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Abstract. Stall flutter is a serious threat to the operational integrity in turbomachinery, particularly in the final stage rotors of steam turbines 
and in compressors. Although computer science has developed rapidly and much of the research can be carried out using numerical tools, the 
simulation of some phenomena, such as stall flutter, is still very challenging and needs to be supported by experimental data. This paper presents 
an innovative experimental linear blade cascade design with five prismatic blades with pitch degrees of freedom, designed to be operated in a 
low subsonic wind tunnel. The geometry of the blade cascade was chosen on the basis of the experimental and numerical tests to allow stall 
flutter initiation. New suspension, measurement and electromagnetic excitation systems were developed and experimentally tested to allow 
accurate measurement of aerodynamic damping during controlled flutter tests. The novelty of the experimental blade cascade is the possibility 
of single pulse excitation of the blades. The cascade can be brought to the edge of stability by adjusting the angle of attack and flow velocity, 
and then the pulse can be used to induce stall flutter. Measurement of both mechanical and flow characteristics, also demonstrated in this paper,
will provide data for in-depth analysis of stall flutter initiation and propagation.
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1. INTRODUCTION

This paper presents an innovative design of a new experimen-
tal blade cascade for the study of flutter with flow separation
at the blades, stall flutter, which is not yet fully understood.
The cascade is operated at low subsonic flow conditions up to
Ma = 0.15. It is designed as a linear cascade with five NACA
0010 prismatic blades capable of oscillating at amplitudes up
to 8◦ and frequencies up to 60Hz. The novelty is the possibil-
ity of bringing the blade cascade to the edge of stability and
then triggering the stall flutter by pulse excitation of one of the
blades. This allows the study of the stability limits and post-
critical behaviour of the blade cascade under stall flutter con-
ditions. The results are important for theoretical studies and
validation of numerical methods.

In section 2, the current needs in the field of turbine aeroe-
lasticity are presented, followed by the state of the numerical
tools for these very complex calculations. Although the nu-
merical tools have developed rapidly in the last decades, exper-
imental research is still needed to verify the numerical models
and to further study the aeroelastic phenomena, especially stall
flutter. Next, an overview of the development of blade cascade
experiments in the world is presented, highlighting the advan-
tages and disadvantages of specific design features. The stan-
dard approaches to controlled flutter testing are then described,
and finally the history of flutter experiments at the Institute
of Thermomechanics is briefly mentioned. The section 2 pro-
vides the reader with the background information necessary to
understand the actual cascade design.

The section 3 describes the actual design and development
of the new blade cascade. First, the geometry had to be tested
to allow flow separation at the blades; in the previous experi-
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mental setup, the blades were closer together and the acceler-
ated flow in the channels prevented stall. Then all the major
parts of the cascade had to be designed and tested to our re-
quirements.

Some of the initial measured and evaluated results are shown
in section 4. The controlled flutter tests were carried out first
to test the stability limits of the cascade for different flow and
vibration conditions. The pulse excitation tests were then car-
ried out. The cascade was set to the known stability limit and
pulse excitation was then applied to one blade. The dynamic
response of all the blades and the flow field were measured and
evaluated. Amplitude, instantaneous frequency, inter-blade
phase angle (IBPA), aerodynamic moments and other quanti-
ties can be obtained from the measured data. From the Particle
Image Velocimetry (PIV) measurements of the flow field, in-
stantaneous velocity fields can be extracted and more advanced
statistical analyses can be performed. The results shown in
section 4 confirm the expectations of the newly designed blade
cascade that it is possible to induce stall flutter in the cascade
and measure its development and propagation.

2. OVERVIEW OF THE SOLVED TOPIC

2.1. Aeroelasticity in turbomachinery

In today’s world, where ecology and sustainable development
are more important than ever, and where renewable energy
sources account for a large percentage of the total electrical en-
ergy produced by power plants, one might think that research
in the field of steam turbines is no longer necessary. How-
ever, turbomachinery engineers are faced with the challenge of
designing turbines that will not run at full power all the time
as in the past. Renewable energy sources are highly depen-
dent on the weather, and energy storage is still very limited, so
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steam turbines need to be developed in such a way that they can
serve as a stable base for the electrical grid, covering peaks in
energy consumption and production from renewable sources.
Turbines must therefore be designed to operate in many differ-
ent regimes with different mass flows. To increase efficiency,
turbine technology is being pushed to its current limits and
larger turbines are being built.

In large steam turbines, the final stage blades are very long
and have to be very slim and shroudless to minimise centrifu-
gal forces, resulting in low natural frequencies and low struc-
tural damping. In this case, aeroelastic damping plays an im-
portant role in the dynamics of the final stage disc. Three ma-
jor aeroelastic problems found in turbomachinery as described
in [1] are forced response, non-synchronous vibration and flut-
ter. Flutter is an unstable, self-excited vibration resulting from
the coupling between structural vibrations and unsteady aero-
dynamic forces. If flutter were to occur in a steam turbine, the
vibration amplitude would increase, the blades would be sub-
jected to high cycle fatigue and could eventually fail. It is clear
that this unstable behaviour must be avoided and predictions
of flutter behaviour must be made at the design stage of the
turbine.

