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Introduction 

During the operation of a gas turbine engine, the rotor blades are exposed by 

time-varying gas dynamic loads. Due to the determination by the rotor speed and 

the number of structural elements these forces change in time and are periodic in 

nature. So their action causes the blades vibration. When the frequency of the 

external action coincides with one of the natural frequencies of the blade, resonance 

occurs, accompanied by an increase in vibration amplitudes and a sharp increase in 

vibration stresses of the blade. 

Formulation of the problem. 

At the same time, the accuracy of the calculated data (obtained by the FEM) 

directly depends on the compliance of the geometry of the investigated blade with 

the used calculation model, and significantly reduces it in the event of a 

discrepancy. As a result, to ensure the accuracy of the calculation, a geometric 

model is required, created by 3D scanning the dimensions of a real blade, which 

increases the complexity of a three-dimensional model developing. 

The aim of this work is to determine the influence of the boundary conditions 

for fixing the model of a gas turbine rotor blade to determine its vibration 
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characteristics using a geometric solid

of 3D scanning of a real blade.

Methodology of turbine blades vibration experimental studie

Description of the experimental stand.

In the process of experimental determination of the blade vibration 

characteristics, an experimental stand was us

speckle interferometry method, with a diffuse reference wave and separate 

propagation channels of the reference and object beams (Fig. 1).

The source of coherent light is a diode

with a radiation power of 50 mW and a wavelength of 

Fig. 1. Optical layout of the experimental stand: 

7– beam splitters;  4

transmissive diffuser; 

 

Vibration excitation of 

piezoceramic vibration transducer, to which a sinusoidal signal of the sound 

generator is fed, amplified by a low

by the beam splitter 3 is scattered by the transm

diffuse reference wave. The object and reference beams, combined by the beam 

splitter 7 and the camera lens 

the light-sensitive matrix. With resonant vibration, it encod

the vibrational shape of the blade, which is decoded on a computer 

method for determining the dynamic pattern of speckles.

characteristics using a geometric solid-state parametric model created on 

of 3D scanning of a real blade. 

Methodology of turbine blades vibration experimental studie

Description of the experimental stand. 

In the process of experimental determination of the blade vibration 

characteristics, an experimental stand was used, operating on the basis of the digital 

speckle interferometry method, with a diffuse reference wave and separate 

propagation channels of the reference and object beams (Fig. 1).  

The source of coherent light is a diode-pumped solid-state laser 

with a radiation power of 50 mW and a wavelength of λ = 0.532 µm 

 

Fig. 1. Optical layout of the experimental stand: 1– laser; 

4– the investigated blade; 5– clamping device;  

transmissive diffuser; 8– video camera; 9– personal computer 

Vibration excitation of the blade is carried out through the lock by a 

piezoceramic vibration transducer, to which a sinusoidal signal of the sound 

generator is fed, amplified by a low-frequency amplifier. The light beam reflected 

is scattered by the transmission diffuser 

diffuse reference wave. The object and reference beams, combined by the beam 

and the camera lens 8, form the resulting speckle field - 

sensitive matrix. With resonant vibration, it encodes an interferogram of 

the vibrational shape of the blade, which is decoded on a computer 

method for determining the dynamic pattern of speckles. 

state parametric model created on the basis 

Methodology of turbine blades vibration experimental studie.s 

In the process of experimental determination of the blade vibration 

ed, operating on the basis of the digital 

speckle interferometry method, with a diffuse reference wave and separate 

state laser 1 (DPSS) 

m  

 

laser; 2– micro lens; 3, 

clamping device;  6– 

personal computer  

the blade is carried out through the lock by a 

piezoceramic vibration transducer, to which a sinusoidal signal of the sound 

frequency amplifier. The light beam reflected 

ission diffuser 6 and creates a 

diffuse reference wave. The object and reference beams, combined by the beam 

 a specklogram on 

es an interferogram of 

the vibrational shape of the blade, which is decoded on a computer 9 using the 
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A detailed description of the scheme of the experimental stand, as well as the 

method of obtaining and processing holograms, are presented.

a 

Fig. 2. Scheme of placement and fastening of the blade: the clamping 

device: a– the location of the blade in the lock; 

in the clamping device 

 

Experimental boundary conditions

A turbine blade of a gas turbine engine was chosen as the object of research; 

blade dimensions: height along the trailing edge 

section - 88.5 mm. The experimental determination of the vibration characteristics 

was carried out with a clamped of the blade fir tree part. For this, the blade was 

installed in the lock (Fig. 2a), after which it was fixed in the clamping device along 

the outer surfaces of the lock body (Fig. 2b).

