain it i.e. Goldstein and Spores model (Figure 1.10, right). 

Similar effect can be found on shrouded cascades, and in some cases on un-
shrouded cascades (Sjolander, 1997). However on un-shrouded cascades the most 
relevant feature is the tip leakage flow. 

 

  
Figure 1.12 Tip leakage flow scheme, (left). Tip passage vortex and tip leakage 

vortex model (Sjolander, 1997), (right). Adapted from (Lampart, 2007). 

The tip leakage flow appears due to the difference in pressure between pressure 
and suction side. This produces a flow from pressure to suction side inducing the 
formation of the tip leakage vortex (Figure 1.12), which unloads the blade in this 
region. 

Summarizing, these features modify the loading and change pressure gradients on 
the blade surface. This is important  on the distribution of the unsteady response 
as was described by (Vogt, 2005). 
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The aerofoil used for the present study is a typical high-lift low pressure-turbine 
blade profile (Howell et al., 2001). In general, these profiles are prone to the ap-
pearance of other flow features such as laminar separation bubbles and pressure 
side separation surfaces, which may have considerable consequences.  

1 . 2 . 1  L a m i n a r  S e p a r a t i o n  B u b b l e s  ( L S B )  a n d  P r e s s u r e  
S i d e  S e p a r a t i o n  S u r f a c e s  

The laminar boundary layers have a lower momentum compared to a turbulent 
one consequently, it is more sensitive to adverse pressure gradients, which de-
pending on their intensity can induce the detachment of the laminar boundary lay-
er. This generates a separated shear layer which turns transitional, eventually be-
coming turbulent. This turbulent free stream jet, increases its thickness, gaining 
enough momentum to reattach to the surface. This process creates a recirculated 
region called laminar separation bubble (LSB) (Gaster, 1963; Tani, 1964; Horton, 
1968). 

 
Figure 1.13. (left) Laminar separation bubble (O’Meara and Mueller, 1987). (right) 

Cp distribution (Lee et al., 2006). Adapted from (Jahanmiri, 2011) 

The LSB under certain conditions can burst from a short separation into long 
separation bubbles. These are characterized by a sudden increase of the bubble 
length under some conditions (angle of attack increase, Re reduction). This phe-
nomenon is called bursting and it was originally studied by (Gaster, 1967) who 
proposed a two parameters model afterwards corrected by (Pauley et al., 2006). 

In Figure 1.13, the bubble is enclosed by the “dividing streamline” ST’R. This line 
is defined by the points whose integrated mass flow from the surface to them-
selves is zero. Outside of this line the laminar boundary layer (S”S) is located 
where the shear layer detaches on point S becoming transitional. The instabilities 
in the main flow accumulate until T’’T’ where it becomes turbulent. The now tur-
bulent shear layer increases its momentum reducing the reverse flow until its dis-
appearance on point R and consequent reattachment.  
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In the separation point, the free shear layer generates a zero gradient condition 
ST. Here the pressure is constant and the re-circulation velocity small. After turn-
ing turbulent, the reattachment process requires a pressure and speed balance. As 
a consequence, in region TR (Figure 1.13) there is a strong re-circulation and pres-
sure gradient that balances the flow field (Sandham, 2008). 

The geometrical properties of the bubble such as length, height and separation 
point are mainly dependent on three parameters: 

- Reynolds Number (Re):  
The Re increase reduces the bubble length and height (O’Meara and 
Mueller, 1987). The viscous effects that tend to damp the flow disturb-
ances are reduced with increasing Re, producing a quicker transition to 
turbulent. The experiments show that height and length do not change at 
the same rate. The height has been proven more sensitive to Re varia-
tions. 
 

- Pressure gradient (angle of attack): 
The pressure gradient is the parameter which directly determines the sep-
aration point of the laminar boundary layer. An increase in pressure gra-
dient moves the separation forward and vice versa. Despite being consid-
ered to have little effect on the height and length (O’Meara and Mueller, 
1987), it seems to play an important role in the bursting process in com-
bination with the Re (Gaster, 1967; Lee et al., 2006). 
 

- Free-stream turbulence: 
Turbulence is an important parameter because the bigger the flow turbu-
lence the bigger the disturbances that will produce the transition. Conse-
quently, this will have a direct influence on the length and height reduc-
tion of the separation bubble. 

Low pressure turbines with high and ultra-high lift, operated at low Reynolds 
numbers as occurring during cruise at high altitudes, are prone to the appearance 
of LSB. These blades tend to be highly loaded, which implies highly adverse pres-
sure gradients on the suction side. This entails that  the LSB could appear at rela-
tively higher Reynolds numbers 105<Re<4x105 (Hodson and Howell, 2005) in 
comparison to other profiles.  

The geometry of these profiles is such that it can lead to the formation of another 
LSB on the pressure side (Hodson and Dominy, 1987) at low off-design condi-
tions. 

The decrease of the angle of attack will eventually force the separation of the pres-
sure side LSB, inducing the formation of a separation surface. This occurs due to 
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the deceleration of the flow on the pressure side combined with the blade thin 
profile. The adverse pressure gradient produced initiates the separation surface 
(separation bubble). This is very dependent on the geometry and can be avoided 
by thickening the blade (Brear, Hodson, Gonzalez, et al., 2002). 

Due to the slender geometry of these blades the separation surface re-impinges on 
the blade surface producing the reattachment of the turbulent boundary layer. 
This mechanism produces the formation of a structure similar to a LSB, but it is 
important to highlight, that the reattachment occurs due to the geometrical prop-
erties and not because of the laminar to turbulent transition. Consequently these 
separation surfaces are only dependent on the flow incidence and on the blade ge-
ometry. This implies that it will be little affected by the Reynolds number, mean-
ing that it can appear with a fully turbulent flow. 

The formation of these separation surfaces is characterized by the growth, 
transport and vortices breakdown, which generates significant unsteadiness on the 
reattachment point and afterwards (Brear, Hodson, and Harvey, 2002). Down-
stream of the reattachment the favourable pressure gradient suggest a possible re-
laminarization of the fluid but the disturbances can persist far after the reattach-
ment (Castro and Epik, 1998). 

 

Figure 1.14 Pressure side separation surface (Separation Bubble) 

Summarizing, the effect on the blade surface will be similar to a LSB, with a plat-
eau of constant pressure (the dead air region), and a severe pressure gradient close 
to the reattachment. Inside the bubble and especially on the reattachment, the un-
certainty of the experimental results will be considerably high due to this intrinsic 
unsteadiness. 

The unsteady properties of these structures have been mostly studied in relation 
with wings.  In the turbomachinery  field, the focus has been the bubble-wake in-
teraction (Brear and Hodson, 2004; Stieger et al., 2004). Some studies have also 

S 
R 

Dividing Streamline 
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analysed the behaviour  in relation with the aeroelastic response (He, 1998a, 
1998b; Gharali and Johnson, 2013), but mostly focused on the suction side LSB.  
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2 Objectives and Method of  
Attack 

The objective of the present thesis is the investigation of the aeroelastic properties 
of high lift profiles in the light of the local flow features typical to such profiles. 
This has been done based on experimental results acquired in the AETR facility 
(Vogt, 2005) featuring  an annular sector cascade with a single oscillating blade. 
The study focuses on the local flow features at nominal and at extreme off-design 
conditions. In parallel to the experiments, numerical analyses using a non-
propietary CFD software package (ANSYS CFX) have been performed such as to 
study the flow field in detail and to conclude on prediction accuracy. The validity 
of the linearity assumption of the influence coefficient technique is discussed 
based on the acquired experimental results, supported by a parametric numerical 
study. 

The objective of the present work has been met by performing the following 
steps: 

- Identification and description of the cascade boundary conditions, steady 
aerodynamics and local flow features. 

- Analysis and validation of the linearity assumption applied to the influ-
ence coefficient technique, for different operation conditions and differ-
ent oscillation amplitudes. 

- Description and analysis of the cascade’s 3D aeroelastic response, under 
nominal and extreme off-design conditions, with focus on the contribu-
tion of the oscillating blade at three span positions. 

- Analysis of the aeroelastic response of the pressure side separation sur-
faces from the unsteady pressure distributions to the stability contribu-
tion. 

- Step-wise comparison between experimental and numerical predictions, 
from the steady aerodynamics, through the unsteady pressure distribu-
tions and aeroelastic work.  
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3 Experimental Setup 

3 . 1  A E T R  F a c i l i t y  ( A e r o e l a s t i c  T e s t  R i g )  

The KTH AETR test facility (Figure 3.1) is a continuous working full-scale test 
facility located at the Royal Institute of Technology in Sweden (Vogt, 2005) fea-
turing an annular sector cascade with one blade oscillating in various rigid-body 
modes. Figure 3.2 shows the facility and a schematic representation of the test 
module. Pressurized air is provided by a 1MW screw compressor at a maximum 
mass flow rate of 4.75kg/s and conditioned to a total inlet temperature of 303K 
for all tested operating points. The flow coming from the settling chamber is di-
rected towards the annular cascade by means of elastic walls, which allow the ad-
justment of the inflow angle. The cascade discharges to ambient through another 
set of elastic walls and a silencer for avoiding acoustic resonances. This setup al-
lows the adjustment of the cascade in order to ensure its periodicity and operating 
conditions (Sanz et al., 2012). 

 

Figure 3.1 AETR test Rig (left). Test section (right) 
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Figure 3.2  AETR facility sketch. Adapted from (Vogt, 2005) 

The flutter testing has been based on the influence coefficient technique, applied 
to a cascade of five un-shrouded low pressure turbine blades. In this setup the 
central blade oscillates in three rigid-body modes (axial mode, circumferential 

mode and torsion) while the data is acquired 
on the oscillating blade and on the immediate 
neighbour blades. 

The oscillation of the blade is achieved by 
means of a mechanical actuator located below 
the hub. The system consists of a pair of co-
rotating cams, the relative phase of which 
generates either a linear displacement (bend-
ing modes), a pure torsion, or a combination 
of a torsion and a bending mode (Vogt, 2005). 

The blade is assembled onto a pivoting struc-
ture coupled with the actuator, which produc-
es an oscillation with a design amplitude of 1 
deg and a maximum oscillation frequency of 
200Hz. (Figure 3.3). 

Figure 3.3  Blade oscillation sketch.  

Adapted from (Vogt, 2005) 

Flow  Flow  

Inlet settling chamber 
and flow conditioner 

Outlet settling chamber  

Adjustable inlet sidewalls 
for setting inflow direc-
tion 

Adjustable outlet side-
walls for periodicity con-
trol Test section 

(Annular sector) 

One blade oscillated 
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3 . 2  T e s t  O b j e c t   

The blade profile used is a typical high-lift low pressure turbine blade profile de-
signed by ITP in the FUTURE project and adapted to the AETR facility (Sanz, 
2013a). 

The blade instrumentation was conceived for data acquisition at three different 
span positions (10%, 50% and 90%). Each span position has eighteen taps (Figure 
3.4), which have been placed such that the relevant flow features were resolved 
properly. 

 

Figure 3.4 Blade Instrumentation Diagram 

The taps are connected to the measuring equipment through a pipe system em-
bedded in the blade surface. Due to the instrumentation procedure, only one sur-
face (pressure, suction side) can be instrumented at a specific span position at a 
time. Consequently the proper blade characterization requires the instrumentation 
of six different test objects (three spans, pressure and suction side). 

 

3 . 2 . 1  R i g i d  B l a d e s  

The rigid blades were designed for acquiring both the steady blade loading on the 
cascade and the unsteady pressure on the non-oscillating blades. The material used 
is aluminum. 
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3.2.1.1 Instrumentation Strategy 

 

Figure  3.5 Instrumented rigid blades; view onto suction side 

The blades have been instrumented with ∅0.4 mm pressure taps, drilled perpen-
dicular to the blade surfaces. These are connected to capillarity stainless steel tubes 
embedded on the blade surface and covered with epoxy filler Figure 3.6. In addi-
tion, the non-instrumented surface was painted with a layer of chrome based 
paint, which prevents eventual leakages. Further information can be found in 
(Sanz, 2013a).  

 

Figure 3.6 Instrumentation scheme. Adapted from (Sanz and 
Vogt, 2012) 
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3 . 2 . 2  O s c i l l a t i n g  B l a d e s  

The oscillating blade was used to acquire the unsteady pressure data on the central 
blade (blade 0). 

The shape of the blade and the positioning of the pivot point made a transition 
between the oscillation pin and the blade necessary.  This produced a small region 
with a considerable ”von Mises” stress concentration. The blade in this transition 
point was prone to High Cycle Fatigue due to the large amplitudes of the oscilla-
tion. These blades were machined from Titanium alloy (Ti 6Al 4V), which was 
found to be the most suitable material because of its excellent material properties. 

3.2.2.1 Instrumentation Strategy 

The instrumentation of the oscillating blade is constrained by the oscillation 
mechanism assembled inside the blade root (Figure 3.8). Consequently the in-
strumentation is severely space limited. The solution in this case consists of rout-
ing the piping system towards the trailing edge of the blade, using 3D splines 
(Figure 3.7). In this way the piping does not interfere with the oscillation system 
and eventual interactions are avoided. 

The instrumentation has been done using the same technique as used for the rigid 
blades (Figure 3.6, but due to the spline geometry of the channels the connection 
tubes were made of vinyl instead of stainless steel. No significant impact on the 
dynamic performance was found with respect to the rigid blades (Sanz, 2013a). 

 

Figure 3.7 Oscillating Blades 
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The transition between the blade and root was casted using a soft filler resin. This 
allows the blade to move keeping the aerodynamic continuity between blade and 
hub. At the same time this system permitted to embed the pipes going from blade 
to the root (Figure 3.8). 

 
Figure 3.8 Elastic Transition 

3 . 3  E x p e r i m e n t a l  C a m p a i g n  

The experiments have been performed at two sets of operating conditions, one 
high Mach number (M=0.75) and one low Mach number (M=0.4) set. Each set 
featured two different inflow angles, one nominal (44 deg), and one off-design 
(20deg).  

Table 1 Description of Operating Points  

Operating 
point 

M1,[-] α1 [deg] p01 [kPa] T01 [K] M2 [-] α2 [deg] p2 [kPa] 

1 0.44 -43.2 135 303 0.75 58.3 90.87 

2 0.318 -15.8 

 

133 303 0.75 57.4 89.82 

3 0.276 -42.9 110 303 0.382 57.6 98.58 

4 0.207 -16.2 110 303 0.3815 56.8 98.62 

        

This strategy allows the correlation of inflow angle and Mach number impact with 
respect to design operating condition (OP1). 