2.2. Numerical investigation

In order to achieve the planned aerodynamic performance and
ensure aeroelastic stability in a short time, a significant num-
ber of design iterations are required at the preliminary design
stage. The design iterations are primarily aimed at optimising
the blade geometry and achieving the optimum blade arrange-
ment in the cascade array. For this reason, numerical tools are
preferred over physical models at this stage to save both time
and cost. Currently, fully or loosely coupled high to medium
fidelity computational fluid dynamics-computational structural
dynamics (CFD-CSD) numerical tools are used by industry
and researchers [2, 3]. The CFD-CSD models and their deriva-
tives provide reasonably representative results [4]. The ma-
jority of numerical methods are based on the solution of the
Euler and Navier-Stokes equations with different turbulence
models [5, 6, 7, 8, 9, 10, 11, 12]. Computer-based tools allow
numerical methods to be considered as a priority, since they
can replace expensive experimental tests and solve 2D [5, 6, 7]
and 3D [8, 9, 10, 11, 12] problems independently of the flow
conditions. The numerical methods can deal with both steady
state and dynamic aeroelastic stability problems. However, the
methods used to solve the problem of dynamic blade stability
in the steady state cannot satisfactorily describe the aeroelastic
phenomena, and simulations are mainly based on the Navier-
Stokes equations normalised by the Reynolds number [8]. The
closed-form solution of this system of equations makes use of
various turbulence models, such as RANS or URANS, or the
more sophisticated models based on Large Eddy Simulations
(LES) [13] and derivatives of LES. Their large number implies
that there is currently no one that could adequately describe
the flow domain with flow separation on the blades. It should
be noted that the reliability of the numerical results depends
mainly on the choice of the computational mesh, which de-

termines the area of blade-flow interaction. At present, static
orthogonal meshes, as well as the complex adaptive meshes,
are mainly used. However, such approaches cannot adequately
characterise the curvilinear boundaries, or the reconstruction
and coordination of flow and blade meshes cause great diffi-
culties [14].

Furthermore, there are some researchers who have used Di-
rect Numerical Simulations (DNS) [15, 16] methods to simu-
late cascade flutter with a very high degree of accuracy, at least
for the flow part. Although DNS are the most accurate numeri-
cal methods, they are also the most computationally expensive,
often requiring advanced computing hardware. This makes
them less desirable for wide application in the research field.
On the other hand, reduced order numerical models (ROM)
have gained significant popularity in the recent past for turbo-
machinery blade flutter/aeroelastic simulation. The ROM are a
good compromise between speed and accuracy, therefore they
are used by many researchers for both 2D and 3D blade cas-
cade flutter simulations [3, 17, 18, 19, 20]. A good reviews of
the recent advances in various computational numerical meth-
ods and ROM for turbomachinery flutter/aeroelastic simulation
are presented in [4] and [19] and readers are encouraged to read
them.

Therefore, it is clear from the above that computer-based nu-
merical models are a great tool for analysing turbomachinery
flutter in an economical and efficient way. With the advance-
ment of computer hardware, the numerical models are getting
closer to represent the real complex physical phenomena in-
volved in flutter when accurately modelled. Not only are they
capable of representing and capturing the real physics, but they
can also generate significant amount of data in post-processing
for deep analysis of the problem. This amount of data is usu-
ally very difficult to measure during experiments due to lack of
suitable sensors or inaccessibility of internal parts or high cost
of physical setups. However, there are slight disadvantages
of the computer-based numerical models - before being used
for any analysis, most of the numerical models need to be vali-
dated against some form of experimental data or on benchmark
test case data, and it is not uncommon that there are discrep-
ancies between the numerical and experimental results [21].
Therefore, it can be said that numerical models will not com-
pletely replace actual physical experiments in the coming fu-
ture, no matter how advanced the computational models are.
Thus, the importance of good experimental methods in turbo-
machinery flutter/aeroelastic analysis will remain very relevant
in the coming future.

2.3. Experimental research

One of the earliest thorough experimental investigations of
blade cascade flutter was conducted in [22, 23]. A compressor
cascade with oscillating blades was tested under varying con-
ditions including free stream velocity, angle of attack (AOA)
and IBPA. The findings demonstrated that IBPA, which char-
acterises the mode shape of a running wave, is the most critical
factor that determines the stability of an oscillating blade cas-
cade. Later, in [24], standard configurations for compressor
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and turbine cascades were introduced, with experimental and
predicted data provided as benchmark material for flutter pre-
diction calculations.

To evaluate cascade stability, motion-induced controlled
flutter is an optimal approach. In this test, blade motion is con-
trolled by an external mechanism and it is possible to evaluate
cascade stability under specified vibration and flow conditions.
Many institutions have conducted extensive experimental re-
search on controlled flutter in blade cascades over the past four
decades. Prominent research institutions in the field include
EPFL Lausanne [24, 25], KTH Stockholm [2], NASA Glenn
Research Centre [26], Durham University [27], and other note-
worthy institutions. The experimental research is ongoing, and
some of the latest papers are [28, 29, 30, 31].

The experiments differ in many aspects. The first is the cas-
cade geometry. Since it would be extremely complicated to
perform controlled flutter experiments on real turbomachines
with rotating bladed wheels, some degree of simplification is
always necessary. Some of the experiments, e.g. [2, 32], work
with non-rotating annular cascades, which are close to the
real geometry but very difficult and expensive to build. Also,
the measurement methods on these cascades are limited. For
this reason, most experimenters use so-called linear cascades,
where the tip section of the bladed wheel is unrolled, creating
a linear cascade with parallel prismatic blades. These experi-
ments are further away from the real case, but the aeroelastic
phenomena of the cascade are still present. In addition, the
linear cascades allow the relatively simple use of flow visuali-
sation techniques such as PIV and schlieren imaging.