Experimental determination of natural frequencies an

of a turbine blade. 

The resonant frequencies and vibration modes of the blade obtained 

experimentally are presented in table 1. The boundary conditions of the experiment 

are described. 

 

A detailed description of the scheme of the experimental stand, as well as the 

and processing holograms, are presented. 

b 

Fig. 2. Scheme of placement and fastening of the blade: the clamping 

the location of the blade in the lock; b– installation of the blade 

Experimental boundary conditions. 

A turbine blade of a gas turbine engine was chosen as the object of research; 

blade dimensions: height along the trailing edge - 288 mm, chord in the middle 

88.5 mm. The experimental determination of the vibration characteristics 

t with a clamped of the blade fir tree part. For this, the blade was 

installed in the lock (Fig. 2a), after which it was fixed in the clamping device along 

the outer surfaces of the lock body (Fig. 2b). 

Experimental determination of natural frequencies and vibration modes 

The resonant frequencies and vibration modes of the blade obtained 

experimentally are presented in table 1. The boundary conditions of the experiment 

A detailed description of the scheme of the experimental stand, as well as the 

 

Fig. 2. Scheme of placement and fastening of the blade: the clamping 

installation of the blade 

A turbine blade of a gas turbine engine was chosen as the object of research; 

288 mm, chord in the middle 

88.5 mm. The experimental determination of the vibration characteristics 

t with a clamped of the blade fir tree part. For this, the blade was 

installed in the lock (Fig. 2a), after which it was fixed in the clamping device along 

d vibration modes 

The resonant frequencies and vibration modes of the blade obtained 

experimentally are presented in table 1. The boundary conditions of the experiment 



11 
 

Table 1. Some experimental forms and frequencies of 

165 Hz 805 Hz

 

a 

Fig. 3. The main steps of the turbine blade 

geometric model construction

Construction of the turbine blade geometric model.

To determine the vibration characteristics o

its solid-state geometric model was created based on 3D scanning. On the basis of 

Table 1. Some experimental forms and frequencies of the turbine blade 

natural vibration 

  

805 Hz 1706 Hz 

 

b c 

Fig. 3. The main steps of the turbine blade 

geometric model construction 

Construction of the turbine blade geometric model. 

To determine the vibration characteristics of a particular blade under study, 

state geometric model was created based on 3D scanning. On the basis of 

the turbine blade 

 

2844 Hz 

f a particular blade under study, 

state geometric model was created based on 3D scanning. On the basis of 
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the faceted body obtained during scanning (Fig. 3a), in the environment of the 

Siemens NX computer-aided design system, using the «Reverse engineering» 

functions, along sections (Fig. 3b), a 3D model of the blade was developed (Fig. 

3c). 

Influence of the blade lock fixing method on its vibration characteristics. 

Resonant frequencies and vibration modes of the investigated blade model are 

obtained by the finite element method implemented in the ANSYS Workbench 

software package. The boundary conditions are cantilever fastening of the blade 

root part (Fig. 4a), which corresponds to the conditions of the blade fastening to the 

experimental stand described in Fig. 2. 

The properties of the material are determined by achieving the minimum 

root-mean-square deviation of the calculated values of the blade the resonant 

vibration frequencies from the experimental data under free boundary conditions: ρ 

- 7830 kg / m³; µ - 0.3; E - 215 GPa. 

In the course of the calculation, a finite element SOLID 187 (tetrahedron) 

was used, the element height was 0.6 mm. The number of elements was ~ 1.5 

million (Fig. 4b).  

 

a b 

Fig. 4. Calculation of the turbine blade vibration characteristics a– the 
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boundary conditions for the blade attachment; 

blade model into tetrahedrons

 

Calculations carried out with a twofold decrease in the finite element showed 

an insignificant deviation (less than 

vibration frequencies for the studied blade model.

