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Abstract

The article presents an experimental method of determining the geometric properties of jet engine
rotor airfoils based on modal vibration testing. The procedure is based on adjusting the results of
analytical calculations to the laboratory outcomes. Experimental tests were carried out on a set of 20 jet
engine fan blades made of AL7022-T6 aluminium alloy. Each blade differed in weight and geometric
dimensions within the accepted design tolerance. Numerical analysis of five airfoils that differed in
thickness was performed. Modal vibration test results were summarised and compared with the results
obtained by the numerical method. The comparison revealed a high similarity of the frequency and
form of vibrations acquired by numerical simulation for each of the blades in relation to the executed
vibration testing. Based on the verification of the theoretical model with the results obtained through
experimental testing, conclusions were drawn about the object’s dynamic behaviour and its technological
quality and geometric properties, whereby each of airfoil was probably thinned.
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1. INTRODUCTION

The fatigue process of materials under the influence of a long-term alternating load is a significant
problem in modern technology. In the context of jet engines, both compressor and turbine blades are
particularly vulnerable to this type of phenomenon, which may therefore result in the premature wear
of those parts. The blade of an aircraft engine operates in very difficult conditions under the influence of
high rotational speeds, pressures and temperatures [1]. According to the loads acting on them, they are
subjected to extension, bending and torsional states [2,3]. Periodically changing stresses shorten the service
life of structural elements because their destruction may occur at a value lower than the ultimate stress
of the material. The result of this phenomenon is that a given material can undergo only a finite number
of cycles [4,5]. The number depends on the load under which the material works, and with the increase
in amplitude of the alternating stress, the number of cycles to failure decreases. For evaluation of the limit
number of cycles that a given blade can operate, the applied stress-to-number of cycles to failure (S-N)
fatigue curve—namely, the Wohler diagram—is used (Fig. 1). It can be divided into four sections describing
the quasi-static problems, low-cycle fatigue (LCF), high-cycle fatigue (HCF) and permanent strength [6].
For HCE only the Goodman-Soderberg fatigue curve is used. It helps to describe the permissible static-
to-alternating stress ratio. It is widely used in relation to resonance vibrations [7].
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Figure 1. Wohler curve for ferritic—pearlitic mild steel.
It is created by approximating the 50% probability of the concentration of fatigue test results for individual
material stress levels and the number of load cycles until the crack occurs [6].

Resonance occurs when the natural frequency of a device, or its component, is at the same level as
the frequency of the exciting force. To minimise the risk of overlapping frequencies, it is essential to
determine the dynamic properties of the tested object. To fulfil this requirement, modal vibration analysis
is used.

Modal analysis allows for description of the dynamic state of an object. It is also used as a non-
destructive method for the diagnosis of wear of mechanical components, detection of damage [8-10],
outlining the symptoms of blade cracking [11], or quality check (geometrical dimensions, and material-
related or initial damages). The result is an ordered set of natural frequencies and modes, together with
the corresponding damping coefficients [12], which indirectly can be used to analyse the material
parameters [6]. The process of examining an object may take one of two ways, i.e., through an analytical
description of the quantities characterising the dynamics of the system or by using a modal test on a real
object.

The modal test of a real object is the most frequently used method of dynamic verification under all
boundary conditions. Among the experimental methods, the most widely used are those using the impulse
test [13], excitation with a sinusoidal signal in a given frequency band (sine sweep vibration testing) [14]
and operational modal analysis, which is carried out by measuring vibrations during the operation of
amachine or an object [15]. An alternative to the physical test on a real object is numerical analysis. It allows
for determination of the frequencies and modes of natural vibrations of elements under various operating
conditions, already at the design stage. The problem is the need for validation of the obtained results.

Modal analysis is widely used in the automotive, aviation [16-20], space [21] and construction [22]
industries.

2. EXPERIMENTAL TEST RESEARCH

All the tests described in this chapter were carried out at the Materials and Structures Research Center,
which is part of the Lukasiewicz Research Network—Institute of Aviation. The aim of the conducted tests
was to determine the frequency and form of natural vibrations of the boundary layer ingestion-based
propulsion fan blades. The impulse method was used for the tests. The experiment was carried out in
the range of 0-2,000 Hz, which was the expected resonance range determined using the Campbell
vibration diagram. A PCB Piezotronics company modal hammer with a PCB-086C01 model was used
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to excite the tested objects with a force impulse, while the measurements were carried out using
a microphone, two triaxial sensors, nine uniaxial sensors and a multichannel recorder. The experiment
was performed on 20 rotor blades, made of aluminium alloy Al7022-T6, marked successively with
numbers in the range of 01-20. Each of them slightly differed in mass and geometry within the design
tolerance. The first step of the tests was to capture the free-vibration-mode shapes of one blade.
Afterwards, measurements of the natural frequencies of all 20 blades were performed.

