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Abstract Analysis of gas turbines blades is one of the important applications of aeroelastic. In this study, a row of
blade including a tuned disk and a certain number of blades are studied. Curved blades are modeled as free beam
whose section has a significant moment of inertia due to the curvature. The blades are under self-exited flutter with
two degrees of bending and torsional vibration freedom. Since the disk is tuned, analysis of the entire structure
and fluid system is focused on a blade and the flow around it. Aerodynamic forces are calculated with
ANSYS/FLOTRAN CFD software following the stable and unstable blades steps and then, the real and imaginary
forces of the fluid are obtained. Aerodynamic forces at different reduced frequencies are measured based on the
above method. On the other hand, Timoshenko beam motion equation is written with regard to the rotary inertia and
shear deformation. Ignored external forces and modal analysis while flexural and torsional movements are out of the
coupled state , is used to determine the natural frequencies and modes of the system. Then, the final aero-elastic
analysis is carried out in coupling flexural and torsional and coupling aerodynamic condition. By involvement of
factors such as quasi –inertia, quasi- damping and quasi-elastic fluid in inertia and damping and stiffness matrix, and
in the form of special value is created. Generally, the obtained special value will be a mixed number. If the release
rate of the fluid is in a way that the real part of it which represents the damping rate, equals to zero, and such speed is
the line of divergence and is called the flutter speed. In this case, the perceived part will represent the frequency of
flutter. Then, the velocity of the flutter with the addition of piezoelectric is studied, piezoelectric effects on the
velocity of the blades are investigated. At the end, flexural and torsional displacements of the blade have been
analyzed over time.
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1. Introduction
Unwanted break of gas turbine is a considerable
problem in the turbinate because of the exorbitant
financial costs and unexpected stop in production process.
The main causes of blades breakage include vibration,
fatigue, corrosion, erosion, and creep. Of these, we can
say that the vibrations of the blades is the most complex
issue. Blade vibration is often examined from two aspects:
A) flutter B) mandatory response. These two factors lead
to high cycle fatigue and reduced blade life. These two
topics are different aspects of blades aeroelastic analysis.
Aeroelastic is the study of static and dynamic behavior of
structural elements in fluid flows. In other words,
aeroelastic is an interactions between deformation of
elastic structures in air flow and the resulting aerodynamic
forces. In general, the progresses in calculations of
aeroelastic blade vibration is in two directions. A) In terms
of the status of blade structure (straight/curved blade and
its thickness) and B) considering the flow conditions in
terms of subsonic/ transonic/ultrasonic or compressibility.

Numerous studies have been conducted so far for these
two directions. Here the main developments of these
methods and the names of the first theorists are mentioned.
In the basic concepts of aeroelastic, Collar in 1946 first
defined a triangle in which inertial, elastic and
aerodynamic forces each made a vertex of this triangle.
One of the first blade studies was carried out by
Whitehead on unsteady incompressible non viscose fluid
in straight blades cascade in which they had two harmonic
translational and cycle-oscillations. In the next step Atassi
and Akai examined a method for incompressible flow on
airfoils having thickness and curvature and concluded that
the shape of airfoil is very effective on calculation of
unstable aerodynamic forces of cascade. Prior to 1970,
generally separate straight thin wings airfoil theory was
used to predict the turbomachinery flutter. Aerodynamic
effects of adjacent blades were studied by Carta. Snyder
and Commerford performed it on fan transonic and
ultrasound conditions. In 1975, Mikolajczak used energy
model to analyze the flutter and total aerodynamic and
structural attenuation for measuring sustainability.
Sustainability of the model is analyzed through whether
the resulting work from attenuation of fluid and structure
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is positive (unstable) or not. Bendiksen and Friedmann
proposed "cross section" model with centralized mass and
stiffness parameters (two degrees of flexural and torsional
freedom). This method was used until the end of the 1980s
in most models. This method was used in most of the
models until the end of the 1980s. In order to consider the
properties of three-dimensional structural of blades, Kaza
and Kielb proposed structural dynamics model of one-end
free beam in which unsteady aerodynamic forces were
calculated at discrete intervals along the blade. Ni and
Sisto were first to solve Euler unstable equations for a
cascades of blades using numerical method of finite
differences. In order to consider the properties of threedimensional blades, structural dynamics model of one-end
free beam was introduced by Kaza and Kielb in which,
unsteady aerodynamic forces were calculated at discrete
intervals along the blade. In the next step, the finite
element model was used to study the dynamic behavior
of structure, and blade was divided into strips. In the
last two models, all calculations were performed assuming
a two-dimensional flow. In subsequent steps, the
three-dimensional flow was also added to the model. At
this point, it is assumed that all the rotor blades are
identical and exactly have natural frequency and same
mode shapes which are called tuned systems (otherwise
unturned system). Due to the positive effect of such
intentional unturned condition on reducing aeroelastic
vibrations of blades, in recent years many studies specially
by Willcox K., Peraire. J. and Reddy T.S.R., Srivestava R.,
Mehmed O have been conducted in this area.