The next aspect is the flow conditions, which range from low
subsonic to transonic and supersonic wind speeds. While low
speed wind tunnels are common in laboratories, there are few
facilities where the transonic and supersonic blade cascades
can be tested.

The most important aspect of building a new cascade, how-
ever, is the mechanical one. Blade cascades for studying the
flow field are rigid and do not need any moving parts. How-
ever, since flutter is a result of flow-structure interaction, mov-
ing blades are required. Two eigenmodes of the turbine or
compressor blade play a role in cascade flutter: the first bend-
ing mode, which causes translational, i.e. plunge, motion of
the blade tip, and the first torsional mode, which causes rota-
tional, i.e. pitch, motion of the blade tip. While there are few
researchers who have included both pitch and plunge motion in
their experiments [33, 34, 35, 29], the more common practice
is to use only pitch, e.g. [28], or only plunge motion, e.g. [36],
due to the great complexity of experiments with combined mo-
tion.

The mechanical realisation of the excitation plays a huge
role in the capabilities of the blade cascade. Controlled flut-
ter experiments require one or more blades to oscillate at a
specific frequency, amplitude and IBPA (if multiple blades are
oscillating). As the blades are subjected to transient aerody-
namic forces, kinematic excitation of the blades is ideal to
maintain harmonic motion. Cam and follower mechanisms,
e.g. [32, 36, 31], or crank mechanisms, e.g. [27], are com-
monly used for kinematic excitation. The main advantage is

the true kinematic excitation, the disadvantage is the difficulty
in changing the parameters. To change the blade amplitude, the
cam or the crankshaft must be changed, to change the IBPA of
the blades, the cams must be physically set to this IBPA. In
addition, all parts must be manufactured precisely in order to
minimise free play in the mechanism.

The alternative to kinematic excitation is electromagnetic
force excitation, e.g. [33, 34, 35, 29]. The great advantage is
the variability of the parameters - amplitude, frequency, IBPA
- which can all be changed via the control unit without any
changes to the hardware. It is also easy to control both pitch
and plunge motion. However, electromagnetic excitation has
its limitations. The blades are mounted on elastic elements and
both electromagnetic and aeroelastic forces act on the blade.
So, for example, in a flutter case, if the strong aeroelastic forces
excite the blade, it becomes very difficult to control the blade
motion by electromagnetic forces.

The type of excitation must be carefully chosen based on
the purpose of the blade cascade. If the main purpose of the
cascade is to study controlled flutter with specified parameters,
with major non-linearities in the flow such as stall or shock
waves, it is better to use kinematic excitation. On the other
hand, if the main objective is to study the flow-structure inter-
action in general, while varying many parameters, the electro-
magnetic force excitation comes in handy. It is also possible
to study the unstable behaviour of the blade cascade, which
dominates over the controlled motion when the excitation is
switched off or after the blade stability has been compromised
by a force pulse.

2.4. Theoretical background
According to [37], two controlled flutter testing approaches ex-
ist:

1. Aerodynamic Influence Coefficient (AIC) approach pre-
sented in [38]. This method uses a single oscillating blade
and the principle of linear superposition of aerodynamic in-
fluence responses measured on all blades in a cascade. The
influence is calculated both in terms of both magnitude and
phase and the results can be used to estimate the aerody-
namic damping for any IBPA.
The general equation describing the AIC approach for the
harmonic motion of the reference blade ᾱeiΩt with ampli-
tude ᾱ and angular frequency Ω in [38] is

Cβ = ᾱ

[
C0 +

∞

∑
l=1

(
C−leilβ +Cle−ilβ

)]
. (1)

The unsteady force on the reference blade Cβ in infinite cas-
cade with all of the blades oscillating with IBPA β and am-
plitude ᾱ is approximated in equation 1 as a linear super-
position of unsteady forces C0, C−l and Cl measured on all
blades when only the reference blade 0 oscillates with unit
amplitude. The IBPA β is introduced in terms eilβ and e−ilβ .
In [38] it is also shown that the unsteady forces C−l and Cl
become very small for higher l, that is for the blades fur-
ther from the reference blade. This suggests, that for stabil-
ity assessment of the cascade, it should not be necessary to
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measure the forces on all blades, but to measure only the ref-
erence blade 0 and its two neighbours on each side, blades
±1 and ±2.
For the finite cascade with 5 blades with pitching degree of
freedom, the equation 1 can be rewritten as

M(β , t) =M0(t)+

+
2

∑
l=1

[
M−l

(
t +

lβ
Ω

)
+Ml

(
t − lβ

Ω

)]
.

(2)

M(β , t) is the equivalent unsteady aerodynamic moment as
if all blades were oscillating at IBPA β , M0(t), M−l(t) and
Ml(t) are the measured moments from the cascade blades.
IBPA β is included as a time shift of the measured mo-
ments of the adjacent blades with respect to the oscillation
frequency Ω.

2. Energy method [39] using the Travelling Wave Mode
(TWM) approach. As described in [40], this method as-
sumes that aerodynamic forces have negligible effect on
structural dynamics. In this case, the natural frequencies
and eigenmodes of the system can be determined in advance.
Then in experiments and simulations, all blades in a row os-
cillate at the same frequency and amplitude with prescribed
IBPA and the unsteady force on the reference blade is mea-
sured directly. The work per cycle and the aerodynamic
damping on the reference blade are then calculated.