Elastic 
Transition 

Blade Root 

Piping System 

Oscillation Pin 
Transition 
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The campaign has been divided into two parts:  

- Complete description of the steady aerodynamics  
- Unsteady aerodynamic performance on the blade surface. 

Steady Aerodynamics  

The steady aerodynamics defines the performance of the cascade and the loading 
applied on the different blades surface. In the present study it has been described 
through the following measurements: 

-  Inlet and outlet boundary conditions 

- Steady Blade loading at three span positions  

- Flow visualization:  

Unsteady Aerodynamics 

For each operating point, the central blade (blade 0) was oscillated in three differ-
ent rigid-body modes (axial bending, circumferential bending and torsion) at three 
reduced frequencies, k=0.1, 0.3, and 0.5. Due to mechanical limitations of the os-
cillation actuator, only a partial set of data was acquired at the higher reduced fre-
quencies. Table 2, shows the compilation of cases fully performed. 

Table 2 Performed Experiments 

Operating 
point 

k=0.1 k=0.3 k=0.5 
Axial Circ Tors Axial Circ Tors Axial Circ Tors 

1 x x x - - x - - - 
2 x x x - - x - - - 
3 x x x x x x - - x 
4 x x x x x x - - x 

x: data acquired -: data not acquired 

The unsteady pressure measurements consist of two different simultaneous opera-
tions: 

- Measurement of the unsteady pressure on the blades surface. Fast re-
sponse pressure instrumentation is used for acquiring this data the different 
blades. 

-  Measurements of blade motion. This is measured using three laser vi-
brometers focused on the blade surface, and an encoder coupled with the actua-
tion system.  
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3 . 4  M e a s u r e m e n t  T e c h n i q u e s  

3 . 4 . 1  S t e a d y  B o u n d a r y  C o n d i t i o n s  

 

Figure 3.9 1D & 2D Traverse Description 

The boundary conditions have been measured at -46.3% and 141% of the axial 
chord up and downstream of the cascade. 

Two kind of traverses where performed (Figure 3.9). One dimensional traverses 
covering passages -1, 0, 1, at three different span positions with 0.25deg of cir-
cumferential resolution. Two dimensional (2D) traverses covering passage 0 with a 
circumferential resolution of 0.25 deg and a radial resolution of 5mm in the centre 
of the passage and 2.5 mm close to the hub and shroud, embracing  from 9.79% 
to 97.42% of span due to the probe geometrical limitations.  

The probe used for the measurement is a five holes United Sensors probe (Figure 
3.10). This kind of probe allows the determination of the 
total pressure, static pressure, pitch and yaw angle of the 
flow direction. To assess these parameters the probe is cali-
brated in an in-house calibration facility for ±20deg in pitch 
and yaw angles and for a range of Mach numbers M=0.2 to 
0.9 (Sanz, 2013b).  

The calibration has been done following the procedure de-
fined by (Vogt, 2005). The procedure yields a set of non-
dimensional calibration maps which correlate the tap pres-
sures to the quantities of interest Eq. 21.  

0 +1 -1 0 

-46.3% 
 

+141%  

-1 

0 

+1 

θ 

x 

θ θ 

Figure 3.10 Five hole 
probe  
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𝑘1 =
𝑝0,𝑟𝑒𝑓 − 𝑝1
𝑝1 − 𝑝𝑎𝑣𝑔

, 𝑘2 =
𝑝0,𝑟𝑒𝑓 − 𝑝𝑠,𝑟𝑒𝑓

𝑝1 − 𝑝𝑎𝑣𝑔
 ,𝑘3 =

𝑝2 − 𝑝3
𝑝1 − 𝑝𝑎𝑣𝑔

, 𝑘4 =
𝑝4 − 𝑝5
𝑝1 − 𝑝𝑎𝑣𝑔

 

𝑝𝑎𝑣𝑔 = 𝑝2+𝑝3
2

     Eq. 21 

The result consists of a set of surfaces which allow to reconstruct the specific flow 
characteristics through an iterative process based on the probe tap 
measurements(Vogt, 2005). 

The pressure has been measured with a multi-channel pressure scanner PSI9116 
system with a range of 103kPa (15psi). The system has an associated accuracy of 
0.05% (±50Pa). The barometric pressure is measured with a SOLARTRON ba-
rometer with an accuracy of 0.01% (±11.5Pa). 

3 . 4 . 2  S t e a d y  B l a d e  L o a d i n g  

The steady blade loading has been measured with the instrumented non-oscillating 
blades at 10%, 50%, 90% and repeated for the blade positions +1, 0, -1. The pres-
sure is measured simultaneously on 3 blades using one multi-channel PSI9116 sys-
tem with a range of 68kPa (10psi) and accuracy of (±34Pa). The reference is pro-
vided by the aforementioned barometer.  

3 . 4 . 3  F l o w  V i s u a l i z a t i o n  

The flow visualization is an experimental method that shows the flow features on 
a surface by means of a pigmented viscous liquid. 

The flow generates a shear stress on the fluid surface inducing its movement. Ac-
cording to this stresses the pigment tend to be accumulated on the regions with 
smaller shear stress. The movement draws the flow streamlines on the blade sur-
face, once the oil is dried. This procedure shows general and local features taking 
place on the surface, without interfering with the flow. The procedure provides 
extensive and primarily qualitative information. 

The oil used has been a silicon based oil Rhodorsil 47 v1000 with a viscosity of 
1000mm2/s. This base is mixed with titanium dioxide and colour pigments. The 
product has been distributed on three regions: 

- Green:  blade tip 
- Blue:  blade pressure surface 
- Red:  blade hub surface 
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Figure 3.11 Flow Visualization test 

Once the blade is painted the flow is activated until the desired operating point is 
reached. The flow conditions are maintained for a period that varies from 10 to 20 
min, until the oil dries. 

3 . 4 . 4  U n s t e a d y  P r e s s u r e  M e a s u r e m e n t s  

The unsteady pressure measurements have been acquired using the recessed 
mounted technique. The transducers are not mounted directly on the test object 
but located underneath the hub, close to the root of the blade. The transducer 
package is connected to the measurement location by means of the aforemen-
tioned blade instrumentation. This technique opens up for exchangeability of the 
transducers packages and thereby provides a more detailed tap resolution along 
the test blades.  

The main disadvantage is the modification of the dynamic transfer characteristics. 
This implies that the setup needs dynamic calibration to compensate the lag and 
signal attenuation.  Further information on the calibration procedure can be found 
on Appendix I p.114 and in the publications (Sanz and Vogt, 2012) and (Vogt and 
Fransson, 2004). 

The transducers used for the measurements consisted on two packages of ten Ku-
lite LQ-080-1.7bar abs each, connected to a high-speed data acquisition system 
(Kayser-Threde KT8000). This system provides a stabilized sensor excitation 
(10VDC) for 32 channels with programmable amplifiers (14bit A/D) at maximum 

 48 



sampling rate of 200 kHz. The present test has been performed with a gain of 10, 
20 kHz sampling rate, and a low-pass filter of 1 kHz. 

The signal has been conditioned using a wavelet transformation, (Daubechies 
Wavelet, db8) (MATLAB R2012a help, 2012), which main purpose is pre-filtering 
the non-periodic noise. The post-processing of the conditioned signal was done 
by means off a Fast Fourier Transformation (FFT), see (Appendix I). 

The uncertainty assessment of the instrumentation used was based on the system-
atic error (Sanz and Vogt, 2012) combined with the uncertainty associated to the 
experimental measurements (experimental error).  

 

Figure 3.12  GEV probability distribution of amplitude and phase 

The experimental sample distribution was acquired using a sliding window tech-
nique. Each signal is decomposed in packages of 4 oscillation cycles. This cluster 
is subsequently slid one cycle in order to obtain the subsequent cluster. This pro-
cedure is repeated for 200 cycles.  

The amplitude and phase of each cluster is calculated applying a FFT. This pro-
duces two sampling distributions which have been fitted using a generalized extreme 
values distribution (GEV) (Kotz and Nadarajah, 2000).  

Amplitude GEV Probability Plot Phase GEV Probability Plot 
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The global error is calculated adding the systematic error to the experimental un-
certainty with a 95% of probability(Sanz, 2013c). Further information can be 
found in (Appendix I). 

3 . 4 . 5  B l a d e  M o t i o n  

 

Figure 3.13 Motion measurement setup 

 

For being able to analyse the energy transfer into the structure it is necessary to 
know the relative phase between the unsteady pressure and the blade motion.  

Laser 1 

Laser 3 
Laser 2 
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The motion measurement setup consists of three laser vibrometers KEYENCE 
LK-G152. Two of these vibrometers were pointing onto the pressure side and 
one onto the suction side (Figure 3.13). 

The position of the laser vibrometers allows to maximize the laser measured dis-
placement for the different rigid modes. At the same time it permits to control the 
appearance of combined modes produced by the actuator wear, or other mechani-
cal interactions.   

However due to the accessibility of the cascade, the laser beams do not fall direct-
ly on the blade surface. The beam passes through an annular Plexiglas window. 
This has an associated refraction and optical aberration, which affects the trajecto-
ry of the beam and thereby induces an error unless properly calibrated. 

Therefore the lasers need to be calibrated dynamically both in phase and ampli-
tude(Sanz, 2013c). For this purpose, an in house optical calibration system de-
scribed in Appendix I has been developed. 
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4 Numerical Setup 

A numerical model of the experimental setup has been employed using the com-
mercial CFD software ANSYS CFX (v14). Full-scale time-marching 3D viscous 
flow simulations have been performed. The Navier-Stokes equations are solved by 
means of the finite volume method,  applied to a 3D discretization of the passage 
volume where the properties are calculated on the center of each volume element. 

4 . 1  B a s i c  C o n c e p t s  

The dynamic behavior of a fluid is described by the Navier stokes equations which 
embraces mass, momentum and energy conservation.  

The Navier-Stokes equations (conservation form) applied to a compressible New-
tonian fluid can be observed from Eq. 22 to Eq. 26 (Versteeg and Malalasekera, 
1995). The energy conservation is expressed in internal energy terms, this can be 
done  extracting from the global energy term the kinetic energy, which can be ob-
tained through the momentum equations (Versteeg and Malalasekera, 1995). 

𝜕𝜌
𝜕𝑡

+ ∇ ∙ (𝜌𝑢�⃗ ) = 0    Eq. 22 

𝜌 𝑑𝑢
𝑑𝑡

= −𝜕𝑝
𝜕𝑥

+ ∇ ∙ (𝜇∇u) + 𝑆𝑀𝑥   Eq. 23 

𝜌 𝑑𝑣
𝑑𝑡

= − 𝜕𝑝
𝜕𝑦

+ ∇ ∙ (𝜇∇v) + 𝑆𝑀𝑦   Eq. 24 

𝜌 𝑑𝑤
𝑑𝑡

= −𝜕𝑝
𝜕𝑧

+ ∇ ∙ (𝜇∇w) + 𝑆𝑀𝑧   Eq. 25 

𝜌 𝑑𝑖
𝑑𝑡

= −𝑝∇ ∙ 𝑢�⃗ + ∇ ∙ (𝑘∇T) + Φ+𝑆𝑖  Eq. 26 

S denotes the contribution produced by the body forces to each specific equation, 
 Φ (dissipation function) sums the contributions to internal energy due to viscous 
stresses and k is the fluid thermal conductivity. 

The prior formulation of the Navier-Stokes equation requires the fluid to be New-
tonian. A compressible fluid is considered Newtonian when the viscous stress is 
proportional to the strain rate and volumetric change Eq. 27. The proportionality 
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constants associated are: the dynamic viscosity μ, and the second viscosity respectively, 
however the last one is usually neglected. 

𝜏𝑖,𝑗 = 𝜇(𝜕𝑣𝑖
𝜕𝑥𝑗

+
𝜕𝑣𝑗
𝜕𝑥𝑖

)    Eq. 27 

To be able to solve the equations system is necessary to introduce the fluid ther-
modynamic equations of state, which relate 𝜌 and 𝑇 with the other thermodynam-
ic variables (𝑝,𝑖). In the present case the fluid has been considered to be ideal gas, 
see Eq. 28 and Eq. 29. 

𝑝 = 𝜌𝑅𝑇      Eq. 28 

𝑖 = 𝑐𝑣𝑇      Eq. 29 

Now the system is fully defined and can be completely solved. However, the tur-
bulent and transitional flows, induce both temporal and spatial instabilities in the 
three-dimensional flow field (eddies). The high dispersion of the length scales 
would make necessary extremely fine resolutions to be able to fully resolve the 
flow, this makes the computational cost unaffordable in many cases. 

A procedure for accounting the turbulence effects reducing the computational 
costs is the Reynolds Averaged Navier-Stokes (RANS). This procedure decom-
poses the flow properties in a time averaged part and a time dependent compo-
nent with zero mean value (Reynolds decomposition) (Versteeg and Malalasekera, 
1995). 

The application of this decomposition to the Navier-Stokes equations introduces 
some additional terms called Reynolds Stresses. To complete the RANS equations 
system, a turbulence model which approximates these new terms is now neces-
sary. In the present study a two equation model 𝑘-𝜀 has been used (Launder and 
Spalding, 1974). This is a semi empirical model which introduces two additional 
equations, one for the turbulent kinetic energy (𝑘) and another for the eddy dissi-
pation (𝜀). This model has some limitations when applied to the present case 
study, because the flow is assumed to be fully turbulent which incapacitates this 
model to predict laminar to turbulent transitions. 

4 . 2  M e s h  G e n e r a t i o n  a n d  B o u n d a r y  C o n d i t i o n s  

The model used consisted of a 5 passage with 500k nodes per passage meshed us-
ing NUMECA AutoGrid5 (Figure 4.1). The passage mesh consisted of an O-grid 
around the blade and an H-block structure between passages. The tip gap has 
been modeled extending the blade O-grid, matching one to one the pressure and 
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suction side cells. The mesh density used consist of 500k nodes, selected after a 
mesh convergence study. 

