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Abstract

In this work, the influence of the engine rotational speed on the natural frequencies of the turbine blade was
investigated. In first part of the work the experimental modal analysis of the blade were made using the vibration
system. The investigated blade was fixed to the movable head of the shaker. The blade amplitude was measured using
the piezoelectric accelerometers. As results of experimental modal analysis, the resonant frequencies for first three
modes of vibration were determined. In the next step of the work, the numerical models of the blades with different size
of the finite elements were performed in order to check the convergence of the numerical solution. For each models
the natural frequencies were determined for the non-rotated blade. The numerical results were next compared to the
results of experimental modal analysis. After this comparison, one model only was selected for the further
computations. In the last part of the work, the complex multi-steps analysis was performed in order to investigate the
influence of turbine rotational speed on the modes and natural frequencies of the blade. Obtained results are
important from both the research and also the practical point of view and have an influence on reliability of the
engine.
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1. Introduction

The turbine blade belongs to the group of critical engine parts, which have a limited fatigue
life. The major function of the turbine blades is to extract energy from the hot gas flow to drive the
compressor and the main helicopter gearbox. The main mechanical load is concerned with the
centrifugal forces acting on the blade during the rotation of the turbine. The centrifugal forces
cause that in the blade the tension stress occurs. This stress has a large influence on the blade’s
natural frequencies.

The turbine blades have a low bending stiffness and are particularly susceptible to vibrations.
Engine vibrations are associated with both the imbalance of the rotor and the pulsation of an air in
the combustor chamber. As results of mentioned phenomena, a high-cycle fatigue occurs in the
blade. In many cases the vibrations and related to vibrations the high-cycle fatigue was a main
reason for the blade fracture. The problem of turbine failure was the subject of several
investigations [6, 10, 12, 13]. The results of stress, fracture and modal analysis of the blade were
described in the papers [2-5, 9, 11, 14].

The main objective of this work is an experimental and numerical determination of the
resonant frequencies and modes of free vibrations of the turbine blade. An additional aim of
the study is investigation of influence of the turbine rotational speed on the natural frequencies of
the blade.

2. Experimental modal analysis of the turbine blade

The experimental modal analysis of the turbine blade was made using the Unholtz-Dickie
UDCO TA-250 vibration system presented in Fig. 1a. The blade was horizontally mounted on the
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movable head of the shaker (Fig. 1b). During the modal analysis, the frequency of excitation was
increased from 500 Hz to 4000 Hz with the sweep rate of 2 Hz/s. In experimental analysis a two
measure channels were activated. The first channel was used for measure the amplitude of
acceleration of the shaker head (signal name Aj). The acceleration in this channel was measured
by piezoelectric accelerometer. The signal (Az) in the second channel was delivered from the
miniaturized small mass (0.2 gram) piezoelectric acceleration sensor. This sensor was connected to
the blade with the use of the special wax (Fig. 1b).

Fig. 1. View of the vibration system (a) and blade fixed to the head of vibrator (b)

During the modal analysis, the frequency of excitation was gradually increased. In this time,
the signals from two measured channels were recorded. The main result of the modal analysis is
the amplitude-frequency characteristic presented in Fig. 2. On the horizontal axis of the plot, the
actual frequency of excitation was defined. On the vertical axis, the relative amplitude of the blade
is seen. The relative amplitude means that the amplitude of acceleration from the second channel
(A2) was divided by the signal from the first channel (amplitude of acceleration of the vibrator
head, A1).

As seen from Fig. 2 the large peak, typical for resonance phenomena occurs at 980.8 Hz. This
value is the resonant frequency (for first mode of vibrations). The relative amplitude during the
mode I equals 130.01. There is visible a second peak on the frequency-amplitude characteristic at
2642.4 Hz. This value is the resonant frequency for the second mode of vibrations. The third
resonant frequency equals 3868.2 Hz (Fig. 2).

The large disturbances of the signal between the resonances were concerned with the small
sensitivity of the miniaturized acceleration sensor connected to the blade. The second reason for
the signal disturbances is the small acceleration amplitude of the vibrator head (from 0.5 g at
500 Hz to 1 g at 4000 Hz) defined in the experimental modal analysis.