The aerodynamic damping parameter Ξ for the cascade with
pitching motion of the blades was defined in [41] as

Ξ =− CW

πᾱ2 , (3)

where CW is the work parameter that is equal to the work per
cycle WC (see [42] for details) and ᾱ is the pitch amplitude.

The work per cycle of the pitching blade can be calculated
as an integral over a time period of one cycle:

WC =
∫ 2π

Ω

0
M(t)

dα(t)
dt

dt. (4)

where M(t) is the moment acting on the blade and α(t) is the
angular displacement of the blade.

The calculation of the aerodynamic damping parameter Ξ

can be simplified for cases where both the measured moment
M(t) and displacement α(t) are sinusoidal, without solving the
integral in equation 4:

Ξ =−M̄
ᾱ

sinφM =−Im

(
F{M(t)}
F{α(t)}

∣∣∣∣
Ω

2π

)
, (5)

where M̄ is the moment amplitude and φM is the phase shift of
the moment with respect to the angular displacement. F de-
notes the Fourier transform. More details can be found in [42].

The unsteady moment M0(t) generated by the flow and act-
ing on the oscillating reference blade cannot be easily mea-
sured in either AIC or TWM, because the measured signal also
includes moments generated by the inertia I and damping D of
the blade:

MMeas.
0 (t) = M0(t)+ Iα̈(t)+Dα̇(t). (6)

Two methods of extracting the unsteady aerodynamic mo-
ments from the measured signal, subtraction and identification
methods, were used on the previous version of blade cascade
and are described in [42]:

1. The subtraction method, that uses two measurements for
each case, one with the flow and one without the flow. The
measured moment without flow is then subtracted from the
moment with flow to give the unsteady aerodynamic mo-
ment M0(t).

2. The identification method, that uses the measured data with-
out the flow to identify the parameters I and D, which are
then used to calculate the inertial and damping moments
Iα̈(t) and Dα̇(t) in equation 6.

Both of the above mentioned methods have their drawbacks,
which are described in [43]. In that paper another method of
evaluation was proposed. If the measured moment given by
equation 6 is used directly to calculate the work per cycle using
integral 4, then only the terms M0(t) and Dα̇(t) can contribute
to the work. And if the cascade is designed so that the damping
of the blade is very low, then the contribution of the damping
term Dα̇(t) to the work is negligible.

2.5. Flutter experiments in the Institute of Thermomechan-
ics of the CAS

The history of subsonic flutter studies at the Institute of Ther-
momechanics of the CAS (IT CAS) dates back to the year
2004, when an experimental rig for the study of airfoil flut-
ter was built. The test rig, connected to a suction wind tunnel,
was equipped with a single airfoil suspended from a mech-
anism that allowed pitch-plunge motion of the profile [44].
The airfoil was made hollow to allow the installation of pres-
sure sensors and the addition of weights to change the centre
of mass. The test section had transparent side walls for op-
tical measurements (e.g. interferometry and schlieren imag-
ing) [45]. On this test rig, innovative measurement meth-
ods were tested, e.g. evaluation of unsteady force distribution
along the self-oscillating airfoil from interferograms [46], dy-
namic behaviour of the fluttering blade such as stability at the
onset of flutter was studied [47]. Later, the experimental rig
was extended to accommodate a 5-blade cascade instead of a
single profile [48]. In this cascade, each blade had its own pitch
degree of freedom and there was a common plunge degree of
freedom for all blades.

In [49, 50], a simplified cascade for studying classical flut-
ter with three oscillating flat plates with only plunge degree
of freedom (DOF) was used as a test case for the CFD solver
FlowPro. To get closer to a bladed disc case, two more fixed
flat plates were later added [51], and an experimental setup
of this cascade was built to verify the numerical results. The
experimental results obtained from particle image velocimetry
(PIV) shown in [52] prove that the aerodynamic coupling be-
tween the blades is insignificant with only the plunge DOF. To
make the coupling more pronounced, the blade chord length
was increased to create a greater overlap between the blades.
The stability of the blade cascade was evaluated both experi-
mentally and numerically, and although there was a decrease
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in the aerodynamic damping parameter for the backward run-
ning wave, the flutter instability was not reached; the cascade
remained stable under all operating conditions [53].

As a next step, it was decided to build a 5-blade cascade with
the same dimensions and pitch DOF of the blades to study stall
flutter. Instead of flat plates, 3D printed symmetrical NACA
0010 profiles were used. The blade shafts were supported in
ball bearings, free rotation of the blades was restricted by tor-
sion springs, and excitation was provided by linear shakers of
our own design. The motion of the shaker was transmitted via a
piezoelectric force cell and then converted from linear to rotary
via a rod and arm. A more detailed overview of the cascade de-
sign can be found in [54]. Controlled flutter experiments have
been performed on this cascade and have shown flutter instabil-
ities. Investigation of the flow field with PIV showed that there
was no flow separation on the inner blades of the cascade and
that the instability was of the classical flutter type. The exper-
imental data were used to ROM in [18]. The design was easy
to make, using conventional parts such as ball bearings and
torsion springs, and instrumentation available in our institute.
The cascade worked well for observing the flow field with or
without forced harmonic excitation. However, measuring the
aerodynamic moments through the force cell connecting the
shaker to the rest of the mechanism proved almost impossible
due to non-linearities and high damping. These unwanted ef-
fects were mainly caused by the ball bearings, friction between
the coils of the torsion springs, free play in the connection of
the rod to the arm, etc. The piezoelectric force cells used for
measurement were small and lightweight, but had the disad-
vantage that they could only measure dynamic force, not static
force.