Some characteristic frequencies and vibration modes of the blade model are 

shown in Fig. 5. 

a 

Fig. 5. Some calculated vibration modes and resonance fre

the turbine blade: a 

A comparison of the values of the resonant frequencies of the investigated 

blade, obtained experimentally and by calculation, is given in table 2.

boundary conditions for the blade attachment; b– scheme of splitting the 

blade model into tetrahedrons 

Calculations carried out with a twofold decrease in the finite element showed 

an insignificant deviation (less than 1%) of the obtained values of the resonant 

vibration frequencies for the studied blade model. 

Some characteristic frequencies and vibration modes of the blade model are 

b c 

Fig. 5. Some calculated vibration modes and resonance frequencies of 

 – 179,66 Hz; b – 856,04 Hz; c – 1712,4 Hz; 

2843,7 Hz 

A comparison of the values of the resonant frequencies of the investigated 

blade, obtained experimentally and by calculation, is given in table 2.

 

 

 

 

scheme of splitting the 

Calculations carried out with a twofold decrease in the finite element showed 

1%) of the obtained values of the resonant 

Some characteristic frequencies and vibration modes of the blade model are 

 

d 

quencies of 

1712,4 Hz; d – 

A comparison of the values of the resonant frequencies of the investigated 

blade, obtained experimentally and by calculation, is given in table 2. 
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Table 2. Comparison of the turbine blade resonant frequencies fixed 

along the blade root part with experimental data 

Form 

number 

Resonance frequencies, Hz 
Percent error, % 

Experiment Calculation 

1 165 179,66 8,88 

2 805 856,04 6,34 

3 1310 1368,2 4,44 

4 1706 1712,4 0,38 

5 2033 2269,0 11,6 

6 2844 2843,7 0,01 

7 3321 3236,4 2,55 

8 3384 3407,1 0,68 

9 3999 3946,9 1,30 

Mean square value, % 5,50 

 

Thus, when calculating the vibration characteristics of the blade, by the finite 

element method, the influence of the lock (Fig. 2a), that fixes the blade in the 

clamping device, was not taken into account. So it became necessary to verify the 

calculated data. Thus the calculation of the resonance frequencies values was 

carried out using a three-dimensional model of the blade, combined with the lock. 

The surfaces of the blade attachment (Fig. 4a) are mated with the inner surfaces of 

the lock model (Fig. 6a). The 3D model of the lock was developed in accordance 

with the overall dimensions of the lock used in experimental research. 

 



15 
 

Fig. 6. 3D model of the blade in the lock: 

lock; b– boundary conditions for fastening the lock

 

The calculation was carried out in conditions of rigid fixation of the outer 

surfaces of the lock body (Fig. 6b).

conditions on the calculation results, the material properties, as well as the final 

element, remained unchanged.

The percent error of the resonant frequencies of the blade model fixed in the 

lock are given in table 3. 

 

Table 3. Comparison of the resonant frequencies of the blade fixed in the 

lock with experimental data

Form 

number 

Resonance frequencies, Hz

Experiment

1 165 

2 805 

3 1310 

 

Fig. 6. 3D model of the blade in the lock: a– 3D model of the blade, clamped in the 

boundary conditions for fastening the lock 

The calculation was carried out in conditions of rigid fixation of the outer 

surfaces of the lock body (Fig. 6b). To exclude the influence of the boundary 

conditions on the calculation results, the material properties, as well as the final 

element, remained unchanged. 

The percent error of the resonant frequencies of the blade model fixed in the 

Table 3. Comparison of the resonant frequencies of the blade fixed in the 

lock with experimental data 

Resonance frequencies, Hz 
Percent error, %

Experiment Calculation (blade+lock) 

181 

864 

 1385 

 

3D model of the blade, clamped in the 

The calculation was carried out in conditions of rigid fixation of the outer 

To exclude the influence of the boundary 

conditions on the calculation results, the material properties, as well as the final 

The percent error of the resonant frequencies of the blade model fixed in the 

Table 3. Comparison of the resonant frequencies of the blade fixed in the 

Percent error, % 

9,70 

7,33 

5,73 
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4 1706 1728 1,29 

5 2033 2296 12,94 

6 2844 2865 0,74 

7 3321 3266 1,66 

8 3384 3442 1,71 

9 3999 3960 0,96 

Mean square value, % 6,30 

 

As follows from the obtained data, the magnitude of the deviations in the 

calculation of the resonance frequencies of the model of the blade clamped in the 

lock increased. The standard deviation was 6.3% (versus 5.5% when calculated 

without a clamping device). Thus, the calculation of the vibration characteristics of 

the blade model taking into account the lock is impractical. 