2. Modal Analysis of Disk System and
Blades
We know that the vibration of whole blade is the result
of superposition of different temporal frequancies. In
addition, the blade row has cyclic and axial symmetry.
Because of Its linearity, blade vibration can be considered
as the sum of the space waves. Phase differences of each
blade from adjacent blade during oscillation in one of the
space modes equal to the following amount:

σj =

2π j
r

(1)

which is called Inter blade phase angle. In this equation,
j is the number of nodal diameter and r is the total number
of blades. Thus, other quantities of the flow comply the
same relationship:

unjk (t ) = u jk e

i ( wk t + ( n −1))σ j

(2)

Thus, according to the system's physical homogeneity,
it is possible to calculate one of the blades and then
calculate the movement of other blades between frequency
and phase, using the above equation.

3. Structural Model
Blade oscillations have two cyclic(a) and torsional (h)
directions. In these two directions, especially in the

flexural, many in vacuum frequencies can be achieved.
However, condition monitoring surveys show that due to
high frequency of vibrations, the first frequency of the
blades is their dominant phenomenon of aeroelastic
vibrations. Therefore, this analysis has been investigated
in the first mode with a plunge degree of freedom and a
pitch degree of freedom. However, at first, it is necessary
to calculate natural flexural and torsional frequency of
beam.

4. Motion Equation of the Blade Using
Timoshenko Beam Theory
If the thickness of the beam is also considered in
calculation of its dynamic behavior, the resulting model is
called Timoshenko beam. Rotary inertia, as well as shear
deformation are also considered in these beams. Once the
value of the kinetic and potential energy parameter are
obtained, and the Lagrangian expression is placed in the
Hamilton’s principle and become simplified, the following
equation of motion is given

 ρ s Av − ρ s Axθ − k ' AGv ''+ k ' AGψ ' =
F

(3)
0
 ρ s Iψ − IEψ ''− k ' AGv '+ k ' AGψ =


M
 ρ s J θ − ρ sAxv − GJ θ '' =
And the boundary conditions of a cantilever beam are
applied on it. In calculating the natural flexural frequency,
airfoil mass center is the reference motion of the first and
second couple.

5. Calculation of Natural Flexural
Frequencies and Mode Shapes
Prior to determining the final coupled motion of the
object, in order to find natural frequencies and mode, the
external forces are put equal to zero and the flexural and
torsional expressions are converted into uncoupled, so that
natural flexural ( ωh ) and torsional ( ωθ ) frequencies are
achieved separately.
To do this, we convert the equation between the first
and second relationship (3)to a special value problem.

   U '
  0  U '' 0
 k ' AG
− k ' AG
 

  +   
1 V ''   k ' AG 0
 V ' 
0
(4)
 ρ s Aω 2 0
 U  0 
  =
+
 
  + ρ Iω 2  V  0 
0
− k ' AG
s

The above system of equation is a special value
problem. As we can see, the equations have been written
in dimensionless form and after required operations, the
system has converted to a form in accordance with the
provided relations and accordingly, the formula for calculation
of natural frequency of flexural beam is obtained.
Here, methods to solve these equations is described
according to the above relations with other aeroelastic
analysis process and the use of this relations in
computational planning. If we assume the dimensionless
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temporal frequency as ω and the spatial frequency as λ
then the issue of special value is based on Eq. 5 and
solving is based on Eq.6.

ρ 2
1
) ρ sω 2 λ 2 − ρ s Aω 2 + s ω 4 =
0 (5)
λ 4 + ( I +
k ' G
k ' G
1 ρ sω 2
1 2 ρ s 2ω 4
λ =± −( I +
± ( I −
+ ρ s Aω 2 (6)
)
)
2
4
k ' G
k ' G
As we can see, the characteristic equation has four roots
of which two roots are always imaginary and if ω is less
 s / ρ I both square roots are real and if
than ω = k ' GA
c

s

it is more than square roots. The absolute value of the first
two roots (a) and the two square roots (b) are called wave
numbers.

6. Calculation of Natural Torsional
Frequency and Mode Shape
After a simplifying, the third equation of beam motion,
the torsional natural frequency, and normalizer mode
shape is obtained.