Based on the experience gained from the previous experi-
ments, it was decided to build a new, improved cascade, which
is now the subject of this paper.

3. BLADE CASCADE DESIGN

3.1. General specification

Our research interest is the study of stall flutter at low subsonic
flow speeds up to Ma = 0.15. The cascade is designed as a
linear cascade with five NACA 0010 prismatic blades. All the
blades are mounted on a rotating part that allows the AOA of
the incoming flow on the cascade to be adjusted in the range
±16◦. We are mainly interested in the initiation and propaga-
tion of stall flutter in the cascade, but controlled flutter tests
will also be carried out to assess the stability of the cascade
under different flow and vibration conditions according to the
theory described in subsesction 2.4.

Since stall flutter did not occur in the previous cascade due to
stabilising effect of the accelerated flow in narrow inter-blade
channels, simplified experiments with three blades and numer-
ical studies with increasing blade spacing were carried out to
achieve the flow separation at the centre blade of the cascade
that is important for stall flutter instability. The dimensions set
for the new cascade are shown in the schematic in figure 1a
and the detail of the blade in figure 1b. The NACA 0010 pro-
files were generated for a chord length of c0 = 73mm and were

shortened to c = 70mm with a radius of 0.47mm due to 3D
printing not allowing a sharp trailing edge. The circular hole
in the blade is for the shaft and corresponds to the axis of rota-
tion, the rectangular hole is for the weight to balance the blade.
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Fig. 1. Geometry of the new blade cascade.

With the experience gained from previous experiments and
by comparing the advantages and disadvantages of various de-
sign features found in the literature, it was decided to design
a new blade suspension system and instrumentation with the
following improvements:

• As ball bearings and torsion springs had proved unsuitable
for this application due to significant non-linear damping, a
flat spring suspension system was developed and tested.

• Torsional electrodynamic actuators were designed and used
to excite the blades, eliminating the need for an additional
transmission mechanism used in the previous cascade to
connect linear electrodynamic shakers to the blades.

• The moment measuring shaft was used to connect the blade
to the rest of the mechanism. Thus, all non-linearities and
damping in the suspension are separated by the moment sen-
sor. During blade oscillation, in addition to the aerodynamic
moment, only the blade inertia and damping (very small in
this case) would be measured and it should be easily possible
to subtract it.

3.2. Flat spring suspension system

The purpose of the suspension system is to elastically fix the
blade in its axis of rotation to allow the pitch movement of
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(a) Complete view. (b) Detail of the clamping.

Fig. 2. Prototype of the flat spring suspension system.

the blade and to limit the movement in all other DOFs. In the
new cascade design, the aim was to avoid bearings and wound
torsion springs to reduce damping and non-linearities in the
suspension system.

A flat spring suspension system has been developed to
achieve this. It uses four thin flat sheets of spring stainless
steel arranged in a cross. These sheets are clamped on one side
to a part fixed to the frame and on the other side to a moving
part connected to the moment measuring shaft, the torsion ac-
tuator coils and the blade. The flat spring suspension system
prototype is shown in figure 2a. The design of the suspension
element allows the stiffness to be varied by selecting different
thicknesses of the flat springs.

To achieve low damping, the connection between the flat
springs and the other parts must be as rigid as possible. For this
reason, the attachment planes and special washers are designed
so that only a thin strip near the edges clamps the flat spring.
Details can be seen in figure 2b.

The stiffness characteristic of the suspension system was
measured by applying a quasi-static moment to the moving
side and measuring both the moment and the displacement
with respect to the fixed part. The measured moment as a
function of angular displacement is shown in figure 3. There
is negligible hysteresis in the measured, meaning that the de-
formation of the suspension system can be considered purely
elastic. The operating range of the suspension system is ±9◦

and thus the maximal amplitude of the blade should not exceed
8◦ to avoid hitting hard stops.

For small displacement angles up to 2◦ the characteristic is
linear with constant stiffness. At larger angles the characteris-
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tic becomes non-linear due to increasing stiffness and can be
approximated by the cubic equation

M = k1ϕ + k2ϕ
3, (7)

where M and ϕ are the moment and the angular displacement,
k1 and k2 are constants that can by obtained by curve fitting
on the measured data. The fitted cubic equation can be also
seen in figure 3. The stiffness characteristic is important in
simulations of the cascade behaviour.

3.3. Torsion actuators

The previous cascade used linear shakers to excite the blades.
However, this required an additional mechanism to drive the
blades and the linear shakers had their own suspension springs.
A better solution is to use actuators that drive the rotary mo-
tion directly, and such a commercial actuator was purchased to
test this concept on our blade cascade. In addition, there is no
mechanical connection between the static and moving parts of
the actuator, so the actuation is essentially contactless.

The actuator has been tested on a single blade system and
it was shown that it can easily excite the blade with harmonic
motion in the desired frequency range of 10Hz to 60Hz. How-
ever, this actuator was too large and it wouldn’t be possible
to install more of them side by side to excite multiple blades.
In addition, the arrangement of the actuator with one coil only
creates not only a moment on the shaft but also a shifting force.