 

Figure 4.1 Numerical setup 

The model uses periodic boundary conditions on the side walls of the domain, 
which is a simplification of the real setup. The real side walls have not been mod-
elled because previous studies have showed that, a model without side walls is a 
valid approximation despite of having an influence on the axial and torsion mode 
(Vargas, 2009). This approximation can be done, taking into account the dramatic 
decay of the unsteady pressure response on the non-adjacent surfaces to the oscil-
lating blade. 

The inlet boundary conditions were based on the radial averaging (Eq. 30) of the 
total pressure and flow direction measured with the 2D probe traverses. The 
boundary layer close to hub and shroud was interpolated based on standard 
boundary layer profiles. A 3% of free stream turbulence intensity (TU) was ap-
plied based on hot wire measurements performed in the test rig 

𝑝𝑐𝑖𝑟𝑐𝑎𝑣𝑔(𝑠) = � 𝑝(𝑝𝑐, 𝑠) ∙ 𝜌(𝑝𝑐, 𝑠) ∙ 𝑛�⃗ ∙ 𝑑𝐴�����⃗
𝑝𝑐
2

−𝑝𝑐2

� 𝜌(𝑝𝑐, 𝑠) ∙ 𝑛�⃗ ∙ 𝑑𝐴�����⃗
𝑝𝑐
2

−𝑝𝑐2

�       

𝑝𝑐 = 𝐶𝑖𝑟𝑐 𝑃𝑖𝑡𝑐ℎ ; 𝑠 = 𝑠𝑝𝑎𝑛   Eq. 30 
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The mass flow average static pressure obtained from the experimental measure-
ments was defined on the outlet boundary with a blending factor of 5% (Modeling 
Guide ANSYS 14.0, 2011). 
 
In the time marching transient simulation one oscillation cycle has been resolved 
by 36 time steps with three iteration loops per step. The mesh deformation (in-
cluding the tip clearance volume) was calculated with a displacement diffusion 
model, where the mesh stiffness decreases exponentially with the cell volume. 
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5 Steady Results & Discussion 

The tests performed, are discussed and analyzed using a step by step approach. 
This starts form the steady state operating conditions, analyzing every level up to 
the aeroelastic work.  

5 . 1  S t e a d y - S t a t e  R e s u l t s  

5 . 1 . 1  B o u n d a r y  C o n d i t i o n  

The inlet and outlet boundary conditions describe the flow upstream and down-
stream of the cascade. The flow at these positions has been acquired through 2D 
traverses following the procedure described in section 3.4.1.  

The pressure gradients, losses, flow direction, and Mach number can be analyzed 
from the boundary conditions, which ultimately describe the performance of the 
cascade. The main parameters acquired are: Total pressure (p0), static pressure 
(ps), Mach number (M) and secondary flow angles (pitch and yaw angle, α, β).  

These values are analyzed locally using the 2D traverses. To have a more general 
vision, the data has also been circumferentially mass flow averaged. This reduction 
provides a valid description of the flow characteristics while it constitutes solid 
boundary conditions for numerical computations.  

5.1.1.1 OP1 Nominal Operating Conditions 

In nominal conditions (OP1) as included in Figure 5.1, the inlet 2D Mach number 
contour shows a radial gradient. In the center of the passage, a decelerated flow 
region can be noticed as a consequence of the blade potential field. The pressure 
side region is decelerated compared to the suction side. This tendency is accentu-
ated with the span, being congruent with the passage aerodynamics and the poten-
tial field.  
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The secondary flow vectors show a down-wash around pitch=0. This is a conse-
quence of the blade geometry and occurs as an effect of the leading edge relative 
sweep forward.  

Figure 5.1 OP1, inlet boundary conditions (M=0.75, inlet angle=-44deg) 

The secondary flow angles show that the flow tends to be directed towards the 
pressure side (negative pitch) from 0% to span 50%. At 50% span, the secondary 
flow changes its direction towards the suction side. The horseshoe vortex initia-
tion is not captured, as it supposedly does not extend that far upstream.  

The Mach number decreases towards the shroud as result of the static pressure 
radial profile. The total pressure remains constant until 95% of the span where it 
drops because of the casing boundary layer. At 97.5% of the span, the flow direc-
tion diverges towards the casing. This is thought to be a consequence of the dis-
tance between the probe taps 4 and 5 (1.6mm). These taps are measuring the radi-
al flow direction but their separation is of the same order of magnitude as to the 
boundary layer thickness which produces an erroneous measurement.  
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On the hub neither the radial deviation nor the total pressure decay are present. 
This evidences that the probe is not capturing the hub boundary layer due to the 
radial traversing limitations. 

The relative radial angle (βsec), initially decreases from 0deg at 10% of span to -
2deg at 67%. After this point, it grows exponentially reaching 4.2deg at 90%, and 
10deg at 97.5% of span.  

The relative inlet angle (αsec) behaves as it was described by means of the second-
ary flow vectors. 

Figure 5.2 OP1, outlet boundary conditions (M=0.75, inlet angle=-44deg) 

The outlet Mach number contour shows the presence of four main local flow fea-
tures: wake, horseshoe, passage and tip leakage vortices (Figure 5.2). 

The wake appears as a radial stripe of decelerated flow on the Mach number con-
tour (pitch=0 from 30% to 80% of span). Close to the hub and the casing it inter-
acts with the secondary flow vortices.  

On the vorticity plot, Figure 5.3, the hub passage vortex (PV), appears clearly de-
limited as a circular region of high vorticity and decelerated flow (20% of span). 

TV 
PV 

HS 
PV 

TV 

PV 

HS 
PV
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The rotation direction of the passage vortex and the suction side leg of the horse-
shoe vortex (HS) can be identified. This presents similar characteristics to the 
model described by (Goldstein and Spores, 1988)(Figure 1.10, right). 

The tip leakage vortex (TV) appears at 
95% of span as a high negative vorti-
city region. Only half of the vortex is 
captured in the traverses. Between 
80% and 90% of span, there is anoth-
er positive vorticity region counter 
rotating with the previous one. This 
region is thought to correspond to a 
cross-passage vortex (PV) generated 
on the tip impingement point of the 
adjacent blade. It is believed that this 
occurs due to small tip gaps, which 
induce the formation of a shroud pas-
sage vortex (Sjolander, 1997) (Figure 
1.12, right).  

Similar description of this vortex 
structure was observed in 
(Yamamoto, 2013) experimental re-
sults. In general, the tip leakage vor-

tex is more relevant than the passage vortex (Tallman and Lakshminarayana, 2001) 
but in this case they show similar intensities. Another region of high negative vor-
ticity appears bellow the PV, which is thought to be the interaction with the wake 
(WI, Figure 5.3). In Figure 5.2 (top right) the radial speed gradient can be ob-
served. The impact of the aforementioned structures can be identified from 10% 
to 25% and from 79% to 100% of span, producing total pressure decay due to the 
loss generation. The effect of the vortices on the secondary flow angles, appear as 
a radical change in the flow direction. Therefore it can be concluded, that the vor-
tices have an important effect on the outlet averaged values. 

5.1.1.1 Effect of  the Mach Number 

For the same inlet angle at low Mach number conditions (OP3) the inlet boundary 
is similar to the high Mach cases. This can be seen on secondary flow quiver plot, 
Mach number distribution pattern and losses (Figure 5.4). 

HS 

TV 

PV 

PV 

WI 

Figure 5.3 OP1, outlet vorticity contour (W) and 
secondary flow vectors (M=0.75, inlet angle=-

44deg) 
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Figure 5.4 OP3, inlet boundary conditions (M=0.4, inlet angle=-44deg) 

The outlet boundary conditions also 
show similar distributions, with an 
average Mach number of 0.38 
(Figure 5.6). The secondary flow is 
very similar in structure (Figure 5.5). 
Despite of the similarities, a bigger 
separation between shroud passage 
vortex (PV) and tip leakage vortex 
(TV) can be noticed. The first one 
appears more defined and lower (be-
tween 75% and 85% of span). The 
horseshoe and the hub passage vor-
tex show very similar behavior in 
comparison with the nominal case. 
The vortex intensity is smaller but 
the extension is larger. 

HS 

TV 

PV 

PV 
WI 

Figure 5.5 OP3, outlet vorticity contour (W) and 
secondary flow vectors (M=0.4, inlet angle=-

44deg) 
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Figure 5.6 OP3, outlet boundary conditions (M=0.4, inlet angle=-44deg) 

In conclusion it can be said that the variation in Mach number does not signifi-
cantly affect the flow structure.  

5.1.1.2 Effect of  Inlet Angle 

The inlet flow shows a well-defined reduced speed region (Figure 5.7). This ap-
pears as a radial stripe which is caused by the potential field. In comparison to the 
nominal case its extension is bigger due to the relative area on the flow impinge-
ment. This region is centered on the passage and the Mach number distribution is 
symmetrical with respect to the midline. This difference occurs due to the lower 
flow deflection which is translated in lower circumferential gradients. The average 
Mach is reduced from 0.44 to 0.32.  

As observed at nominal conditions, there is a general down-wash until the 87% of 
span (βsec). From 10% to 50% of span the circumferential flow is balanced be-
tween pressure and suction side and consequently the averaged αsec is equal to the 
inlet angle. However from that point until 81% of span, αsec increase its value 
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reaching a maximum of αsec=1.8deg, after this point and until the casing the angle 
decreases steadily to 0. 

Figure 5.8 OP2, inlet boundary conditions (M=0.75, inlet angle=-20deg) 

The outlet has a significantly different 
behavior (Figure 5.9). The off-design 
implies a smaller deflection of the 
flow. Consequently this produces an 
alleviation of the gradients, which ul-
timately reduces the appearance of 
the secondary flow. On the vorticity 
contour and secondary flow plot Fig-
ure 5.8 is evident that the hub pas-
sage vortex (PV) is much smaller. In 
comparison with nominal conditions 
its radial extension is severely re-
duced. The development of the 
horseshoe vortex (HS) appears at 
lower span 12%. The tip leakage vor-
tex (TV) is flatter and it is not ac-
companied by a clear tip passage vor-

HS 

TV 

WI 

Figure 5.7 OP2, outlet vorticity contour (W) and 
secondary flow vectors (M=0.75, inlet angle=-

20deg) 
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tex. This evolution of the secondary flow with respect to the nominal inlet angle 
conditions is similar to the study showed by (Yamamoto, 2013).  

Figure 5.9 OP2, outlet boundary conditions (M=0.75, inlet angle=-20deg) 

Based on these results, it can be concluded, that the flow structure is mainly de-
pendent on the deflection of the flow. This was expected because the secondary 
flow is consequence of the pressure gradients induced by the flow deflection. The 
Mach number on the other hand does not have a significant effect despite of 
some small differences. 

5 . 1 . 2  F l o w  P e r i o d i c i t y

As it was described before, the test setup includes an annular sector cascade. 
Therefore it is necessary to confirm the flow periodicity on the blades which are 
going to be used to measure the blade loadings. In this way, it can be ensured that 
the blades operate at similar conditions.  

The parameters used to assess the periodicity consist of the deviation between the 
main the passages (-1, 0, +1) with respect to the averaged values of these three 
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passages. The variables assessed are: total pressure, static pressure, Mach number, 
yaw angle (alpha), pitch angle (beta).  

The outlet has showed to be highly independent on the operating point, with vari-
ations smaller than 2,5% in Mach number, total and static pressure. The angular 
deviations both in pitch and yaw are smaller than 2deg (Figure 5.10, Figure 5.11). 

Figure 5.10 OP1, downstream periodicity analysis (M=0.75 nominal inlet angle=-
44deg) 

Figure 5.11 OP3, downstream periodicity analysis (M=0.4 nominal inlet angle=-
44deg) 
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The inlet however has showed to be considerably dependent on the inlet angle. 
The higher the incidence the better the periodicity of the central passages, as can 
be observed in the following pictures. The periodicity is also slightly improved by 
the reduction in Mach number. 

 

Figure 5.12 OP1, upstream periodicity analysis (M=0.75 off-design inlet angle=-
44deg) 

 

Figure 5.13 OP2, upstream periodicity analysis (M=0.75 off-design inlet angle=-
20deg) 
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The flow periodicity is worst at operating point OP2 (M=0.75 in off-design condi-
tions, Figure 5.13). As a consequnece, in this case the maximum Mach number 
deviation is a 6%, with a yaw angle deviation of 3.4 deg. The results obtained 
show a high flow periodicity, based on the differences observed. 

 

Figure 5.14 OP3, upstream periodicity analysis (M=0.4 off-design inlet angle=-
20deg) 

 

Figure 5.15 OP4, upstream periodicity analysis (M=0.4 off-design inlet angle=-
44deg) 
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5 . 1 . 3  F l o w  V i s u a l i z a t i o n  

The boundary conditions suggested the presence of some local features such as tip 
leakage flow, passage and horseshoe vortices. The 2D traverses can only show the 
presence of local features that affect the downstream flow. Nevertheless, some of 
them cannot be easily identified neither with the traverses nor with the blade load-
ing. The flow visualization shows directly the different features on the blade sur-
face and their interaction. This simplifies significantly the identification of the dif-
ferent phenomena and the understanding of the flow. 

Suction Side 

In nominal inflow conditions (OP1 OP3) the flow visualization shows common 
local flow features as  described in the 2D downstream traverses (Figure 5.3, Fig-
ure 5.5). On Figure 5.16 (left), the hub passage (PV) and horseshoe vortex (HS) 
can easily be identified. These vortices are denoted by S-tipe streamlines coalesc-
ing into accumulations of paint. The accumulations delimit the borders of the vor-
tices. These structures can be seen close to the hub agreeing with the observed 
secondary flow.  

 

Figure 5.16 OP1 (left), OP2 (right). Suction side flow visualization, and Cp contour 
lines 
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The LSB appears delimited by green and yellow lines. This feature starts on the 
separation line (green) followed by the dead air region (big accumulation of blue 
paint). It ends on the reattachment line (yellow) delimited by the strong recircula-
tion. Right after this point, the oil is washed downstream.  

Inside the bubble, there is a radial gradient starting form horseshoe vortex to-
wards tip, which transports paint upwards. At the same time an interaction be-
tween the bubble and the tip vortex can be identified, which transports green 
paint into the bubble. At 70% of span the two gradients balance each other pro-
ducing a large accumulation of paint. When the accumulation is big enough the 
paint is washed downstream (yellow arrow). 