2.1. Measurement of the natural-vibration-mode shapes

Determination of the natural-vibration-mode shapes was carried out using a modal hammer,
a microphone and 11 accelerometers glued to blade number 01 (measuring points with sensors attached
are shown in Fig. 2). The sensors were connected to the recorder. The measurement points were assigned
to the geometric model in which the airfoil was treated as untwisted (it was assumed that all sensors are
placed in the same plane). The location of the accelerometers is presented in the “LMS Test.Lab: Impact
Testing” system, used to visualise the mode of free vibrations of the tested elements (Fig. 3a).

a) b)
Figure 3. a) grid drawn in the “LMS Test.Lab: Impact Testing” system; b) Blade with a set of sensors
and a set up microphone during the tests (suspended on rubber tie rods).
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During the first test, the object was suspended on a thin rubber string, and during the second one,
on a braided cord. Both tests were performed under unsupported boundary conditions to obtain
an unambiguous representation of the same state (i.e., free—free’ condition) in numerical analysis. In
order to eliminate damping during the measurements, the vibration damping time of the blade suspended
on ties made of various materials was checked. Using the half-power method, a lower value was obtained
for the braided cord blade set-up (Fig. 4); therefore, it was used in subsequent tests (Fig. 3b).
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Figure 4. The acceleration spectrum of the first three vibration modes recorded by a sensor
for an object suspended on a rubber string (red) and a braid (blue). Visible difference in the damping coefficient
for the blade suspended on ties made of various materials while maintaining a constant natural frequency.

FRE frequency response function.

The measurement was made by excitation of the suspended blade with a force impulse and simultaneous
registration of the response spectrum using acceleration sensors. Moreover, the signal measured with
the microphone was also recorded during the test. This was done to compare the frequency of the emitted
sound with the response recorded by the accelerometers.

2.2. Results of the natural-vibration-mode shape measurement
In the analysed frequency range, three modes of free vibrations (two bending and one torsional modes)

were identified. They occurred at the frequencies of 647.25 Hz, 1,435 Hz and 1,694 Hz, respectively.
The movements of the elements of each blade are shown in Fig. 5.

I. bending II. bending I. torsion
f=647.25Hz f=1435.00 Hz f=1694.00 Hz
,J X - J I"‘x
/J - 2 \ f £\
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Figure 5. Registered modes of free vibrations of blade no. 01 presented in the LMS programme.
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2.3. Measurement of natural frequency

During measurement of the natural frequency, two types of sensors were used to compare the obtained
results. The study was carried out using an accelerometer and a microphone. For blades 01 and 02,
the accelerometer was glued at the apex near the leading edge (see Fig. 7). This position was the result of
an earlier study, presented in chapter 2.2, in which the greatest mixing of each of the mode shapes was
recorded at this point. Then, as before, the objects were attached to te ®ndons and excited by a force
impulse. The results of the test are presented in Table 1. Moreover, the amplitude—frequency characteristics
obtained by measuring with an accelerometer and a microphone for the first three vibration frequencies
are shown on Fig. 8. The damping factor for each mode was calculated using the ‘half-power (or 3 dB)
method’ based on the formula on frequency response functions (FRFs) [23]:

1 Aay,

$=30 2w,

where w( — is the frequency at the peak response, and Awsp is the difference between the left ‘1” and
right 2 frequencies, where the response is 3 dB lower than the peak response (Fig. 6).
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Figure 6. Half-power band method [22].

Figure 7. Blade with an attached acceleration sensor at the leading edge
(marked with a yellow circle).
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Table 1. Measurement of the blade vibration frequency using one acceleration sensor and a microphone.
Blade no. / I. Bending I1. Bending I. Torsion
measurement method
01/microphone 660.5 Hz 1,469.6 Hz 1,600.5 Hz
01/sensor 660.5 Hz 1,469.6 Hz 1,600.5 Hz
02/microphone 657.1 Hz 1,462.0 Hz 1,596.5 Hz
02/sensor 657.1 Hz 1,462.0 Hz 1,596.5 Hz
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Figure 8. The amplitude—frequency characteristic from the indications of the microphone (red)
and the acceleration sensor (green) for blade number 01 and the first three forms of vibration.
FRE frequency response function.