It was decided to design and build a similar actuator our-
selves. We could place two coils opposite each other on the
shaft to eliminate the shifting force and double the torque, and
we could make the actuator smaller because we only needed
a range of motion of about ±5◦. 3D printing technology was
used to create the prototypes shown in figure 4. Each of the
coils has 200 turns of 0.25mm copper wire and the stator for
each coil is fitted with two NdFeB magnets of dimensions
15×10×4mm with a magnetic force of 40N. The prototypes
have also been tested on a single blade system and have proved
to work without any problems.

3.4. Moment measuring shaft

Based on the maximum moment measured on the profile of
the previous cascade and numerical simulations, we searched
for moment sensors with load capacity of 0.1Nm and small
dimensions on the market. A suitable sensor was found and
purchased. At the same time, a company which specializes in
strain-gauge sensors was asked to produce moment measuring

Fig. 3. Stiffness characteristic of the flat spring suspension system. Fig. 4. 3D printed prototypes of in-house built torsional excitation coils.
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Fig. 5. Calibration chart of the moment measuring shaft.

shaft with load capacity 0.1Nm and same dimensions as the
commercial one, so that we could use either of those sensors.

To test the performance, the sensors were connected in se-
ries, a periodic torque was applied and the responses of both
sensors were observed on the oscilloscope. It was found that
the signal from the off-the-shelf sensor was much noisier than
that from the custom-built sensor, so it was decided to use the
custom-built for the new cascade. Four more were made to
equip all the blades.

3.5. Testing of new features on the previous blade cascade

The new blade assembly consists of the flat spring suspension,
torsion shaker, moment measuring shaft, blade and miniature
encoder. The blade and miniature contactless rotary encoder
from the previous cascade were used. In order to test the new
blade assembly on the previous cascade, an attachment was
made using metal rods and 3D printed parts.

Initially, the torque shaft was calibrated by hanging weights
on the leading and trailing edges of the blade and measur-
ing the voltage from the strain gauge amplifiers. The calibra-
tion chart can be seen in figure 5. During calibration, when
weights were hung on the blade, a non-negligible bending of
the whole assembly was observed, although the suspension
system is quite stiff in this direction. This is caused by the com-
bined elasticity of the suspension system, the moment measur-
ing shaft and the blade. The forces from the weights, which
are comparable to the aerodynamic forces during the measure-
ments, act on a long arm (the total distance from the tip of the
blade to the fixed frame is 230mm), which generates a large
bending moment. In order to maintain only one degree of free-
dom of the blade, it is necessary to provide additional support
at the tip of the blade. It was decided to use a miniature fric-
tion bearing from a tiny electric motor as a support because of
its low resistance to movement, achieved by its small diameter
(the one used for testing had a diameter of 1.5mm) and pre-
cisely polished surfaces. Such a bearing will not significantly
affect the damping of the blade, but it will ensure that the blade
does not bend.

With this setup, several measurements were made using the
AIC approach with only the reference blade oscillating. Dur-
ing the evaluation it was found that the encoder resolution of
0.09◦ was not sufficient to correctly evaluate the aerodynamic
damping. A laser vibrometer was added to the measurement

setup and aimed at the blade surface at a specified distance
from the centre of rotation to measure the angular displace-
ment simultaneously with the encoder. Fortunately, both ap-
proaches for assessing the stability of the cascade under con-
trolled flutter, AIC and TWM, only require measurement of
the motion of the reference blade, which can be measured by
the laser vibrometer. For amplitude and IBPA control during
TWM measurements, the encoder resolution is sufficient.

These first tests verified the whole concept and proved it to
be fully functional with respect to the pros and cons of force
excitation described in subsection 2.3. The most problematic
cases are those where the ratio between the aerodynamic forces
and the excitation forces is high, causing non-sinusoidal blade
motion or even self-excited flutter regardless of the excitation.
These are typically low excitation frequency cases (low exci-
tation forces due to low blade acceleration) or high AOA cases
when the stall flutter starts. However, the disadvantages are
outweighed by the advantages of rapid change of vibration
parameters and pulse excitation. Pulse excitation is useful in
cases where the blade cascade is close to the stability limit and
the moment pulse can trigger the flutter.

3.6. Realisation of the new blade cascade

The complete experimental setup, consisting of the tunnel ex-
tension and the cascade itself, was manufactured by external
companies. The finished cascade structure with the tunnel ex-
tension, needed to increase the height of the channel to accom-
modate five blades with increased blade spacing, can be seen
in figure 6. The support structure holds circular rotating part
that holds the blades and allows the AOA on the blades to be
changed.

Behind the metal side wall there is the assembly of all crit-
ical parts that were described above – flat spring suspension
systems, torsion actuators and moment measuring shafts. The
complete assembly of all five blades can be seen in 7.

Once the mechanical part of the cascade was built, the elec-
trical part had to be solved. Encoders require a supply volt-
age and then produce an analogue signal directly. The strain
gauges of the torque transducers have to be connected to a
full bridge and to instrumentation amplifiers, which provide

Fig. 6. View on the new blade cascade connected to the wind tunnel.
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the supply voltage and amplify the strain gauge outputs. The
torsion shakers are connected either to audio amplifiers if we
want to provide harmonic excitation, or to the Institute’s own
amplifiers for pulse excitation. All measurement data is col-
lected using a digital multi-channel signal recorder.