 

Determination of the gas turbine working blade material properties. 

The joint use of experimental and calculation methods allows determining the 

mechanical properties of the material of a real blade: Young's modulus (E) and 

Poisson's ratio (µ). The density of the blade material (ρ = 7830 kg/m³) was 

measured by the method of hydrostatic weighing. In order to determine the actual 

values of the blade material properties, a series of calculations of the blade 

resonance frequencies was carried out in the range of changes in the values of the 

mechanical properties E = 200...230 GPa and µ = 0.26...0.3. The density value of 

the material used in the calculation is ρ = 7830 kg/m³. Based on the obtained data, 

by the method of two-dimensional spline interpolation, the dependence of the mean 

square deviation of the calculated data δ on the assumed mechanical properties of 

the blade material was determined. The graph of the function δ = f(E, µ) is 

presented in Fig. 7a. The zones of constant and deviated values are shown in fig. 7b. 

As follows from the given results, the minimum mean square deviation of the 

calculated frequencies from their experimental value - 0.73% (see Fig. 7b) is 
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provided in the range of values of the mechanical properties E = 215...217 GPa and 

µ = 0.295-0.3 . At the same time, the mean square frequency deviation of 1% is 

provided in the range of values of the mechanical properties of the blade material E 

= 211...220 GPa and µ = 0.26...0.3. Narrowing the studied range of variation of 

Young's modulus values to 208...220 GPa, with an unchanged range of Poisson's 

ratio values, did not reveal any significant changes in the obtained results.

 

а 

Fig. 7. Mean square deviation of the calculated data: 

Investigation of the gas turbine engine axial compressor working blade

On the based of the developped and verificated methodology it has been 

decided to invesgate the GTE axial compressor blade natural vibration. The 

investigated axial compressor blade is sho

surface a special hexagonal finite eleme

provided in the range of values of the mechanical properties E = 215...217 GPa and 

0.3 . At the same time, the mean square frequency deviation of 1% is 

provided in the range of values of the mechanical properties of the blade material E 

= 0.26...0.3. Narrowing the studied range of variation of 

lues to 208...220 GPa, with an unchanged range of Poisson's 

ratio values, did not reveal any significant changes in the obtained results.

 

b 

Fig. 7. Mean square deviation of the calculated data: a– dependence 

b– isoline δ = const 

 

estigation of the gas turbine engine axial compressor working blade

On the based of the developped and verificated methodology it has been 

decided to invesgate the GTE axial compressor blade natural vibration. The 

investigated axial compressor blade is shown in Fig. 8. For modelling of the blade 

surface a special hexagonal finite element, shown in Fig. 9 is used [7]

provided in the range of values of the mechanical properties E = 215...217 GPa and 

0.3 . At the same time, the mean square frequency deviation of 1% is 

provided in the range of values of the mechanical properties of the blade material E 

= 0.26...0.3. Narrowing the studied range of variation of 

lues to 208...220 GPa, with an unchanged range of Poisson's 

ratio values, did not reveal any significant changes in the obtained results. 

 

dependence δ = f(E, µ); 

estigation of the gas turbine engine axial compressor working blade 

On the based of the developped and verificated methodology it has been 

decided to invesgate the GTE axial compressor blade natural vibration. The 

wn in Fig. 8. For modelling of the blade 

nt, shown in Fig. 9 is used [7]. 
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Fig. 8. The working blade of the gas turbine engine axial compressor: 

are the principal axes of the blade feather inertia

Fig

The blade has the following characteristics: blade height l = 54mm; chord b = 

37 mm; blade feather thickness c

made of titanium alloy having the following mechanical characteristics: density 

4700 kg/m3, Young's modulus E = 1.125x10

The results of numerical determination of the compressor blade natural 

vibration frequencies are given below in table 4.

 

 

 

Fig. 8. The working blade of the gas turbine engine axial compressor: 

are the principal axes of the blade feather inertia 

 

Fig. 9. Special hexagonal finite element 

 

The blade has the following characteristics: blade height l = 54mm; chord b = 

37 mm; blade feather thickness cmax = 0.1 mm; twist angle α = 17

made of titanium alloy having the following mechanical characteristics: density 

, Young's modulus E = 1.125x1011 MPa; Poisson's ratio 

The results of numerical determination of the compressor blade natural 

ies are given below in table 4. 