3. Numerical models of blade

The numerical models of the blade were made using the MSC-Patran program [8]. The
material of the blade (EI-437-y nickel alloy) was defined as linear-elastic with the following
properties: modulus of elasticity — 200 GPa, Poisson’s ratio — 0.3, density — 8200 kg/m? [7].
EI-437-y alloy has a good creep resistance and it is used for hot rotational components of the
turbine engines.
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Fig. 2. Amplitude-frequency characteristic for investigated turbine blade

The results of the numerical analysis performed for the first model (model no. 1, size of
element in airfoil section: 4 mm) were not converged with the experimental results (Tab. 1 and 2).
From this reason the additional models (numbered as 2, 3 and 4) with the smaller size of the finite
elements were performed for better convergence of the numerical results (Fig. 3, Tab. 1). In all
discrete models of the blade, the TET-4 finite elements with the linear shape function were
used [1]. In the analysis the surfaces of fir-tree slots (blade lock) were fully constrained (Tx=0,

Ty=0, T~0).
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Fig. 3. Numerical models of the blade with different mesh size. Model no. 1 (a), no. 2 (b) and no. 4 (c)
4. Results of numerical modal analysis for the blade

The numerical modal analysis was made using the Abaqus solver [1]. As results of the
computations the first 5 modes and natural frequencies were obtained for the blade nos. 1-4 (for
rotational speed of turbine n=0 RPM). The resonant frequency for model no. 1 (mode I) equals
1034 Hz. The result of experimental test is equal to 980.8 Hz.

For estimate the quality of the numerical solution, the relative error E was defined according to
the formula (1):
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MXIOO%, (1)

E=
RES
where:
Fres — resonant frequency (experimental result),
Fnr — natural frequency (numerical result).

The relative error E (Model no. 1, mode 1) equals 5.42% (Tab. 2). For the second and third
mode of vibrations, the error is much larger (34.08% and 34.04% adequately). So large difference
between the numerical and experimental results is not acceptable for both the research and also the
engineering applications.

The additional information is that the model no. 1 has a mesh concentrated in the fir-tree lock
of the blade. On the airfoil section, the size of the finite elements equals 4 mm. This kind of mesh
seed is typical for the stress analysis. Obtained results indicate that increase the number of finite
elements in the model not always causes the decrease of the error (Tab. 1). Results presented
in Tab. 1 and 2 showed that is a large correlation between the size of the finite elements (especially
in the airfoil section zone) and the relative error of numerical solution.

As seen from Tab. 2, for the model no. 2 the relative error (mode II) decreases to the value of
6.87%. This model has a size of the finite elements of 0.83 mm (Tab. 1). In the model no. 3
(element size of 0.54 mm), the error for mode II equals only 0.78%. For the model no. 4, the error
has avalue -3.43%. Negative error value means that the numerical result is smaller than an
experimental. For the third mode of vibrations the errors for models nos. 1-4 are 34.04%, 8.45%,
6.2% and 5.11% adequately.

Tab. 1. Natural frequencies of the blade computed using numerical models with different size of the finite elements in
airfoil section (for n= 0 RPM)

Model | Size of | Number of | Number of | Time of Natural frequency [Hz]
no. |elem. [mm]| elements nodes comput. [s] | Mode I | Mode II | Mode III | Mode IV | Mode V
1 4.1 295 700 58 082 282 1034 3543 5185 5896 10784
2 0.83 167 631 31 764 161 1014 2824 4195 5441 7187
3 0.54 353478 70 754 349 992 2663 4108 5329 6645
4 0.41 834 486 159 726 1018 982 2552 4066 5252 6302

Tab. 2. Comparison of experimental and numerical results obtained for different models (n=0 RPM)

Natural frequency / Resonant frequency
Model Mode I Mode II Mode III
no. | Numerical | Experimental |Rel. error | Numerical | Experimental |Rel. error| Numerical | Experimental |Rel. error
[ Hz] [ Hz] E [%] [ Hz] [ Hz] E [%] [ Hz] [ Hz] E [%]
1 1034 980.8 5.42 3543 2642.4 34.08 5185 3868.2 34.04
2 1014 980.8 3.38 2824 2642.4 6.87 4195 3868.2 8.45
3 992 980.8 1.14 2663 2642.4 0.78 4108 3868.2 6.20
4 982 980.8 0.12 2552 2642.4 -3.42 4066 3868.2 5.11

From presented above comparison is visible that the results for the models nos. 3 and 4 have
the smallest errors. The large time of computations for the model no. 4 (1018 seconds for one job,
Tab. 1) causes that in further analysis presented in chapter 5 the model no. 3 will only be
considered. For this model, the time of computations equals 349 seconds.

In Fig. 4, the von Mises stress distributions for the first, second and third modes of free
vibrations of the blade are presented. The results are related to the maximum amplitude of blade
vibrations close to 1 mm. The maximum von Mises stress area (351 MPa) is located (for mode I)
in the zone above the blade lock. The mode I can be classified as pure flexural (Tab. 3).
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During the second mode of free vibrations, the maximum stress area (294 MPa) is located on
the blade airfoil section. It explains why smaller size of the finite elements in this zone causes the
decrease of relative errors for the models nos. 3 and 4. The mode II can be classified as torsional-
flexural (combination of torsion and bending).