Later in the article, for the figures whose vertex was not sharp, the attenuation for the ‘predicted” peak
was calculated based on the intersection of the extended straight lines running through the available
adjacent points on the graph.

Measurement of the natural frequencies of two blades showed that the tests using an accelerometer
or a microphone gave identical results. Therefore, it was decided that the remaining tests would be carried
out without the use of acceleration sensors. This decision allowed for the reduction of interference caused
by the sensors’ mass and reduced the influence of the cables on the stiffness and damping of the entire
system. As the result of previous tests, this configuration was used for the remaining experiments
(measurement using the microphone only).
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The results of the frequencies and damping coefficient obtained for each of the blade are presented in
Table 2, based on which the graphs shown in Fig. 12 were created. They show the dependence of
the obtained vibration frequency as a function of the mass of the tested object. The trend of the results does
not meet common sense expectations because, as the mass of the blades increased, their frequency increased
as well. Therefore, a hypothesis was adopted that the increase in mass was caused by the thickening of
the airfoil, which had an indirect effect on the increase in structural stiffness. Verification of the validity
of this hypothesis is the subject of the numerical analysis described later in the study. Moreover, Figs
9-11 show the amplitude—frequency characteristics for all tested objects, depending on the mode of natural
vibrations.
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Figure 10. Amplitude—frequency characteristic for blade numbers 01-20 (vibration form II).
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Figure 11. Amplitude—frequency characteristic for blade numbers 01-20 (vibration form III).
Table 2. Results of the measurements of the natural frequencies and the damping coefficients

for all blades (values whose vertex was not a sharp interpolation of the peak prediction based on the intersection
of the extended lines was performed), coefficient Q is non-dimensional.

AIi\rIf)oil I mode shape II mode shape I mode shape mass
fHa | ¢% | Q | fHa | ¢% | Q | fHa | (% | Q mlg

1 668.5 | 0,011 | 4,420 | 1,475.75 | 0.008 | 6,353 | 1,633.38 | 0.018 2,839 |417.1
2 664.5 | 0,012 | 4,344 | 1,469.5 |0.008 5,977 | 1,632.88 |0.022 (2,289 | 414.6
3 669.5 | 0,010 | 4,934 | 1,473.25 | 0.010 | 4,874 | 1,636.25 |0.027 | 1,863 | 413.1
4 669.75 | 0,014 | 3,703 | 1,477.75 | 0.008 | 6,191 | 1,634.38 |0.022 | 2,269 | 417.3
5 670 0,015 | 3,435 | 1,479.63 | 0.009 | 5,427 | 1,635.25 |0.021 | 2,342 | 417.4
6 |667.375| 0,014 | 3,647 | 1,474.88 | 0.008 | 6,433 | 1,636 |0.020 | 2,449 | 414.8
7 667.875| 0,013 | 3,883 | 1,476.38 | 0.009 | 5,778 | 1,636.5 |0.020 2,550 |415.6
8 670.75 | 0,015 | 3,336 | 1,481.63 | 0.009 | 5,444 | 1,639.88 |0.020 | 2,533 |418.1
9 669.625| 0,014 | 3,513 | 1,478.88 | 0.008 | 6,043 | 1,636.5 |0.023|2,212417.9
10 |666.625| 0,015 | 3,367 | 1,473.63 | 0.009 | 5,831 1,635 0.020 | 2,448 | 414.5
11 |663.875| 0,011 | 4,494 | 1,468.38 | 0.009 | 5,868 | 1,628.38 |0.021 |2,343 | 413.7
12 1669.875| 0,012 | 4,296 | 1,477.5 |0.009 | 5,856 | 1,635.88 |0.019 2,598 | 414.6
13 670.5 | 0,015 | 3,238 | 1,480.13 | 0.008 | 6,038 | 1,640.75 |0.018 |2,753 | 417.4
14 672.5 | 0,014 | 3,456 | 1,479.5 |0.008 | 6,003 | 1,640.5 |0.019 2,600 413.5
15 | 671.25| 0,016 | 3,155 | 1,480.13 | 0.009 | 5,557 | 1,637.25 |0.016 | 3,046 | 415.4
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AIi\rIfoil I mode shape II mode shape III mode shape mass
o.
16 670 0,017 | 3,005 | 1,477.88 |0.010 |5,237 | 1,637.13 |0.021 | 2,338 | 416.2
17 1668.125| 0,013 | 3,722 | 1,475.75 | 0.009 | 5,417 | 1,634.75 |0.021|2,400 | 417.4
18 671.875| 0,015 | 3,278 | 1,481.25 | 0.009 | 5,477 | 1,637.88 |0.019 |2,654 |416.3
19 672.375| 0,015 | 3,371 | 1,484.38 | 0.010| 4,994 | 1,639.13 |0.020 | 2,527 | 419.5
20 |666.125| 0,014 | 3,555 | 1,472.38 [0.009 | 5,675 | 1,633.75 |0.020 | 2,461 | 415.7
Average values of:
I mode shape II mode shape I mode shape
f [Hz] % Q f [Hz] % Q f [Hz] % | Q
669.05 0.014 | 3,708 1,476.93 0.009 | 5,724 1,636.07 0.020(2,476
Standard deviation of:
I mode shape II mode shape I mode shape
f [Hz] % Q f [Hz] % Q f [Hz] % | Q
2.42 0.002 |522.6 4.08 0.001 | 420.2 2.90 0.002250.4
Coefficient 0.4% Coefficient 0.3% Coefficient | 0.2%
of variation for of variation for of variation for
frequencies frequencies frequencies
1645~
1640} .
1635/~
1630 = [+ Illimode shape '
635 L i i i —trend
. 1485 (3
T 1480 - 2 S — S—
gws / .
qg; 1470~ + « 1l mode shape |
= 1465 i i i — trend
675
6705 . . — - T 2
665} o ) b
. * | mode shape
i i i i trend
66?13 414 415 416 417 418 419 420
mass [g]
Figure 12. Influence of the change in blade mass on the obtained natural frequencies for each tested form.
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3. NUMERICAL MODAL ANALYSIS