The local Reynolds number in the most adverse operating point (OP1) is found to 
be 446 000. According to (Hodson and Howell, 2005) its appearance in high-lift 
profiles  is more probable between 105<Re<4x105. However, it is highly depend-
ent on the tangential pressure gradient, which in this case is very severe, explaining 
its presence. 

The interpolated Cp contour maps on the blade show a correlation between paint 
and normalized pressure. On the regions of maximum acceleration can be ob-
served that there is no pigment deposition. When the flow starts decelerating and 
the pressure increasing, the pigment density raises.  

No correlation can be found between Cp contours and the laminar to turbulent 
transition bubble, because of in sufficient pressure tap density, in the region where 
it appears. 

The variation from nominal inflow conditions to off-design yields the same trends 
observed on the 2D traverses (Figure 5.8). The reduction of the deflection reduces 
de extension of the secondary flows (Figure 5.16 Right) having special relevance 
on the passage and horseshoe vortex reduction. 

The LSB in this case is better defined and straighter from hub to shroud 
(Re=318000). The separation line appears at the same arc position (65%) inde-
pendently of the span but the reattachment and consequently the extension de-
creases with the span position. The radial equilibrium inside the bubble is reached 
at the same span (70%). 

The Mach number has a minor impact on the flow structure; due to that, the flow 
visualization shows analogous trends for the other cases. 
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Pressure Side 

On the pressure side, the flow structure and consequently the paint deposition on 
the blade surface are mostly dependent on the inlet angle (Figure 5.17). The nom-
inal case shows the formation of a thin and long LSB (first half of the blade). The 
formation of this separation bubble depends on the low local Reynolds number 
and on the adverse pressure gradient produced around the blade leading edge. The 
spanwise evolution of the bubble shows a stable spatial distribution. The dead air 
region widens from 30% to 0% of span. This is thought to be a consequence of 
the secondary flow, and more specifically on endwall cross-flow that can be ob-
served in Figure 5.17 (white arrows) and in the model of Goldstein and Spores in 
Figure 1.10. 

 

Figure 5.17 OP1 (left), OP4 (right). Pressure side flow visualization and Cp contour 
lines 

The off-design operating conditions induce the formation of long separation sur-
faces (Figure 5.17 right) which occur due to the extremely adverse pressure gradi-
ents close to the leading edge. These gradients force the detachment (red line) of 
the boundary layer which becomes turbulent and reattaches on the blade surface 
(yellow line). The reattachment line is characterized by a significant accumulation 
of blue paint because of flow stagnation. Inside the bubble the flow can be de-
composed into two regions. From the red to the green line there is a large accu-
mulation of blue paint, this indicates that the flow is completely stagnated (dead 
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air region) while between green and yellow line the low accumulation of paint and 
the streamlines evidences a strong recirculation.  This mechanism balances the 
forces between the mean flow and separation surfaces, shaping the mean stream 
flow channel (Figure 1.14). 

The dead air region, from 30% of span to the hub, experiences a similar widening 
to the nominal case, which is also likely to occur due to the endwall cross-flow.  

The off-design Cp contour plots also show the separation bubbles. The pressure 
in the dead air is constant due to the zero gradient condition while close to the re-
attachment line it increases as a consequence of the strong recirculation. The Cp 
on the reattachment line is maximum due to the stagnation of the flow, and de-
creases toward the trailing edge. 

5 . 1 . 4  S t e a d y  B l a d e  L o a d i n g  

5.1.4.1 Periodicity of  Blade Loading 

 

Figure 5.18 OP1 cascade blade loadings (left). Cascade loading deviations (right) 

The last step of assessing the periodicity consist of comparison the blade loading 
on the target blades (-1 ,0 ,1). Operating at nominal conditions (OP1 Figure 5.18), 
the pressure side shows a Cp variation below 0.01. However on the suction side 
the variation climbs to 0.05 with respect to the average value. This is consequence 
of the adverse pressure gradients, which makes the region more sensitive to small 
perturbations.  

For the same inlet angle at low Mach conditions (OP3) the loading periodicity 
shows similar characteristics. As occurred in the previous case the major differ-
ences are located at the leading edge and suction peak Figure 5.19. 
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Figure 5.19 OP3 cascade blade loadings (left). Cascade loading deviations (right) 

At off-design condition the situation is different (Figure 5.20, Figure 5.21). The 
pressure side for the high and low Mach operating point (OP2, Figure 5.20) agrees 
fairly well, with a maximum Cp deviation of 0.1. The variations are concentrated 
on the separation bubble and with more emphasis on the reattachment line. 

 

Figure 5.20 OP2 cascade blade loadings (left). Cascade loading deviations (right) 

However, the suction side of blade-1 differs significantly. These variations are lo-
cated on the suction peak and have a maximum Cp deviation of 0.45 for the high 
Mach and 0.18 for the low Mach number. 

Based on these observations the following is concluded: 

- At nominal inlet conditions (OP1, OP3) the blade loading can be consid-
ered periodic and the Cp variations remain within measurement accuracy. 
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- At off-design conditions only the pressure side of these blades and the 
suction side of blades 0 and +1 can be considered periodic. The suction 
side of blade -1 shows similar flow but slightly lower pressure at suction 
peak. 
 

- The differences on the suction side of blade-1 are larger than the meas-
urement accuracy. It shows a Cp maximum deviation of 7.5% respect to 
the average of blades0, +1, therefore it cannot be considered periodic. 
However this surface has been proven to be of minor importance for the 
subsequent analysis because of its low unsteady response, and minimal 
contribution to stability. 
 

- It can be observed that in all cases ΔCp grows form blade-1 to blade+1 on 
the suction side and vice versa on the pressure side. These are symptoms 
of a slight inlet angle variation, previously observed on Figure 5.13. How-
ever this variation is considered of minor importance towards the subse-
quent analysis. 

 

Figure 5.21 OP4 cascade blade loadings (left). Cascade loading deviations (right) 

 

5.1.4.2 Blade Loading Characteristics 

Based on the previous conclusions the blade loadings on blades -1 0 +1 have been 
averaged. 

OP1 (Nominal inlet angle M2=0.75) :  

In Figure 5.22, at midspan the loading is depicted. The suction peak appears at 0.6 
of the normalized axial coordinate (grey arrow). At 10% span the loading presents 
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an inflexion point located at mid arc (grey dashed arrow) followed by a severe in-
crease of the pressure gradient. This is a consequence of the impingement of the 
passage vortex onto the suction side Figure 5.16 right. The loading at 90% span 
shows similar characteristics as at midspan, however the last two taps of the suc-
tion side show a greater gradient due to the passage and tip leakage vortex interac-
tion (Figure 5.16 right). The suction side transition bubble cannot be identified 
from the measured blade loading. 

 

Figure 5.22  Numerical versus Experimental comparison. OP1 (left) and OP3 
(right), averaged blade loading at 10%, 50% and 90% of span. 

On the pressure side there are only small differences. The relative inlet angle varia-
tion of the flow between ax=0 and ax=-0.1 can be identified. This happens due to 
the twisting of the walls while the blade angle of attack is independent of the span 
position. The separation bubble observed with the flow visualization (Figure 5.17 
left) cannot be identified due to insufficient data density in this area. 

OP3 (Nominal inlet angle M2=0.4): 

This operating point (Figure 5.22, right) presents similar characteristics to OP1. 
Nevertheless its suction peak is displaced to ax=0.35. This is a consequence of the 
decrease in Mach number and pressure gradient. 

OP2 (Off-design inlet angle M2=0.75): 

At 50 and 90% of the span (Figure 5.23) the suction peak shows up at ax=0.5. At 
90% the effect of the tip and passage vortex can be seen in the last two taps but 
with much less effect due to the reduction of the secondary flows. At 10% the 
impingement of the passage vortex can be identified but with reduced impact with 
respect to nominal conditions.  
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On the pressure side the formation of the separation surface is clearly defined. 
This is denoted by the pressure plateau (D) associated with the dead air region the 
shape of which is consequence of the zero gradient condition inside the separation 
area. After the plateau there is a pressure peak representative of the reattachment 
region (R). The bubble length remains constant independently of the span posi-
tion but small differences can be observed in the reattachment intensity, congru-
ent with the secondary flow. 

 

Figure 5.23  Numerical versus Experimental comparison. OP2 (left) and OP4 
(right), averaged blade loading at 10%, 50% and 90% of span. 

OP4 (Off-design inlet angle M2=0.4): 

OP4 shows similar behavior to OP2 with less impact of the secondary flow at 
90% and 10% of span. The suction peak appears displaced forward at arc=0.43 
(Figure 5.23 right), respect to the high Mach conditions (Figure 5.23 left). 

On the pressure side similar structure and characteristics can be found in relation 
to OP2. 

5.1.4.1 Numerical Experimental Comparison 

On Figure 5.22, the behavior of the nominal inlet conditions can be observed on 
both high and low Mach conditions for the three span positions.  

On the one hand, the pressure side agrees fairly well with the experiments, inde-
pendently of the Mach and span positions. On the other hand, the suction side 
shows some differences, which are thought to be a consequence of the turbulence 
model and the greater pressure gradients.  

 

R R D D 
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The following observation can be drawn: 

- At high Mach condition (OP1), Figure 5.22 left, the suction side agrees 
well for 90% and 50% of the span. At 10% of span, the horseshoe vortex 
and the impingement of the passage vortex can be observed. However, 
the predicted pressure gradients do not coincide with test data.  
 

- At low Mach conditions (OP3), Figure 5.22 right, 50% and 90% of span 
are consistent. The 10% of span agrees better but it still does not capture 
properly the passage vortex effects. 

One of the possible reasons for this deviation at 10 % of span is the turbulence 
model (k-ε) used to calculate the passage and horseshoe vortex. This model is very 
sensitive to the mean flow turbulence intensity (TU). In addition, the k-ε model 
uses wall functions to solve the boundary layer and consequently it cannot proper-
ly capture the boundary layer interaction with the vortices.  

Under off-design conditions (Figure 5.23) the results show differences on three 
different regions, the reattachment line, the plateau and the suction side.  

The following observations can be drawn: 

- OP2 (High Mach, Figure 5.23, left) shows a general Cp overestimation on 
the suction side. This is a consequence of the contribution of blade-1 to 
the averaged value. As discussed on the previous chapter the behavior of 
this blade is not fully periodic, showing a lower pressure distribution, 
while the suction side of blade 0 and +1 agree fairy well. The plateau re-
gion is slightly overestimated, while the reattachment line is consistent. 
 

- OP4 (Low Mach, Figure 5.23, right) agrees on the pressure side for all the 
span positions, including 10%. The complexity of the secondary flow is 
smaller due to the decreased flow deflection. Plateau and reattachment 
point are adequately captured for both 10 and 50% of span but the reat-
tachment point 90% is displaced backwards, increasing the length of the 
region. 

In general, the model used does not capture the formation of the suction side 
transition bubble because it does not include a laminar to turbulent transition 
model. Future work and efforts should be oriented towards the modeling of the 
laminar to turbulent separation bubble, introducing transitional models, such as 
(Langtry and Menter, 2005). 
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6 Oscil lat ing Blade Row 
Aerodynamics 

6 . 1  C o n s i d e r a t i o n s  o n  t h e  L i n e a r i t y  
A s s u m p t i o n  

 

The influence coefficient technique is based on the assumption of a linear relation 
between the vibrational amplitude and the unsteady response, this makes the ful-
filment of this requirement essential for further analysis of the data acquired. 
(Verdon, 1987) analysed the validity of this method and concluded that it can only 
be applied for small blade oscillation amplitudes. In line with this conclusion, pre-
vious campaigns with the AETR rig have considered linear behaviour for oscilla-
tion amplitudes smaller than 1deg  

 

Figure 6.1 Computational study on the linearity assumption for a torsion mode. 
Adopted from (He, 1998b) 

Other studies as (He, 1998b) examined the impact of the torsional amplitude for a 
low pressure turbine of similar characteristics up to 1 deg. In Figure 6.1 it is evi-
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denced that the results start diverging around 1 deg, with a maximum deviation of 
5%. It can also be noticed that this decay of the response versus amplitude is non-
linear for both cases.  

The experimental results show a high dependency on the oscillation frequency. 
Despite that the kinematical amplitude imposed to the oscillation mechanism is 
1deg (for all modes), the real amplitude increases with the actuation frequency. It 
is believed that this occurs in relation to a system resonance due to the intrinsic 
tolerances of the mechanical system.  

  

Figure 6.2 Experimental oscillation amplitude vs frequency (left). Amplitudes on the 
axial mode OP3 (right) 

In Figure 6.2, the amplitudes increase with frequency, but at a different rate de-
pending on the oscillation mode and on the Mach number. The bending modes 
oscillate at much higher oscillation amplitudes, being the axial mode the largest. 
The torsion increase rate is mild for the low Mach conditions, matching 1.15deg at 
80,48Hz, with a maximum of 1.3deg. However for M=0.7 the torsion grows at a 
much higher rate reaching 1.65 deg at 240Hz. 
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With the present setup the only way to analyse the impact of the oscillation ampli-
tude on the linearity is to perform a set of simulations with different oscillation 
amplitudes and constant frequency. This is the only possible way to isolate the 
amplitude from the oscillation frequency, but the technique presents some limita-
tions related to the mesh deformation characteristics, and the intrinsic differences 
with the experimental setup. 

 

Figure 6.3 OP1 Integrated unsteady forces versus oscillation amplitude. 

Experimental 
Amplitude 
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The blade has been oscillated at the first reduced frequency (k=0.1), and the am-
plitudes selected have been 0.25, 0.5, 1 and 2 degrees which properly cover all the 
experimental oscillation amplitudes obtained. The linear behaviour is determined 
based on the result at 0.25 with respect to the origin of coordinates for compari-
son reasons, as was done by. 

The linearity has been analysed by means of the integrated unsteady force modu-
lus, on blades -1 0 +1 at midspan. 

The following observations can be drawn: 

• OP1 Axial: 

On Figure 6.3, the integrated force decreases with respect to the linear behaviour 
while the blade oscillation amplitude increases. This occurs for the three blades 
and their growth rate is congruent with the respective unsteady responses. At the 
experimental amplitude 1.5deg, the amplitude of blade0 differs 11.44% and blade+1 
13.13%. These are the most important blades towards stability. 

• OP1 Circumferential: 

On blade 0 and +1 (Figure 6.3) the forces tend to exceed (at the same rate) the lin-
ear behaviour while the opposite occurs for blade-1. This mode has an apparent 
tolerance to high amplitudes, showing deviations for the blade0 of 6.17% and 
5.39% for the blade+1 at amplitudes of 1.75 deg. This mode will be studied later in 
detail.  