ωn =

(n + 1/ 2)π
l

G

ρ

(n + 1/ 2)π
Θn = 2 / l sin(
y)
l

(7)

7. Aerodynamic Model
Here, in order to obtain the airfoil surface pressure
distribution, aerodynamic analysis is carried out using
CFD and the capabilities of ANSYS/CFD/FLOTRAN.
ANSYS is a product of Multi physics and one of its
capabilities is to solve CFD of fluid systems by numerical
FEM method. FLOTRAN has a subset of ALE that
performs the interactions between fluid and structure in
the motion boundaries between fluid and structure. Fluid
boundaries include intermittent or periodic boundaries,
torn levels and input and output of the fluid. This
procedure was performed in Blades marching steps and
boundary conditions between fluid structure was
introduced to ANSYS according to Table 9.

8. Formation of Aeroelastic Equation
In order to analyze the flutter, equation (3) is written
with mechanical and aeroelastic coupling. By having the
natural flexural and torsional frequencies at hand,
extracting ωh and ωθ from Eq. 3, performing the
necessary replacements, converting the parameters to the
Rayleigh-Ritz form, multiplying the first equation in ϕ ,
second equation in ψ and third equation in Θ and
taking integral with respect to y in blade length and sum
of the both sides of the first and second relation :
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 θ 

(8)

rθ is the radius of section gyration relative to the elastic
axis and B is the coupling factor. With proper change in
mass ratio, it is possible to examine the flutter condition in
different heights.

µ=

m

πρ b 2

Then, aeroelastic analysis is carried out using weak
coupling. To do this, by having a mode shape and
aerodynamic coefficient matrix of different frequencies,
aerodynamic forces are calculated by Roger formulas and
based on the reduced frequency.
Assuming that all the parameters in relation to the
blades length are constant and regardless of blade twist, it
can be said aerodynamic forces all nodes only depend on
the mode shape of the blade. It can be said that
aerodynamic forces of all nodes depend only on the mode
shape of the blade. Thus:

 qh 
q 
CF 
Φ 0   h 
 
b  C ( p) 
=
 C ( y, p, Φ, Θ) =

 b 
0 Θ  q 
CM 
q 
 θ
 θ  (9)
C ( p ) =C1 + C2 p + C3 p 2 +

M

∑

m=4

Cm p
p + β m −3

In the above equation p is the aeroelastic frequency. So,
in a nutshell, aeroelastic equation can be written as
follows:

M p 2 X + Bp + K =
G
M =
M S − Ae C2 , B =
CS − Ae C1

(10)

=
K K S − Ae C0
G includes mass matrix and added damping and
stiffness that increases the accuracy of the aerodynamic
force. The above special value problem is resolved using
state space and auxiliary state variable.

x = A x

(11)

Additionally, following formula is used to evaluate the
effects of flutter, flexural and torsional movements in the
conditions before, after and during flutter and compare
with each other.
x (t ) = Xe Λt Y T x (0)

(12)

9. Discussion and Calculations
The case is a row of tuned aeroelastic blades with
standard tenth airfoil section located under the air flow.
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Table 1. Standard tenth airfoil profile
value

parameter

4460 kg/m3

ρs

441G pa

E

0.31

v

0.06

HT thickness index

1.7556

γ

0.05

HC(NACA0006)

4.1013×10-4m2

A

1.4625×10-9m4

I

Figure 2. flutter speed with piezoelectric

In addition, considering Eq .4, we have:

ωts = 40885.8454 rad/s
In addition, the aerodynamic forces are calculated using
the 'ANSYS / FLOTRAN' and the parameter value of
Roger approximation was applied to aeroelastic equation.
The natural frequency and speed of the one-end free blade
flutter with no piezoelectric in the above conditions are
shown in Table 1.
Table 2. The natural frequency in vacuum and flutter, and also
flutter speed in both with and without piezoelectric conditions
Without a piezoelectric
arrangement

ω s ( rad / s )

Curved 42990.3611
Airfoil

V flutter ( m / s )

With piezoelectric
arrangement

ω s ( rad / s )

V flutter ( m / s )

Figure 3. Temporal simulation of curved airfoil blade vibration without
piezoelectric, using the Timoshenko theory

42991.9285
100.0010

127.2890

Moreover, natural flexural frequency in vacuum for
Euler-Bernoulli beam was calculated using BEAM54
element, Timoshenko beam using BEAM44 element with
the meshing of the beam section, natural torsional
frequency of the blade with combining hardness elements
COMBINE14, and the inertia moment elements MASS21,
which approved the accuracy of the results presented in
Table 1.

Figure 4. Temporal simulation of curved airfoil blade vibration with
piezoelectric, using the Timoshenko theory

10. Conclusion

Figure 1. flutter speed without piezoelectric

In this paper, flutter speed of the turbine blades was
investigated. Blade equations that are obtained as one-end
free beam model and the fluid dynamic forces were
calculated. Then, flutter speed obtained by piezoelectric
compared with the previous state. The results showed that
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piezoelectric optimal layout, flutter speed of gas turbines
can be increased significantly.
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