Fig. 8. The working blade of the gas turbine engine axial compressor: ξ and η 

 

The blade has the following characteristics: blade height l = 54mm; chord b = 

= 170. The blade is 

made of titanium alloy having the following mechanical characteristics: density ρ = 

MPa; Poisson's ratio ϑ = 0.31. 

The results of numerical determination of the compressor blade natural 
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Table 4. Natural vibration frequencies of the axial compressor blade, 

kHz 

Natural vibration modes 

Bending modes Torsional modes Bending-torsional modes 

m=0 n=1 m=1 n=1 m=1 n=2 m=2 n=1 

Calculated data 

1,389 4,066 11,905 15,700 

Experimental data 

1,400 4,000 11,970 15,100 

Divergence, % 

0,78 1,62 2,54 3,82 

 

Analyzing the obtained vibration modes, given in the Fig. 10, we found a 

tendency of the vibration modes complication during the transition to resonances of 

higher orders. Nodal lines during the transition from one frequency of natural 

vibration to another change their shape and location relative to the axis of the blade. 

Nodal lines in the blade transverse direction are not orthogonal to their edges, but 

are located to them at different angles depending on the value of the resonant 

frequency. In the blade meridian direction, they are also not parallel to the edges. 

Moreover, the nodal lines on the blade surface are not straight lines, but curves. 

This phenomenon is observed both on the lower bending (m = 0, n = 1), and on 

higher bending-torsional vibration modes. 

Based on the calculated data, we found out the dependences of the resonance 

frequency f from the wave number n for a constant value of the wave number m. 

For comparison, the experimental and calculated frequencies are shown in Fig. 10 

[7]. 
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Fig. 10. Graphical dependences of the axial compressor blade natural 

vibration frequency from the wave number in the blade transverse direction 

(calculated modes are col

 

In the frequency range from 100 to 4000 Hz, using the finite element method, 

the resonant vibration frequencies of a three

and axial compressor blades are determined. The 

calculated and experimental data was about 5.5%.

It is shown that cutting off the fir tree part of the blade root when modeling 

the boundary conditions of fixing makes it possible to simplify the calculation 

process by simplifying the geometry of the three

under study, with a minimum loss of calculation accuracy (~ 1.5%).

The verification of the developed mathematical model was carried out by an 

experimental study. It has been hold on the base of an 

dependent electronic interferometry of a thick smooth cylindrical s

10. Graphical dependences of the axial compressor blade natural 

vibration frequency from the wave number in the blade transverse direction 

(calculated modes are colourized, experimental – monochrome)

Conclusions 

In the frequency range from 100 to 4000 Hz, using the finite element method, 

the resonant vibration frequencies of a three-dimensional model of a GTE turbine 

and axial compressor blades are determined. The standard deviation of the 

calculated and experimental data was about 5.5%. 

It is shown that cutting off the fir tree part of the blade root when modeling 

the boundary conditions of fixing makes it possible to simplify the calculation 

the geometry of the three-dimensional model of the blade 

under study, with a minimum loss of calculation accuracy (~ 1.5%).

The verification of the developed mathematical model was carried out by an 

experimental study. It has been hold on the base of an advanced method of time

dependent electronic interferometry of a thick smooth cylindrical s

 

10. Graphical dependences of the axial compressor blade natural 

vibration frequency from the wave number in the blade transverse direction 

monochrome) 

In the frequency range from 100 to 4000 Hz, using the finite element method, 

dimensional model of a GTE turbine 

standard deviation of the 

It is shown that cutting off the fir tree part of the blade root when modeling 

the boundary conditions of fixing makes it possible to simplify the calculation 

dimensional model of the blade 

under study, with a minimum loss of calculation accuracy (~ 1.5%). 

The verification of the developed mathematical model was carried out by an 

advanced method of time-

dependent electronic interferometry of a thick smooth cylindrical shell. The results 
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of the test problem solution obtained by the numerical method are in good 

agreement with experimental data (divergence between 0.4% − 3.9%) that indicates 

adequacy and high reliability of the developed mathematical model 

The obtained scientific and technical results ensured the creation of a number 

of new training courses for masters and postgraduate students of the specialty 

"Applied Mechanics". 
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