• OP1 Torsional: 

The increase of the oscillation amplitude produces the reduction of the integrated 
forces respect to the linear interpolation. Blade0 has the most significant unsteady 
response and in general its percental variations with respect to linearity is much 
higher. However, the response of this mode is two orders of magnitude smaller 
than the other modes, consequently even if the relative variations are great, the 
factual deviations are small (Figure 6.3). 

• OP3 Axial: 

For the low Mach number conditions (Figure 6.4), the axial mode shows similar 
forces growth patterns respect to the amplitude. However the slopes are one order 
of magnitude smaller which means that it has a lesser impact on the unsteady 
force growth. The deviation from linearity on blade0 and +1 is respectively 3% and 
4.4% which is significantly smaller with respect to the high Mach number condi-
tions. 
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• OP3 Circumferential: 

The change of the unsteady force with the amplitude is similar to the results ob-
tained in high Mach. The deviations related to linearity are below 6% for blade 0 
and +1 which are the most relevant (Figure 6.4).  

• OP3 Torsional: 

The unsteady response (Figure 6.5 left), as on the high Mach case, is two orders of 
magnitude smaller with respect to the circumferential mode. The variations are 
very small, which may explain the unclear trends observed, especially on blade 0. 
This case will be further studied in the next part of the analysis 

 

Figure 6.4 OP3 Integrated unsteady forces versus amplitude. 

6.1.1.1 Inflow Angle Impact 

Figure 6.5  shows the comparison between OP3 and OP4 and reveals larger sensi-
tivity of OP4 with an expansion rate one order of magnitude larger. The results 
show a considerably good agreement between the numerical and the theoretical 
linear model.  

In conclusion, the inlet angle variation yields changes in the unsteady blade load-
ing, which affect the ratio force-amplitude. However, the sensitivity of forces to 
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non-linear behaviors is more dependent on the Mach number conditions than on 
the inlet angle. 

 

Figure 6.5 Integrated unsteady forces versus amplitude. Comparison between OP3 
(left) and OP4 (right), on the torsion mode 

6.1.1.2 Local Impact of  the Oscillation Amplitude 

For the system to be fully linear, the unsteady pressures must be linear with the 
motion in the operation region. According to this principle, not only the three tar-
get blades should be linear, but also the local unsteady pressure distributions. In 
order to obtain deeper understanding of the non-linear behaviours, two cases have 
been analysed more in detail.  

Focussing on OP1 in the circumferential mode, narrowed to the blade0 and +1, 
the integrated forces show an apparent linear behaviour (Figure 6.3). However, 
the modulus of the distributed forces, corrected with the oscillation amplitude 
(Figure 6.6), shows some relevant differences which can be identified in three re-
gions: 

-Suction peak 

-Aft part of the suction side (from arc=0.6 to 1) 

-Aft part of the pressure side (from arc=-0.8 to -1) 
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The results suggest two different stable situations depending on the oscillation 
amplitude. From 0.5 to 1deg there is a severe change in the shape of the unsteady 
forces which is evident on the suction side of the most relevant blades +1 and 0. 
This change on the shape is relevant because denotes a non-linear behaviour on 
the region.  

As a consequence, the study of the linearity based on the integrated forces can be 
misleading, because in the integration process the differences cancel each other. 
For example, the increase in pressure on blade1 from arc=0.6 to1 is cancelled by 
the force reduction between 0 and arc=0.6. 

The comparison with the experimental results shows that the unsteady pressure 
shape from arc=0.6 to 1 is closer to the oscillation at 1 and 2 deg than to the 0.25 
and 0.5deg. Despite of the differences in force amplitude this is congruent with 
the angle measured in the experiments (1.75deg). 

 

Figure 6.6 Distributed unsteady force amplitude comparisons. OP1 Circumferential, 
blade0 blade+1 

These performance differences have been identified in all the high Mach number 
cases, suggesting a non-linear behaviour of the setup under these operating condi-
tions.  

On Figure 6.7, the impact of the oscillation amplitude on a torsion mode under 
low Mach conditions (OP3) can be observed. This case shows some moderate 
variations on blade0 and +1, despite of the apparently non-linear behaviour identi-
fied in Figure 6.5. 
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From a general point of view, these differences are not as big as in the previous 
case, but there are minor variations, which follow a congruent trend with the am-
plitude increase. 

These results are supported by the experimental results, because of the good 
agreement with blade0 and the force shape similarity on blade +1. 

 

Figure 6.7 Distributed unsteady force amplitude comparisons. OP1 Torsion, blade0 
blade+1 

It can be concluded based on the previous analysis and observations that: 

- The analysis of the linearity cannot only be based on the integrated forces. 
It is necessary to analyze the force distribution to have a clear perspective. 

- Based on the prior results the linearity assumption is more sensitive to the 
oscillation amplitude at high Mach number conditions. Therefore, the 
lower the Mach number, the greater the tolerance towards high oscillation 
amplitudes.  

- The linearity assumption has shown a low sensitivity to inflow angle vari-
ations. 
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6 . 2  A e r o e l a s t i c  R e s p o n s e  

The conclusions drawn on the linearity analysis limit the set of data that can be 
used for validation purposes at high Mach number conditions (OP1, OP2). In or-
der to ensure the validity of the following analysis, the study will focus on the low 
Mach number cases in nominal and off-design conditions (OP3 and OP4) for a 
reduced frequency of 0.1 (40,24 Hz).   

This chapter presents: 

- The overall characteristics of the unsteady response of the cascade on the 
different oscillation modes and operating conditions. 
 

- Three dimensional effects on the oscillating blade (blade0). 
 

- The impact on the aeroelastic response of pressure side separation surfac-
es. 

6 . 2 . 1  U n s t e a d y  P r e s s u r e  R e s p o n s e   

In the influence coefficient domain the oscillation of blade0 produces an unsteady 
pressure field, which affects itself and the neighboring blades (p.23). If it is as-
sumed that the movement of the blade is quasi-stationary (infinitely slow) the 
change of the passage geometry (Figure 6.8) produces the contraction of the pas-
sage throat which increases the passage blockage. This raises the pressure in the 
contracted passage (in-phase with the motion), while the pressure drops in the ad-
jacent one, (out of phase with the motion). 

In the axial and torsional mode the reduction of the throat also modifies the con-
vergence of the channel and reduces the throat (Figure 6.8). However, in the cir-
cumferential mode the passage shape is not modified (assuming small displace-
ment), and the change rate of the intake and throat areas are similar. This produc-
es a mass-flow transfer from the reduced to the expanded passage, unloading the 
reduced and loading the expanded. 

The real movement of the blade is not quasi-stationary but dynamic. The dynamic 
effects appear as a consequence of the flow inertia in opposition to the blade mo-
tion, producing the dephase of the unsteady response with respect to the blade 
motion. 
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Figure 6.8 Passage contraction & convergence scheme for: Axial, circumferential 
and torsional modes. 

From a general point of view, common characteristics can be found on the results 
independently of the mode and on the operating conditions. The most sensitive 
areas correspond to the suction side of blade0 and suction side of blade +1 (Vogt, 
2005), and more specifically on the suction peak. However, in off-design the pres-
sure sides of blade 0 and -1 can also play relevant roles. These are sensitive regions 
to the flow perturbations, which correspond to the formation of long separation 
surfaces. This sensitivity is thought to be a consequence of the unsteady pressure 
field and relative inlet angle interaction, which alters the balance between the free 
stream and recirculated flow.  

This has two main effects: 

- The internal pressure of the bubble changes homogeneously due to the 
zero gradient condition inside of the recirculated region. 
 

- The reattachment point moves due to equilibrium of the pressure gradi-
ents. This, in combination with the intrinsic unsteadiness of the region, 
explains the response peak on the reattachment point and also the large 
uncertainty associated with these taps. 
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The three modes under the different operating conditions present some com-
mon characteristics: 

- The maximum unsteady responses are associated with the maximum tan-
gential flow accelerations (reattachment point and suction peak). 
 

- The off-design condition produces a generalized increase of the unsteady 
response. 
 

- Inside the separation bubble the phase remains constant. 

Axial Mode  

Operating in nominal inflow conditions (OP3) the most relevant unsteady re-
sponse appears on region II of blades+1 and 0 (Figure 6.9).  

On the suction side of blade0, the maximum unsteady pressure appears on the 
leading edge, which rapidly decays to a stable plateau that embraces arc=0.05 to 
arc=0.30. After this point the unsteady pressure decays steadily until arc=0.5. On 
the suction side the phase is in-phase with the motion while on the pressure side 
the phase goes from 0deg on leading edge, to -111deg at arc=-0.3. This is believed 
to be a consequence of the dynamic effects of the blade motion, but the low am-
plitudes make this deviation irrelevant.  

On blade+1 the maximum response appears on the suction peak. The leading edge 
has a moderate response in comparison with blade0 and is out of phase with the 
motion in the region of interest. 

The blade-1 shows a very low response on the pressure side with a similar phase 
deviation to the observed on blade0. 

In off-design (OP4) the overall unsteady response grows as described above. The 
maximum unsteady pressure on the suction side of blade0 and +1 is displaced 
backwards analogously to the suction peak in Figure 5.23. However, its distribu-
tion is more concentrated around the suction peak (region II). These regions are 
in-phase with the motion. 

The pressure sides of blade0 and -1 show an important response in comparison 
with the nominal case. This is consequence of the long separation bubble which 
ranges from the leading edge to the reattachment (arc=-0.55). 
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Figure 6.9 OP3 and OP4 midspan unsteady pressure distribution, in the axial 
mode. 

The aforementioned observations suggest: 

- Under nominal conditions the most important regions are the suction 
side of blade0 and +1. In off-design the pressure side of blade0 has a simi-
lar importance to the suction side and blade-1 has a comparable effect to 
blade+1. 

- In off-design conditions the phasing of neighbor surfaces tends to agree. 
However, in nominal conditions the pressure side of blade0 and -1 show 
small variations. This implies that the throat change in off-design is more 
relevant compared to the other effects (Figure 6.9). 

The comparison with the numerical results suggests: 

- The nominal cases have a good agreement on blade-1 and 0. However, the 
amplitude on the suction side of blade+1 is underestimated, while its 
phase is similar to the experimental phase.  
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- In off-design conditions, there is a large underestimation of the passage 

between blade0 and +1. 

Circumferential Mode  

The comparison between circumferential and axial mode shows a generalized re-
duction of the unsteady pressure. 

 

Figure 6.10 OP3 and OP4 midspan unsteady pressure distribution, in the circum-
ferential mode. 

Focusing on the nominal operating conditions, blade0 finds its maximum unstead-
iness on the suction peak, decaying steadily towards leading and trailing edge. On 
the leading edge there is a 60deg dephase that drops until arc=0.25, after this 
point the phase couples with the motion and gets stabilized. On the pressure side, 
region III shows no relevant response, however the phase is not out of phase as in 
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the axial mode(-35deg). In region IV, there is a amplitude upturn in phase with the 
motion. 

The response on blade+1 is wider in comparison to the axial response and has a 
phase of -150deg (region II), which grows slowly in region I. 

In this mode, the unsteady response of blade-1 is minor compared to the other 
blades. 

The off-design condition produces an increase of the unsteady pressure level 
compared to nominal as in the axial mode.  

On the suction side of blade0, the maximum moves backwards in agreement with 
the suction peak position (Figure 5.23), and the phase performs similarly to nomi-
nal. On the pressure side in region III, the plateau associated with the separation 
bubble can be identified, however its unsteady response is significantly smaller 
than the observed on the axial mode. The bubble phase is constant on this region 
(-60deg). The reattachment point appears at the end of region III, with similar be-
havior to the one described in the previous mode. After this point there is ampli-
tude deep followed by the same excitation described in the nominal inlet angle on 
region IV. The reattachment point makes an inflexion in the phase, between the 
region III is out of phase and region IV is in-phase. 

These observations suggest: 

- The circumferential mode presents a lower unsteady response. This is be-
lieved to occur because of the smaller channel contraction (3%), and the 
different nature of the channel shape variation explained above. 
 

- The unsteady response of neighboring surfaces is not necessary out of 
phase. This suggests that the unsteady loading is not only affected by the 
passage quasi-steady contraction but also by dynamic effects. For exam-
ple, the -60deg dephase at blade0’s bubble  
 

- The blade-1 does not play a significant role. 
 

- Both in nominal and off-design conditions, the most significant responses 
correspond to blade0 and suction side of blade+1. 

The comparison of measured data and predicted results suggest: 

- Fairly good agreement both in amplitude and phase, with slight overesti-
mation of the unsteady pressure on the suction side of blades0 and +1. 
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- In nominal operating conditions the phase prediction on blade0 region III 
does not follow the same trend as phase of the experimental data. 
 

- Poor agreement in blade-1 (region IV). The author interprets this result as 
an experimental error because of the similarities with the pressure side of 
blade0. Limited results at different span positions confirms this hypothe-
sis, however there is no information enough for concluding on this mat-
ter. 

 

Torsion Mode 

The unsteady response acquired on the torsion mode has similarities to the axial 
mode, both in amplitude and distribution. However due to the asymmetry of the 
passage contraction (Figure 6.8), there is a higher response on the passage be-
tween blades0 and +1 (3.2% contraction) than between blades-1 and 0 (0.75% con-
traction). 

On blade0 in nominal operating condition the peak on the leading edge is slightly 
thicker compared to the axial mode and the plateau until the suction peak has a 
lower response. The phase on the suction side is mostly in-phase with the motion. 
On the pressure side the unsteady response drops very fast from the leading edge, 
showing a slight increase in region IV. The averaged phase on this side is -150deg, 
which is not completely out of phase with the motion. 

The suction side of blade+1 has also a similar amplitude response to the axial 
mode, being out of phase with the motion. Finally the unsteady response of blade-
1 is not relevant compared to the other blades in nominal operating conditions. 

Under off-design conditions the level of unsteadiness raises as it occurred in all 
the rest of the modes. Focusing on blade0 the pressure and suction sides follow the 
pattern of the axial mode while the phase on the suction side is in-phase with the 
motion and on the pressure side is out of phase. Moreover the response of 
blade+1 is the most significant in amplitude and it is out of phase with respect to 
the motion. 