For the harmonic excitation, a closed-loop control system
was implemented in real-time controller. The aim of the con-
trol system is to control the frequency, amplitude and IBPA of
all the blades. While the frequency is directly given by the fre-
quency of the sine wave sent to the amplifier, the amplitude and
IBPA have to be fine-tuned to the desired values. There are sev-
eral reasons for this. Many of the parts are handmade (blades,
coils, etc.) and their mechanical properties, such as weight and
inertia, and electrical properties, such as the impedance of the
coils, vary in each blade subsystem. In addition, the blades are
subject to moments generated by the flow, which also affect
the amplitude and phase of the vibration.

The amplitude control is automatic - it uses the encoder sig-
nals in a feedback loop; the actual amplitude over several os-
cillation periods is observed, compared with the desired ampli-
tude and the difference is sent to the PID controller with inte-
gral gain only. This keeps the amplitude constant regardless of
flow conditions, oscillation frequency, etc.

A more difficult task is the IBPA control. In the real-time
controller it was not possible to calculate the phase shift using
FFT or Hilbert transform, so a root mean square (RMS) solu-
tion was devised. Suppose the blades i and i+1 are to oscillate
with the desired IBPA βD. The generated sinusoidal signals are
αi = ᾱ sin(ωt) and αi+1 = ᾱ sin(ωt −βD) respectively. These
signals are sent to the amplifiers and the blades start to oscillate
with the actual IBPA βA ̸= βD due to the unequal mechanical
and electrical properties mentioned above. The movement of
the blades is measured with rotary encoders and sent to the
control system where the measured signal of the blade i+1 is
shifted in time with tshi f t = βD/ω , subtracted from the signal
of the blade i and the RMS of the signal difference over a pe-

Fig. 7. Assembly of the blade cascade support, excitation and instru-
mentation. 1 - moment measuring shaft, 2 - excitation stator with per-
manent magnets, 3 - excitation coil, 4 - flat spring suspension, 5 - rotary
encoder.

riod of 1s is calculated. A time delay is manually added to the
generated signal for blade i+ 1 to minimise the value of the
RMS and thus βA → βD.

4. MEASUREMENT CAPABILITIES OF THE INNOVATIVE
BLADE CASCADE

4.1. Controlled flutter testing with TWM and AIC approach

The TWM and AIC approaches were used to assess the stabil-
ity of the blade cascade and the limitations of these test meth-
ods were compared. The TWM approach with harmonic force
excitation of all five blades was tested first. At a wind speed of
20ms−1, the maximum negative AOA (see Fig. 1a) for which
the force excitation was able to maintain the controlled mo-
tion was -6◦. Further increases in negative AOA resulted in
self-excited flutter. As an example, stability curves (S-curves)
obtained from TWM measurements at 20ms−1, AOA -6◦ and
oscillation frequencies from 10 to 50Hz are shown as circles
in figure 8. The results show that at the lowest frequency the
stability parameter drops to zero for IBPA -90◦ and that in-
creasing the oscillation frequency stabilises the cascade.

The AIC approach measurement was then performed using
the same parameters and evaluated from the force responses
measured on all five blades. The results are shown as lines
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in figure 8a. Whilst at higher frequencies the stability curves
match well, at lower frequencies there is a strong influence
from the ±2 blades, causing the strong second harmonic of
the stability curve over the IBPA according to equation 2. The
limitation of the AIC approach here is that it was derived for
an infinite blade cascade as described in subsection 2.4, but
our cascade consists of only 5 blades. Thus, blade -2 has no
neighbour on its underside, resulting in flow separation under
the blade even at small AOA. The moment variations measured
at blade -2 are then dominated by the separated flow and not by
the oscillation of blade 0. As it is known that the influence of
the oscillating blade 0 on the blades further down the cascade
decreases rapidly [38], we tried to evaluate the stability curves
with the AIC approach considering only blade 0 and its direct
neighbours, blades ±1. The results are shown in figure 8b and
we see that the AIC results agree with the TWM results even
at low frequencies. The small differences may be due either to
neglecting the effect of blades ±2.

Both approaches have certain limitations with the new blade
cascade. The TWM approach can only be used within the sta-
bility limits where it is possible to maintain the controlled os-
cillation of all blades. In the AIC approach it is not good to
include the influence of blades ±2 because these are the first
and last blades and the periodicity of the cascade is violated
there. However, the stability curves evaluated from the AIC
approach without blades ±2 show very good agreement with
the TWM approach, meaning that the blade cascade is in the
range of classical flutter with attached flow and the linear su-
perposition principle is valid. Therefore, AIC can be used to
evaluate the cascade stability. Using the AIC approach with
only blade 0 oscillating, it is possible to achieve higher nega-
tive AOAs due to better resistance to self-excited flutter. In ad-
dition, the AIC approach makes it easier and quicker to obtain
the stability curves, which may be useful for testing different
blades in the future.

4.2. Pulse-triggered stall flutter testing

The main reason for using electromagnetic force excitation in
the blade cascade is the ability to excite the blades with short
moment pulses. When the blade cascade is brought to the
edge of stability by wind speed and AOA, the pulse applied
to one blade can trigger stall flutter of the entire blade cascade.
Studying the onset of stall flutter provides valuable informa-
tion about the behaviour of the non-linear aeroelastic coupling
present in the system.