The third mode of free vibration is pure torsional. The large stress area in this case is located
on the attack edge of the blade (842 MPa). The maximum stress zone (1264 MPa) is located above
the blade lock. The maximum stresses obtained in the modal analysis should be treated as a quality
results. The real stress during the blade resonance depends on the real amplitude of blade
vibrations.

Tab. 3. Identification of the modes of blade free vibrations

Number of mode I I 1 v v
Kind of mode (identification) flexural torsional-flexural | torsional | complex | complex
a) b)

o - 11

Fig. 4. Von Mieses stress distributions for the turbine blade during first (a), second (b) and third (c) mode of free
vibrations (for blade amplitude close to 1 mm, blade no. 3, n=0 RPM)

5. Influence of turbine rotational speed on the natural frequency of the blade

During rotation of the turbine a large centrifugal stresses occur in the blade. The tension stress
in the blade causes that the natural frequencies increase during an acceleration of the engine rotor.
In this chapter, the influence of the rotational speed of turbine on the natural frequencies of the
blade was investigated.

In order to solve the problem, the 3 separated steps were defined in one job of the numerical
analysis. In the first step, the centrifugal forces were applied to the blade subjected to rotation. As
a result, the stress distribution for the rotated blade was obtained (Fig. 4). In the second step the
modal analysis of the blade were performed using Abaqus command: “Frequency” [1]. In the third
step, the “Complex frequency” analysis [1] was used to extract the natural frequencies of the
blade. In this procedure the stress, state obtained in the step no. 1 (for blade subjected to rotation)
is considered as preliminary in the modal analysis.
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The results of modal analysis of the rotated blade are presented in Tab. 4. The maximum
rotational speed of the engine rotor (22 490 RPM) should be related to the value of 100% speed of
turbine. In this study, the following speeds: 0%, 50%, 80% and 90% were considered. Moreover
the over speed condition of the turbine (speed of 110%) was also defined.

As seen from Fig. 5 the natural frequency of the blade for the rotor speed of 0% equals 992 Hz.
After acceleration of the turbine to the speed of 100%, the natural frequency of the blade is equal
to 1147 Hz (increase at about 16%). During the second mode of free vibration, the natural
frequency increases from 2663 Hz to the value 2787 Hz (Fig. 6).

During the torsional mode of vibrations (mode III) there is visible a small influence of the
rotational speed of turbine on the natural frequency of the blade (increase of frequency at
about 1%) (Fig. 6). In this case, the tension stress in the rotated blade has no large influence on the
shear stress occurring during the blade torsional vibrations.

Tab. 4. Natural frequencies of the blade (model no. 3) for different rotational speed of turbine

Turbine speed Turbine speed Natural frequency [Hz]

[7] [RPM] Model | Modell | Modelll | ModeIV | ModeV
0 0 992 2663 4108 5329 6645
50 11245 1032 2694 4116 5361 6690
80 17 992 1093 2743 4132 5413 6763
100 22490 1147 2787 4148 5461 6829
110 24739 1177 2812 4157 5489 6867
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Fig. 5. Natural frequency of the blade (mode 1) as a function of the rotational speed of turbine (model no. 3)
6. Conclusions

In this work, the influence of the rotational speed of turbine on the natural frequencies of the
blade was investigated. In the first part of the study, the experimental analysis was performed in
order to determine the real resonant frequencies of the turbine blade. Next, the convergence of the
numerical results was checked for selected models with different size of the finite elements. In the
last part of the study the numerical modal analysis of the blade (with consideration of the turbine
rotational speed) was performed. During the work preparation, the following conclusions were
formulated:
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Fig. 6. Natural frequencies of the blade for first, second and third mode of vibrations as a function of rotational

speed of turbine (model no. 3)

. The error for the model no. 1 achieves the value of 34% (for mode II and III). The numerical

model used for stress analysis (with the mesh concentrated in fir-tree blade area and large finite
elements in airfoil section) is not adequate for the modal analysis.

. The model of blade for the numerical modal analysis should have a small size of the finite

elements in the airfoil region, in which the large stresses are observed at higher modes of free
vibrations. In presented analysis the sufficient quality of numerical results were obtained for the
model no. 3 with the element size of 0.54 mm. In this case, about 4 elements were composed on
the profile thickness.

. The natural frequencies of the blade for the mode I and II (after turbine acceleration to the speed

of 22 490 RPM) increase adequately at 16% and 4.6%.

. The natural frequency (for mode III) increases in rotated blade at about 1%. The centrifugal

forces in rotated blade have no large influence on the shear stress, which occurs during pure
torsional vibrations.

. Results of the work [15] show that after blade heating to the working temperature (400-580°C)

the natural frequencies of the rotated blade decrease at about 6%. This phenomenon is related to
the decrease of the modulus of elasticity of the blade hot material. Additionally, the hot blade
has a larger size what has also influence on decrease of the natural frequencies.
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