Blade-1 only has a relevant response on region III due to the separation bubble. 
However, its amplitude is considerable smaller with respect to the other surfaces 
and also compared with the axial mode. Its phase is completely in-phase.  
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Figure 6.11 OP3 and OP4 midspan unsteady pressure distribution, in the torsion 
mode. 

The previous observations suggest: 

- For the torsion mode in nominal conditions, the most relevant surfaces 
are the suction side of blade0 and suction side of blade+1. Nevertheless, in 
off-design, the pressure side of blade0 gains importance and the pressure 
side of blade-1 plays a significant role. 
 

- The response, in comparison to the axial mode, is considerably smaller in 
passages -1/0. This difference is more relevant on the pressure side of 
blade-1. This is thought to occur due to the asymmetry of the throat con-
traction which in torsion mode is 0.75% and in axial mode is 3.2%. 
 

- While going from nominal to off-design the contraction of the passage 
throat becomes more important. This can be observed on the 180deg 
dephase on the pressure side of blade0. 
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The comparison of measured data and predicted results suggest that the numerical 
results successfully predict the phase but overestimate the amplitude of the un-
steady pressure with respect to the experimental results. This occurs independent-
ly of the operating point. 

6 . 3  T h r e e  D i m e n s i o n a l  E f f e c t s  

This chapter will focus on the variations and characteristics of the unsteady pre-
sure at three different span positions (10% 50% 90%) to provide information on 
the 3D local flow features, radial balance and how they influence the unsteady re-
sponse of the cascade. 

The study is narrowed to blade 0. The previous study done by (Vogt, 2005) have 
analyzed the behavior of the adjacent blades on a twisted low pressure turbine 
(Vogt, 2005). 

6 . 3 . 1  N o m i n a l  O p e r a t i n g  C o n d i t i o n s ( O P 3 )  

Axial mode: 

In Figure 6.12, the unsteady response under nominal inlet conditions (OP3) is ad-
dressed. On the axial mode, the unsteady response is mostly located on the suc-
tion side around the suction peak, as it can be observed at 90% and 50% of the 
span. At 10%, the result apparently does not follow the same trend. From arc=0 
to 0.4 the flow is not affected by the secondary flow, showing similar behavior to 
90% and 50% of span. At arc=0.4 the passage vortex impinges (red arrow) pro-
ducing an unsteady response upturn (arc from 0.4 to 0.6), which is believed to oc-
cur due to the interaction between the horseshoe vortex and the movement of the 
blade. 

These observations are congruent with the variation of the steady loading along 
the span, as it can be seen in Figure 6.12, bottom right. 

The phase does not present significant variations along the span at the relevant re-
gions. 
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Figure 6.12 OP3 3D unsteady pressure distributions at 10%, 50% and 90% of 
span. Axial (top left), circumferential (top right), torsion. Steady blade loading at 

10%, 50% and 90% (bottom right). 

Circumferential Mode: 

On the suction side of the circumferential mode a similar behavior to the axial 
mode can be observed. The 50% and 90% of span present a similar performance 
with small differences that are within measurement accuracy. 10% of span has a 
flat unsteady response much lower compared to the rest, around arc=0.4 and 0.6 
there is a visible small peak (red arrow), which is not conclusive due to the uncer-
tainty of the measurement but that is compatible with the passage vortex im-
pingement. 

On the pressure side the 90% and 50% of span show a similar upturn in region IV 
(blue arrow) which agrees with the favorable pressure gradient on the steady load-
ing. However this cannot be appreciated at 10% of span, despite the steady load-
ing show a similar behavior to the other span positions.  
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The phase at 50% and 90% remains similar, while the phase at 10 % of span on 
the suction side tends to lead the blade motion. The secondary flow is thought to 
have a significant effect on this dephase which can be correlated with the passage 
vortex footprint on the steady loading (red arrows). The mean phase on the pres-
sure side seems to be delayed but it remains within measurement accuracy with re-
spect to the other span positions.  

Torsion Mode: 

The oscillation in the torsion mode presents unsteady responses with similar char-
acteristics independently on the span position. However, there is a trend on the 
suction side from hub to tip for arc=0.1 to 0.4, that can be associated with the ra-
dial distribution of the steady blade loading, because of the peak at arc=0.4 (red 
arrow) at 10% of span and the subsequent upturn at arc=0.5. The phase remains 
constant independently of the span position. 

The previous observations suggest the following conclusions: 

- The unsteady pressure distribution on the bending and torsion modes is 
highly dependent on the steady blade loading distribution. The blade 
loadings at 50% and 90% are very similar in comparison to the 10% 
which is affected by the secondary flow. This can be observed on its dif-
ferent tendencies and on the appearance of a second upturn around 
arc=0.4 for the 10% span, where the passage vortex impinges. 
 

- The phase in axial and torsion mode behaves in the same way inde-
pendently of the span position. 
 

- The tip leakage flow does not show a significant influence on the un-
steady response neither in amplitude nor in phase. 
 

- The passage vortex influences the amplitude for the bending and torsion 
modes, but in the circumferential mode it also advances the phase with 
respect to the motion. This is supposed to be a consequence of the vortex 
interaction with the motion, but the results do not allow deriving any fur-
ther conclusion about the mechanism that takes place. 
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6 . 3 . 2  O f f - d e s i g n  O p e r a t i n g  C o n d i t i o n s  ( O P 4 )  

Axial Mode: 

In Figure 6.13 (top, right) the behavior of blade0 under off-design conditions oscil-
lating on the axial mode can be observed. The suction side has several similarities 
compared to the nominal, but the greater difference is the similar behavior of 10% 
of span with 50% and 90% of span. Analyzing the steady blade loading, the de-
crease of the flow deflection lessens the secondary flow reducing the extension of 
the passage and horseshoe vortex and consequently this will have a greater impact 
at 10% of span. The phase is mostly constant in the regions of interest.  

The pressure side in off-design compared with the nominal conditions shows 
much more interesting characteristics in relation with the separation surface. The 
separation surface is present at the three spans and the plateau amplitude can be 
considered similar for the 10% and 50% of span. However, the 90% of span 
shows decay in the order of |Cp|=0.05, which is believed to be a consequence of 
the dynamic unload produced by the tip leakage. 

The reattachment point appears for the three spans at arc=-0.55, which means 
that the bubble length is similar. Moreover, the unsteadiness peak amplitude is 
maximum for 50% and 90% of span decaying while reducing to 10% of span; this 
can be correlated with the steady blade loading reattachment peaks. Unlike the dif-
ferences observed in the amplitude, the phase inside of the separation bubble is 
highly independent to the span position. 

Circumferential Mode: 

The circumferential mode on the suction side has similar characteristics to the 
nominal cases, despite of the aforementioned differences at 10% of span pro-
duced by the passage vortex weakening. To a lesser extent, the phase at 10% of 
span anticipates the motion compared to 50% and 90% of span showing similari-
ties to the nominal conditions. 

On the pressure side, the separation bubble has smaller unsteady response with 
some major differences compared to the axial mode. At 10 and 50% of span the 
plateau and reattachment are similar, being the 10% response slightly greater. 
However, at 90% of span the unsteadiness peak is allocated at arc=-0.3 and has a 
completely different structure, more similar to a short separation bubble, there-
fore, the plateau shows an apparent lesser extension. The phase of the 90% is an-
ticipated 150deg gathering with 10% and 50% of span on the reattachment point.  
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Region IV, presents a significant response as described in the previous chapter. 
The 90% and 50% of span have similar behaviors within measurement accuracy, 
nevertheless at 10% the influence is not significant. 

 

 

Figure 6.13 OP4 3D unsteady pressure distributions at 10%, 50% and 90% of 
span. Axial (top left), circumferential (top right), torsion. Steady blade loading at 

10%, 50% and 90% (bottom right). 

Torsion Mode: 

The torsion modes on the suction side at 10% and 50% of span behave similarly. 
The 90% of span has a slightly lower response, which decays at arc=0.5, this can 
be related with the interaction between the tip leakage and the motion. It also can 
be interpreted as an inverse radial gradient, which is assumed to be non-significant 
because the data are within measurement accuracy. The phase in this region can 
be considered span-independent. 
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On the pressure side, at 90% of span, the separation bubble interacts with the tip 
leakage, being the structure similar to the one obtained for the circumferential 
mode, but no plateau can be identified. At 10 and 50% the bubble structure is 
similar to the other cases with a less pointed response on the reattachment. More-
over, the phase is very similar for 50% and 90% of span in region III, while the 
phase at 10% of span tends to precede the other span positions although the error 
bars overlap slightly in the region. 

The previous observations suggest the following conclusions: 

- The off-design operating conditions present larger 3D variations concen-
trated on the pressure side whereas the effect of the passage vortex im-
pingement disappears completely. 
 

- The torsion and axial modes, have very stable response on the suction 
side independently of the span, with a minor impact of the tip leakage at 
90% of span for the torsion mode. 
 

- The suction side of the circumferential mode has an unsteady response 
compatible with the steady blade loading. 
 

- The separation bubble area is sensitive to the dynamic interaction with 
the local flow features. 
 

- The axial mode has congruent responses with the steady blade loading 
both in plateau and reattachment line. This agrees with the radial variation 
of plateau and reattachment. The unsteady response at 90% of span is 
slightly influenced by the tip leakage. 
 

- Circumferential mode and torsion have a severe contraction of the sepa-
ration bubble at 90% of span. 
 

A plausible explanation for the bubble contraction previously outlined consists of 
the change of the pressure gradients due to the tip gap variation. 

For example, analyzing the circumferential mode in off-design conditions, most of 
the mass flow passes through the tip at arc=-0.5 (Figure 6.14).The tip gap increas-
es with positive blade motion at the center of the blade, and decreases close to the 
leading and trailing edges, this process contributes to unload the upper spans.  
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Figure 6.14 OP4 tip leakage flow visualization. 

This effect together with the presence of the separation bubble and the passage 
throat change, is thought to be the cause of the bubble length reduction at the up-
per spans and of the dephase produced in this region. Therefore this is suspected 
to be a direct consequence of the oscillation in itself, because it is not present on 
the non-oscillating blades at 90% of span (Figure 6.15). 

 

 
Figure 6.15 OP4 3D unsteady pressure distributions at 10%, 50% and 90% of 

span. Blade -1 circumferential mode 
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6 . 3 . 3  N u m e r i c a l  R e s u l t s  C o m p a r i s o n  w i t h  t h e  
E x p e r i m e n t s .  

In Figure 6.12 the numerical results in nominal conditions (OP3) with the experi-
ments are compared. The following characteristics can be observed: 

Axial Mode: 

On the axial mode the numerical results show a high similarity both in amplitude 
and phase. However on the suction side region III the amplitude is underestimat-
ed for all the span positions. At 90% of span the suction peak is moved slightly 
forward decaying until arc=0.45. After this point, there is a certain upturn which is 
thought to be consequence of the tip vortex. At 10% span the response shape is 
similar to the 50% and 90% of span and finds little resemblance to the experi-
mental result. This deviation at 10% is thought to be consequence of the milder 
pressure gradients on the predicted steady blade loading from arc=0.4 to 1 (Figure 
5.22, right). 

The phase remains constant along the span with the exception of region I. Here 
the response lags the motion -140deg at 90% of span, while the dephase at 50% 
and 10% of span is ignored due to the low response. 

Circumferential Mode: 

On the suction side the shape of the response is properly captured. At 10% of 
span there is a good amplitude agreement, but the simulation steadily overesti-
mates the response while increasing the span. This suggests that the unsteady re-
sponse of the numerical solution has a certain dependency on the mode shape 
which was not observed on the experimental results. The phase at 90% and 50% 
of span agrees adequately, but the 10% shows a different trend, which lags con-
siderably with respect to the experimental phase. As described before, this is 
thought to be consequence of the passage vortex importance loss. 

There is generally a good agreement in amplitude on the pressure side; however, 
the phase tends to be slightly ahead of the experiments. On region IV at 10 % of 
span, the predicted phase is far ahead respect to the experiments, but it has no real 
impact due to the low unsteady response. 

Torsion Mode: 

On the torsion mode, there is a very good agreement between simulations and ex-
periments. The largest deviation appears on the suction side at 90% of span where 
the response decays more rapidly and the phase gets lagged respect to the experi-
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ments.  This is associated with the tip leakage formation because it appears at the 
same spatial position. 

Now the main focus will be on the off-design operating conditions (OP4 Figure 
6.13),where it can be observed: 

Axial Mode:  

Under off-design conditions (Figure 6.13) the suction side presents similar charac-
teristics to the nominal case. These appear both in the numerical versus experi-
mental comparison and in the three dimensional evolution. The single characteris-
tic to mention is the apparent larger impact of the tip vortex. 

There is generally an underestimation of the amplitude on the pressure side in 
comparison with the experiments. The response of the plateau is constant inde-
pendently of the span position, differing from the experimental response at 90%, 
which was slightly lower. 

The reattachment region is highly affected by the span position. The peak increas-
es with the span being almost insignificant at the 10% of span. The response finds 
similarities with the distribution observed in the steady blade loading prediction, 
which suggests that the differences are more dependent on the radial balance than 
on the mode shape. However, this cannot be concluded because both produce 
similar modifications. 

The phase in the bubble region is similar to the phase of the experimental data, 
nevertheless right after the reattachment (region IV) the phase at 10% of span 
shows considerable deviations. 

Circumferential Mode: 

The behaviors observed on the suction side are very similar to the OP3 response, 
showing the same trends of amplitude overestimation. 

In region III the shape of the unsteady pressure does not fit the experiments. 
However the amplitudes at 50% and 10% are underestimated and do not present 
the characteristic peak on the reattachment. The length of the bubble at 90% is 
similar to the 50% and 10%, however this differs a lot from the experiments, 
which present a reduced bubble as was previously explained. 

On region IV the simulations give a poor prediction of the unsteady response, 
progressively overestimating the amplitude as occurs on the suction side. 
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The phase in the bubble is constant, differing form the experiments at 90% of 
span. The model is not able to capture properly this region, probably due to tip 
leakage. On region IV there is another deviation at 10% of span but with lesser 
importance due to its amplitude. 

Torsion Mode 

The plateau, region III, shows similar unsteady response for the three spans, fit-
ting the experiments considerably well at 10% and 50% of span. The simulation 
shows a significant and well defined reduction of the bubble length along the span 
while preserving the shape. This behavior is far away from the experiments which 
show similar bubble lengths at 10% and 50% of span and a much shorter bubble 
at 90% of span with no evident plateau. 