Such an experiment was carried out at wind speed 20ms−1

and AOA -8◦. The blades ±2 were fixed and a 5ms moment
pulse was applied to blade -1. The angular displacements of
blades 0 and ±1 are shown in figure 9a. The impulse at time 0
caused the angular displacement of blade -1 to reach 2◦. This
is followed by the onset of flutter where the amplitudes of all
three compliant blades increase. After 1s the system reaches a
steady state. The different amplitudes of the blades are caused
by the non-uniform flow through the cascade due to the small
number of blades and their arrangement in the channel. It is
interesting to observe the instantaneous frequency during the
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Fig. 9. Development of stall flutter after an impulse applied to blade -1.
Wind speed 20ms-1, AOA -8◦.

onset of flutter, which has been evaluated by the Hilbert trans-
form and is shown in figure 9b. The natural frequency of the
blades is around 26Hz and this is also the frequency at which
they start to oscillate shortly after the pulse. However, during
the initial transient phase, the flutter frequency of all oscillat-
ing blades increases to around 28.5Hz. This increase is most
likely due to the additional stiffness introduced by the aeroe-
lastic coupling during the flutter.

In such measurements, PIV is an important tool to measure
and visualise the flow through the blade cascade. For the above
case, the PIV was set to observe the two channels between the
oscillating blades and the wakes behind their trailing edges. In-
stantaneous snapshots from the developed flutter case at about
t = 2s are shown in figure 10, where the contour colours show
the velocity magnitude in the measurement plane and the ar-
rows are the evaluated velocity vectors. The visible blades
on the snapshots are the bottom left corner blades -1, 0 and
+1. The black points behind the trailing edges of the blades
are positions where the flow velocity was observed and fur-
ther investigated. The white areas are areas where the velocity
could not be evaluated due to poor illumination (the illuminat-
ing laser was shining from the top right direction), camera lens
perspective and low PIV resolution, which cannot capture the
flow near the blade in such an overall view.

The first snapshot in the figure 10a shows the situation when
the trailing edge has reached its uppermost position. No flow
separation is visible on the suction side of blades 0 and +1 and
there is an accelerated flow in the first channel between blades
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(b) While the trailing edge of the blade -1 moves downwards.

Fig. 10. Instantaneous flow field snapshots during the flutter phase
with velocity magnitude contours and velocity vectors evaluated from
experimental PIV measurement.

-1 and 0 due to closing of the channel.
The second snapshot in the figure 10b shows the situation

5ms after the first one in figure 10a, when the trailing edge
of blade -1 started to move downwards. The velocity in the
first channel decreased due to opening of the channel and vor-
tex structures, caused by the flow separation, emerge from the
suction side of the blade -1. The periodic separation and re-
attachment of the flow during blade oscillation is characteristic
for the stall flutter.

5. CONCLUSION

This paper describes the design and development of an inno-
vative experimental blade cascade for the study of stall flutter,
operating in low subsonic flow conditions up to Ma = 0.15.
It consists of five NACA 0010 prismatic blades with pitch de-
grees of freedom that can oscillate with amplitude up to 8◦ and
frequency up to 60Hz.

First, the geometry of the blade cascade was designed. In
previous experiments, it had been impossible to achieve stall
flutter at the inner blades of the cascade under any flow con-
ditions. Due to narrow channels between the blades, the flow
had been stabilised and flow separation had been suppressed.
Therefore, numerical calculations and experimental tests were
carried out to determine the appropriate blade spacing for stall
to occur, and this geometry with increased spacing was used
for the new cascade geometry design.

For accurate measurements, a completely new blade suspen-

sion system with moment and angular displacement sensors
and excitation coils was designed. A flat spring suspension
system with low damping was developed to support the blades
and provide torsional stiffness, and aerodynamic moment mea-
surement was achieved using a strain gauge moment sensor
shaft. Excitation was provided by electromagnetic torsional
shakers, which allowed not only harmonic moment excitation
to perform parametric studies with different flow and blade os-
cillation parameters during controlled flutter experiments, but
also pulse excitation.

Once manufactured, assembled and tuned, the capabilities
of the new cascade were tested. Firstly, controlled flutter tests
were carried out using both the TWM and AIC approaches.
It was shown that the approximation of the cascade stability
using the AIC approach is equivalent to the TWM approach
for the three inner blades of the cascade within the limits where
the electromagnetic excitation is able to enforce the controlled
motion. Within those limits, the blade cascade is in classical
flutter region with attached flow where the linear superposition
principle can be applied. The resulting stability curves were
evaluated for a wide range of flow and oscillation parameters,
i.e. wind speed, AOA, oscillation frequency and amplitude, to
identify the unstable regions.

In the next step, the cascade was brought to the edge of sta-
bility by setting the parameters based on the previously ob-
tained stability curves, and the advantage of electromagnetic
excitation was used to destabilise the cascade. Short moment
pulses were applied to the individual blades and the response of
the cascade was observed. The oscillation of the excited blade
is transmitted through the cascade by the aeroelastic forces and
either decays with time or triggers the stall flutter and the am-
plitudes of the oscillations increase. Capturing and analysing
of this stall flutter initiation from a mechanical perspective by
measuring the moments and displacements, and from a flow
field perspective by incorporating the PIV measurement, pro-
vides valuable data for a basic understanding of the stall flutter
phenomenon.
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