This progressive change in the reattachment points, observed on the simulation, is 
thought to be associated with the variation of the center of rotation along the 
span. However, this shows a completely different tendency compared to the ex-
perimental results. Despite of the deviations the phase fits reasonably well the ex-
periments. 

The previous observations suggest the following general conclusions: 

- There is a generalized tendency in the numerical results to be less affected 
by the passage and horseshoe vortex and more influenced by the tip leak-
age flow both in nominal and off-design. The experiments in comparison 
are largely affected by the passage and horseshoe vortex, and slightly by 
the tip leakage in nominal conditions, and the other way round in-off de-
sign conditions. 
 

- In off-design, the prediction of the plateau amplitude is very similar inde-
pendently of the span position while the experiments present critical vari-
ations especially at 90% of span. 
 

- Focusing on the separation surface in off-design conditions: on the one 
hand the bending modes tend to reduce the intensity of the reattachment 
peak while decreasing the span. On the other hand the torsion mode 
changes the position of the reattachment. However these solutions are 
not supported by the experiments. This suggests that the simulation is too 
simplistic in relation to the modeling of the separation bubble 
 

- The three-dimensional distribution on the axial mode is mostly dependent 
of the radial balance and steady pressures. This occurs both experimental-
ly and numerically. 
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- On the circumferential mode the amplitude on the suction side and re-
gion IV are more dependent on the mode shape compared to the experi-
mental results. This is evidenced by a pronounced radial gradient, which 
in some cases goes against the steady blade loading distribution. 
 

- The torsion mode is mostly dependent on the mode shape both from the 
numerical and experimental point of view. 

6 . 4  B l a d e  R o w  S t a b i l i t y  

In this chapter the stability of the cascade is going to be analyzed by means of the 
work produced by the unsteady pressure projected on the blade motion, which is 
equivalent to the energy transfer between fluid and structure. 

The cascade is going to be studied in nominal and off-design conditions at mid 
span, for the three natural modes previously described. The employed procedure 
consists of: 

- Comparison and analysis of the distributed aeroelastic work along the arc 
for each individual blade. This informs about the local stability contribu-
tion, separating the effects produced by the oscillation itself and the influ-
ence of the side blades. This is calculated for an IBPA of 90deg, because 
it is a significant phase for all the cases studied, as can be observed on the 
s-curves in Figure 6.17, Figure 6.19, Figure 6.21, (top right). 
 

- Blade influence coefficient (INFC). This data compiles the stability con-
tribution of each blade under different  operation conditions. 
 

- Distributed aeroelastic work in the TWM versus the IBPAs. The stability 
of the cascade in real flutter conditions can be assessed using this data. It 
provides valuable information on how the different flow features ulti-
mately affects the blade stability form a global point of view. 
 

6.4.1.1 Axial Mode 

On the axial mode (Figure 6.16) the presence of two inflexion points can be iden-
tified (grey lines). On these points the blade surface is tangent to the motion. This 
implies that the projection of the forces on the blade displacement produces zero 
work. In addition these points separate a change in the blade surface orientation. 
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Therefore under similar relative phases, two points each one on different side of 
the inflexion point, will produce inverse works. 

In Figure 6.16 the aeroelastic work produced by blade0 is very similar under nomi-
nal and off-design conditions. The pressure side in region III shows bigger off-
design response close to leading and reattachment line. However, in nominal and 
off-design conditions the net contribution tends to be zero because the influences 
before and after the inflexion point compensate. The influence coefficients of this 
blade under these two operating conditions have a similar influence towards sta-
bility as it can be observed in Figure 6.17, (bottom right). 

The pressure side is mainly affected by blade-1. It can be observed that in off-
design there is a big response increase corresponding to the separation bubble. 
This induces severe changes in the energy transfer pattern with respect to nominal 
(Figure 6.17, bottom left region III, IV). On the influence coefficient plot this 
change can be appreciated, which shows a much bigger influence of the off-
design.  

 

Figure 6.16 OP3, OP4 aeroelastic work distributions (INFC) in the axial mode. 

 103 



Moreover, the suction side mainly depends on blade+1. One characteristic is that 
the order of magnitude of the work performed on the region is more or less inde-
pendent on the operating condition (Figure 6.16). Before the inflexion, from nom-
inal to off-design, the local work decreases slightly towards leading edge. After the 
inflexion, the destabilization under off-design conditions grows, unbalancing the 
energy transfer on the surface and consequently inducing a large increase of its in-
fluence (Figure 6.17, bottom left).  

Figure 6.17 Axial mode. OP3 Aeroelastic work (TWM), (top left). OP4 Aeroelastic 
work (TWM), (bottom left).  Stability parameter vs IBPA, (top right). Blade influence 

coefficients, (bottom right). 

Focusing on the influence coefficient of the blade pair ±1: 

- In nominal conditions, the net influence is an average of the blade+1 and -
1, which denotes a partial dephase between the two blades with a clear 
domination of blade+1. 
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- Under off-design, the net influence is almost the difference between 
blade+1 and -1. This means that the two blades are almost out of phase. 

The S-curves indicates two relevant things: 

- The off-design conditions tend to destabilize the cascade because of the 
blade ±1 influence. 

- The minimum stability IBPA changes from -75 to +95deg. This means 
that in nominal conditions the stability is mostly influenced by blade+1, on 
the surface from the leading edge to the inflexion line, which is fully de-
phased with respect to the motion. While changing the operating condi-
tions, the surface after the inflexion becomes more important for blade+1, 
coupling the maximum response with the motion. This effect is com-
bined with blade -1’s contribution, explains the large phase change. 

6.4.1.2  Circumferential Mode 

Figure 6.18 OP3, OP4 aeroelastic work distributions (INFC) in the circumferential 
mode. 
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The oscillation in the circumferential mode has no inflexion in the energy transfer, 
unlike the axial. This occurs because the sense of the circumferential component 
of suction and pressure surfaces orientation does not change. Therefore the lead-
ing and trailing edge produce zero work since their normal directions are perpen-
dicular to the motion.  

On the suction side of blade0 there is a stabilizing effect distributed along region II 
and fore part of I. The results do not show the pointed peak observed on the un-
steady response (Figure 6.10), because of the combination of surface orientation, 
response amplitude and monotonous dephase on region II. i.e. close to the lead-
ing edge the more the phase leads the motion, the bigger the imaginary part be-
comes. However, on the suction peak the phase is close to 0deg, so despite of the 
big modulus the imaginary part is small.  

On the pressure side the nominal case produces no significant work. In off-
design, the separation bubble has the major contribution tending to stabilize the 
cascade. Figure 6.10 on region IV shows a significant unsteady pressure response; 
nevertheless, this is not appreciated on the aeroelastic work because the response 
is fully coupled with the motion.  

Summarizing from nominal to off-design the blade0 doubles its contribution to 
stability (Figure 6.19, bottom right), as a consequence of the contribution of the 
separation bubble. On Figure 6.19 (bottom left) can be observed that the bubble 
produces a homogeneous stabilizing effect independent on the IBPA. Conse-
quently it can be concluded that the stability contribution (in the TWM) of the 
pressure side is only dependent on the blade0 self-oscillation and not on the inter-
action with the adjacent blades. 

The contribution of the blade-1 compared to blade0 is almost negligible (Figure 
6.18). Its influence from nominal to off-design increases slightly mainly because of 
region II but the overall effect has no real impact (Figure 6.19, bottom right). 

The blade+1 major contribution appear on regions I and II, which is congruent 
with the unsteady suction peak and phase. The influence coefficient grows 20% 
from nominal to off-design, being much more important that the influence of 
blade-1. Hence the suction side of the blade in the TWM will be mostly dependent 
on the interaction with the blade in the position+1. 

The net contribution of the blade pair ±1 (Figure 6.19, bottom right), is partially 
decoupled which reduces the overall contribution with respect to the linear com-
bination of each individual. The influence increase rate from nominal to off-
design is significantly smaller than the one of blade0. 
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In the S-curves, the stabilizing effect form nominal to off-design can be observed. 
The blade0 determines the mean stability while the blade+1 define the IBPA with 
minimum stability. 

Figure 6.19 Circumferential mode. OP3 Aeroelastic work (TWM), (top left). OP4 
Aeroelastic work (TWM), (bottom left).  Stability parameter vs IBPA, (top right). 

Blade influence coefficients, (bottom right). 

6.4.1.3 Torsion Mode 

The torsion mode yields the formation of inflexion points similar to the observed 
in the axial mode. These appear on the tangency point between rotation move-
ment and surface. Consequently the locations of these points are fully geometrical 
and differ from the axial inflexions. 
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Analysing the pressure side (Figure 6.20) it can be observed that region III’s sur-
face is largely symmetric with respect to the pivot point. In off-design conditions, 
this symmetry, in combination with the constant response of the separation bub-
ble (Figure 6.11), tends to cancel the net aeroelastic work on this region. 

Figure 6.20 OP3,OP4 aeroelastic work distributions (INFC) in the torsion mode. 

The blade0 has a moderate effect similar in distribution to the axial mode. The suc-
tion side has a weak response independent on the operating point, but the pres-
sure side off-design empowers the energy transfer doubling the INFC of blade0 
(Figure 6.21, bottom right). The cancellation effect observed in region III affects 
both nominal and off-design conditions annulling the net aeroelastic work. Con-
sequently the main contribution towards stability comes from region IV, which 
tends to stabilize the setup. 

On blade-1 the region III has a similar behaviour to blade0, however the region IV 
has no relevance. The suction side seems to be much more important, with special 
emphasis from the inflexion to the trailing edge, where the blade doubles its influ-
ence form nominal to off-design.  
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Blade+1 is the most important from a distributed work point of view. The pres-
sure side has low energy transfer but on the suction side occurs the other way 
round. The major work is done from the inflexion to the trailing edge, while it 
partially cancels from leading edge to inflexion. The operating point effect on this 
blade is very important because it increases its influence by 300% (Figure 6.21). 

Figure 6.21 Torsion mode. OP3 Aeroelastic work (TWM), (top left). OP4 Aeroelas-
tic work (TWM), (bottom left).  Stability parameter vs IBPA, (top right). Blade influ-

ence coefficients, (bottom right). 

On the torsion mode, the overall influence of the pair +-1 corresponds to the ad-
dition of the individual blade’s influence. This can also be observed on the S-
curves minimum stability point. This means that independently of the operating 
point (OP3, OP4) their contribution to stability is coupled. 

In the TWM it can be said that the energy transfer on the pressure side is mostly 
conditioned by the blade0 oscillation and by the interaction with blade-1. The suc-
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tion side has showed to be fully dependent on the interaction with the adjacent 
blades. 

In the S-curves it can be seen that the off-design operating conditions tend to de-
stabilize the cascade because of the interaction with the adjacent blades; however, 
the minimum stability IBPA is very similar in both operating conditions. 

 110 



7 General Obser vations 
and Conclusions 

The present study has successfully produced a complete set of experimental data 
for a high-lift low-pressure turbine, including boundary conditions, steady aerody-
namics and unsteady aerodynamics. These results have been obtained in the Aero-
elastic test rig (AETR) at KTH, which consists of an annular sector cascade com-
posed of five blades with the central blade oscillated in three rigid body modes. 
The data has been acquired at 10%, 50% and 90% of span on the oscillating blade 
(blade0) and on the adjacent blades (blade-1, blade+1). 

On the side of the steady aerodynamics, the main findings and conclusions can be 
summarized as follows: 

• The boundary conditions (inlet and outlet) have been fully described and 
analyzed for the different operating points. The outlet Mach number and 
vorticity contour plots have shown the secondary flow structure, provid-
ing information about the distribution of the local flow features such as 
horseshoe, passage, and tip leakage vortices. The results have evidenced 
that the general flow structure is mainly affected by the inflow angle. 
 

• The flow visualization has shown the extension of the previously de-
scribed local flow structures. In addition it has revealed the formation of 
LSBs on the suction and pressure side, under nominal operating condi-
tion, and the appearance of a pressure side separation surfaces under off-
design conditions. 
 

• The steady blade loading at three span positions have been successfully 
acquired. The results have properly described the general flow features 
but have failed to describe the formation of the LSB due to the tap reso-
lution in the areas of interest. The pressure side bubble effects have been 
clearly identified and described. At nominal conditions, the impingement 
of the passage vortex has played a significant role at 10% of span modify-
ing considerably its blade loading.  
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• The comparison with the numerical model has shown that general flow 
features were predicted properly. However, neither the formation of the 
LSB nor the impingement of the passage vortex on the suction side at 
10% of span under nominal operating conditions were captured correctly. 
 

The linearity assumption has been studied and analyzed based on experimental 
and numerical results, leading to the following conclusions and observations: 

• In general, the integrated forces on the axial and torsional modes tend to 
decrease with respect to increasing oscillation amplitude, while the cir-
cumferential tends to behave in opposite manner.  

• The linearity assumption is more sensitive to the oscillation amplitude at 
high Mach number conditions. Therefore, with lower Mach numbers the 
tolerances towards high oscillation amplitudes increase. 

• The linearity assumption has revealed to have a low sensitivity to inflow 
angle variations. 

• The main conclusion is that the analysis of the linearity cannot only be 
based on the integrated forces. It is necessary to analyze the local forces 
to have a clear perspective. 
 

The aeroelastic response has studied at low reduced frequency for the low Mach 
number cases (OP3, OP4). In general the following is concluded from test data: 

• The most relevant unsteady pressures occur on the regions with high flow 
acceleration. Consequently, pressure peaks and reattachment points cor-
respond to high unsteady response areas. 

• At nominal inlet conditions the most relevant surfaces are the suction 
sides of blade0 and of blade+1 for all the different modes. At off-design 
the pressure side of the blade-1 needs also to be taken into account.  

• The off-design pressure side separation bubble has a relevant influence 
for all the cases (especially axial and torsion modes.). It constitutes an im-
portant source of unsteady pressure both on blade0 and -1. 

• The phase inside of the separation bubbles tends to remain constant until 
the reattachment point. Moreover, from the reattachment until the trail-
ing edge, the phase tends to move ahead respect to the motion, being this 
tendency especially significant on blade0. 

• The uncertainty associated with the separation bubble is significantly 
higher compared to other regions with similar unsteady response ampli-
tude. This is thought to be consequence of the high unsteadiness associ-
ated with the formation of the separation surface. 

 112 



The study has also provided detailed information on the three-dimensional effects 
on the blade 0 unsteady pressure distribution. The main conclusions are: 

• OP3: 
o The tip leakage flow does not have major influence on the unsteady 

response, neither in amplitude nor in phase. 
o The passage vortex influences the amplitude for both bending and 

torsion modes. In the circumferential mode it also advances the 
phase with respect to the motion. 

o The unsteady response on the torsion and axial mode shows similar 
phase, independently of the span position. 
 

• OP4: 
o The off-design operating conditions present larger 3D variations 

concentrated on the pressure side. The impingement of the passage 
vortex effect is not significant compared to the nominal operating 
conditions. 

o Torsion and axial modes have very stable response on the suction 
side independently of the span, with a minor impact of the tip leakage 
at 90% for the torsion. 

o The separation bubble region is extremely sensitive to the radial var-
iations and to the dynamic interaction with local flow features. 

o The axial mode is consistent with the steady blade loading both in 
plateau and reattachment line. This agrees with the radial variation of 
plateau and reattachment. 

o Circumferential mode and torsion have a severe contraction of the 
pressure side separation bubble at 90% of span. 

As a final step the traveling wave mode stability of the cascade composed from in-
fluence coefficients has been analyzed. In addition, the energy transfer patterns 
have been studied showing the local contribution of the pressure side separation 
bubble. The following conclusions are made: 

• The energy transfer pattern is highly dependent on the geometrical prop-
erties of the blade with respect to the motion. This has been shown by 
the inflexion lines in the axial and torsion modes. 

• At off-design, the net contribution to stability of the separation bubble on 
the axial and torsion mode tends to be zero. This occurs due to the par-
ticular geometrical properties of the blade.  
For the circumferential mode the comparison between nominal and off-
design evidences the stabilizing effect of the separation bubble on the 
pressure side.  
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8 Appendix I 

This Appendix have been adapted from (Sanz, 2013c) 

8 . 1  U n s t e a d y  P r e s s u r e  M e a s u r e m e n t  T e c h n i q u e  

8 . 1 . 1  C a l i b r a t i o n  

Due to the piping system that connects the tap on the blade surface with the 
transducer, the dynamic behaviour needs to be calibrated. The piping system in-
troduces a phase shift and damps the amplitude of the pressure variations ac-
quired with respect to the real ones. The relation between each tap, the piping sys-
tem and the transducer are characterized dynamically through the following pro-
cedure(Vogt and Fransson, 2004; Jahanmiri, 2011; Sanz and Vogt, 2012). 

 

Figure 8.1 Dynamic calibration setup 

A siren type pressure pulse generator creates pulses at controlled frequencies. The 
pressure pulse is driven using a vinyl pipe system to the calibration probe, which 
consists of a cylindrical reference cavity with a control volume (1.8mm Ø x 3mm), 
and well defined characteristics. The pulse enters through a side hole in the mid-

 
 

 

Pressure pulse 

Ref. Transducer 

Transducer 

Tap Reference 
cavity 

Dead end 

KT8000 
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section of the cavity. For being able to ensure the flow channel symmetry, in the 
opposite position, an outlet tube has been introduced, connected to a long capil-
larity tube which ensures no reflections. In this way the reference cavity is com-
pletely symmetric defined, and the wave symmetry is guaranteed.  

On one of the extremes of the chamber there is a fast response piezoelectric pres-
sure transducer (Kulite XCQ-062, 1.6bar abs) that is used as reference. The pres-
sure tap to calibrate is positioned on the other extreme. Proper performance of 
the setup is achieved sealing the contact between blade surface and reference cavi-
ty with an O-ring. 

The pressure taps to calibrate are connected with capillarity tubes to the recessed 
mounted transducers (Kulite LQ-080-1.7bar abs). These transducers are statically 
calibrated using a Druck DPI-603 (100Pa accuracy) to minimize uncertainties. The 
high-speed data acquisition is done with the system Kayser-Threde KT8000, 
which also provides a stabilized sensor excitation (10VDC). The system provides 
32 channels with programmable amplifiers and 14bit A/D conversion for a max-
imum sampling rate of 200 kHz. The present tests were performed with a gain of 
10, no low-pass filtering and at a sampling rate of 20kHz.  

The response of  the reference transducer and the recessed mounted transducer 
are measured simultaneously, for different pressure pulse frequencies, enough for 
properly characterize the behaviour of  the tap. 

𝑝 = 𝑘𝑡𝑑 
𝑠𝑡𝑑 ∙ 𝑉     Eq. 31 

 The voltage measured with the high speed acquisition system is transformed into 
pressure using the steady calibration of  the transducers (Eq.31).  Applying an FFT 
to reference and the recessed transducer signals, it is calculated the damping ratio 
(Eq.32) and the absolute signal delay (Eq.33), (Figure 8.2).  

𝐷𝑛
𝑑𝑦𝑛 =   

|𝑝𝑡𝑑� 𝑛|

|𝑝𝑟𝑒𝑓�
𝑛|

     Eq. 32 

∅𝑛
𝑑𝑦𝑛 = 𝜑𝑟𝑒𝑓𝑛 − 𝜑𝑛

𝑡𝑑    Eq. 33 

The result of  the calibrations is a transfer function (Eq.34), which constitutes a 
compendium of  the damping and phase lag for each specific tap at different fre-
quencies. A linear interpolation allows the calculation of  the damping and dephase 
of  a signal with certain frequency characteristics. 

𝑇𝐹 = �
𝑓1 𝐷1 ∅1
⋮ ⋮ ⋮
𝑓𝑛 𝐷𝑛 ∅𝑛

�   , 𝑛 = 1,2 …  𝑛𝑓𝑟𝑒𝑞  Eq. 34 
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Figure 8.2 Signal dynamic calibration curves. 

 

8 . 1 . 2  S i g n a l  P r o c e s s i n g  

Due to the nature of the experiment, the unsteady pressure at the oscillation fre-
quency is the main focus. According with this premise the voltages measured by 
the KT8000 are decomposed into mean value and unsteady value (Eq.35). Using a 
FFT the unsteady signal is decomposed into the frequency domain. In this way 
the target frequency can be filtered from the signal spectrum. 

𝑣(𝑡) =𝑣(𝑡)������ + ∑ 𝑣�𝑛 ∙ 𝑒𝑖(𝜔𝑛𝑡+𝜑𝑛) ,𝑛=∞
𝑛=1  𝑛 = 1,2, …  Eq. 35 

��̂�𝑓𝑜𝑠𝑐 �
𝑛𝑜𝑟𝑚

=
𝑘𝑡𝑑 
𝑠𝑡𝑑∙�𝑣�𝑓𝑜𝑠𝑐 �

𝛼∙𝐷𝑓𝑜𝑠𝑐
𝑑𝑦𝑛     Eq. 36 

𝜑𝑓𝑜𝑠𝑐�
𝑛𝑜𝑟𝑚

= 𝜑𝑓𝑜𝑠𝑐 − ∅𝑛
𝑑𝑦𝑛 − ∅100𝜇𝑠𝑙𝑎𝑠   Eq. 37  

The unsteady pressure on the blade surface is calculated correcting amplitude and 
phase according to the steady and dynamic calibration (Eq.36, Eq.37). The un-
steady pressure amplitude is normalized with the amplitude of the oscillation, and 
the phase is referred to the laser phase. 

The signal obtained in some cases present very high noise intensity. This happens 
especially on the pressure side of blade+1 and on the suction side of blade-1. For 
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ameliorating this fact the signal has been filtered using a wavelet transformation. 
Daubechies Wavelet with 8 vanishing movements was used for the filtering pro-
cess (db8) (MATLAB R2012a help, 2012). 

 

8 . 1 . 3  U n c e r t a i n t y  A s s e s s m e n t  

The uncertainty assessment has been done based on the systematic error of the 
measurement system (Sanz and Vogt, 2012) and the population of experimental 
data both for the motion (laser signal), and the unsteady pressure. 

The systematic errors estimated for the oscillation frequency range are: 

∆��̂�𝑓𝑜𝑠𝑐� 𝑠𝑦𝑠 = 0.05 ∙ ��̂�𝑓𝑜𝑠𝑐�   Eq. 38 

∆𝜑𝑓𝑜𝑠𝑐 𝑠𝑦𝑠
= 0.02 𝑟𝑎𝑑    Eq. 39 

The experimental error is accounted in the following way. Each signal is decom-
posed in packages of four oscillation cycles using the signal provided by the en-
coder. The four signal cluster is subsequently slide one cycle in order to obtain the 
following cluster.  

Each of these cycles cluster is copied 200 times. This procedure increases the 
resolution of the FFT up to 0.39Hz but at the same time introduces a possible 
source of error due to the logging of the signal. The signal is not perfectly sinusoi-
dal and the chopping procedure has an error associated. If the signal is chopped 
into clusters of one cycle and copied, an error will be added to the frequency of 
interest.  The distribution in packages of 4 avoids the appearance of the aforemen-
tioned experimental artifact, introducing the error at f/4, which can be easily fil-
tered.  

The FFT provides de amplitude and phase information of each case for the spe-
cific oscillation frequency. This constitutes the population of data, which is fitted 
using a generalized extreme values (GEV) probability distribution.  

GEV is a probability distribution form the branch of statistics dealing with the ex-
treme deviations. GEV is a non-centred distribution which makes it perfect for 
fitting distributions of data that do not fit a normal distribution due to the me-
chanical bias of the actuator. 
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Figure 8.3 Amplitude and Phase probability distribution 

The final unsteady pressure measurement error is calculated adding to the maxi-
mum value the centred systematic error plus the non-centred experimental error. 

��̂�𝑓𝑜𝑠𝑐
� = ��̂�𝑓𝑜𝑠𝑐

�������
 −∆�𝑝�𝑓𝑜𝑠𝑐� 𝑠𝑦𝑠− ∆�𝑝�𝑓𝑜𝑠𝑐�𝑒𝑥𝑝�

95%

 +∆�𝑝�𝑓𝑜𝑠𝑐� 𝑠𝑦𝑠+ ∆�𝑝�𝑓𝑜𝑠𝑐�𝑒𝑥𝑝�
95%

  Eq. 40 

𝜑𝑓𝑜𝑠𝑐
= 𝜑𝑓𝑜𝑠𝑐
����� 

−∆𝜑𝑓𝑜𝑠𝑐𝑠𝑦𝑠
−∆𝜑𝑓𝑜𝑠𝑐𝑒𝑥𝑝�

95%

+∆𝜑𝑓𝑜𝑠𝑐𝑠𝑦𝑠
+ ∆𝜑𝑓𝑜𝑠𝑐𝑒𝑥𝑝

�
95%

   Eq. 41 

8 . 2  B l a d e  M o t i o n  M e a s u r e m e n t  T e c h n i q u e s  

8 . 2 . 1  C a l i b r a t i o n  

For being able to obtain accurate measurements both in amplitude and phase it is 
necessary to perform a calibration. 

 

Amplitude GEV Probability Plot Phase GEV Probability Plot 
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Amplitude Calibration 

The incidence of the lasers on the blade surface it is not direct. The laser beam 
passes through an annular Plexiglas window. This affects, due to refraction and 
the optical aberration the trajectory of the laser beam making useless the internal 
laser system for measuring distances.  

For avoiding this problem raw signal is processed and corrected. The correction 
procedure consist in a blade with a marked tip clearance, where the distance from 
the first to the forth mark is known.  

𝑑 = 𝑑𝑝𝑖𝑐 ∙ 𝐷𝑟𝑒𝑓/𝐷𝑝𝑖𝑐      Eq. 42 

While oscillating the blade the different markers move according to the mode, so 
correlating its displacement with respect to the reference distance, the absolute 
blade displacement is determined (Eq. 42). Using the trigonometrical relations the 
oscillation angle is deduced. 

  

Figure 8.4 Reference distance (left). Extreme oscillation position (right). 

 

The displacement picture has been done using a stroboscope. The stroboscope al-
lows slow motion observation of the blade. Using this setup the exposure time of 
the camera and the stroboscope frequency are adjusted to perform 20 oscillations 
per picture. This relation has been found to be optimal. 

The result is a picture where the distance between the extreme positions of the 
markers can be identified using a MATLAB  in-house developed program. 

𝑥𝑙𝑎𝑠(𝑡) =�̅�𝑙𝑎𝑠(𝑡) + ∑ 𝑥�𝑛𝑙𝑎𝑠 ∙ 𝑒
𝑖(𝜔𝑛𝑡+𝜑𝑛) 𝑛=∞

𝑛=1  Eq. 43 

 𝑛 = 1,2 …  𝐻𝑎𝑟𝑚𝑜𝑛𝑖𝑐𝑠  
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The laser signal is processed using a Fourier transformation, i.e. the amplitude of 
the harmonic which correspond with the motion frequency is correlated with the 
amplitude of the displacement explained before. 

𝐴𝑐𝑜𝑟𝑟 = 𝛼
|𝑥�𝑙𝑎𝑠|

 , 𝛼 = asin(𝑑/𝑟𝑝𝑖𝑣)   Eq. 44   

Phase Calibration  

The laser system internally introduces a delay due to the internal processing of the 
laser beam system. The delay is dependent on the laser sampling frequency, which 
implies that the bigger the acquisition frequency the bigger the delay introduced.  
In consequence the phase of the signal presents a lag to be corrected. 

For determining the delay, a test setup was put together. It consists of a small mo-
tor with a fly wheel with two flat surfaces. The laser is pointed radially to the fly-
wheel so each time the laser sees one of the flat surfaces it produces a signal. At 
the same time in the periphery of the wheel there are two stop screws, which in-
terfere with the beam of an opto-switch with very small response time (100µs).  

 

Figure 8.5 Laser calibration setup (left). Calibration curves (right) 

The setup provides two signals, one coming from the laser and another one com-
ing from the opto-switch captured with the same device.  

∅𝑛𝑙𝑎𝑠𝑒𝑟 = 𝜑𝑛
𝑙𝑎𝑠𝑒𝑟 − 𝜑𝑒𝑛𝑐 , 𝑛 = 100𝜇𝑠   Eq. 45 

The calibration transfer function is obtained for two different sampling periods 
and fourteen different frequencies. 

Laser 

Opto switch 

Fly wheel 
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