Numerical modal analysis allows the determination of the frequencies and mode shapes of free
vibrations of tested objects already at the design stage, using the computer-aided design (CAD) model.
The calculations were performed using ANSYS 19.2 in the ‘Modal Analysis’ module at the Aircraft
Propulsion Department, which is part of the Lukasiewicz Research Network—Institute of Aviation.
The numerical calculation process is divided into three steps, i.e., pre-processing (preparation of geometry
for analysis), solver (calculations) and postprocessing (analysis of the obtained results).

3.1. Preparation of the model for analysis

The first stage of numerical calculations was to adopt parameters that best reflect the properties of
the material from which the blades were made. An ideally elastic material model without a damping
coefficient was used for the analysis (see Table 3). The damping coefficient was omitted as it is negligible
for aluminium alloys. Then, the model was discretised, mainly using the finite element ‘SOLID185
(see Fig. 13).

After discretisation, the dynamic equation of motion necessary to calculate the frequency and mode
of natural vibrations can be written in the following form [24]:

Mii+CLl+Ku=p(t) (1)

where M, C and K are the global mass, global damping and global stiffness matrices, respectively; p(?) is

the time-dependent applied force vector; ii, t and u are the nodal acceleration, nodal velocity and nodal
displacement vectors, respectively.

The global mass and damping matrices are assembled from the element matrices that are given by
the following equations:

M= pINTNaY @)
=] NNy 3)
@_[ pepr

K _IVMp B"EBAV (4)

where M, C@ and K are the element’s mass, damping and stiffness matrices; p© is the density of
element ‘e’; V¥ — volume of element ‘¢’; N is the matrix of the element’s shape functions; B and E,
respectively, are the matrices of the derivatives of the shape functions and the material stiffness.

Onmitting the exciting force and damping, we get the final equation, which is used to determine
the natural frequency, as follows:

(K-0’M)-i=0, 5)

where @ is the natural frequency (eigenvalue) and {1 is the form of natural vibrations (eigenvector).
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Table 3. Material parameters adopted during numerical analysis.

Parameter Value
Density 2760 kg/m?
Young’s Module 72 GPa
Poisson number 0.32

Figure 13. Model of a blade with a mesh type SOLID185; discretisation of the model

with finite elements was performed manually.

The analysis was performed for the ‘free—free’ condition. This means that the tested geometry has no
constraints and no external forces. With such a boundary condition, the calculations were performed in
the range of 0-2,000 Hz to find all forms of natural vibrations and the frequencies assigned to them.

3.2 Results of the modal analysis

As a result of the numerical analysis, nine frequencies, along with the corresponding mode shapes,
were obtained. The first six were not considered. These figures were the result of the motion of a rigid
body, and each of them corresponded to a displacement or rotation in relation to one of the axes of
the assumed coordinate system. Their frequency values were close to zero.

The results of the remaining three frequencies and vibration modes for the assumed ‘free—free’
boundary condition are shown in Fig. 14. It is worth mentioning that the ‘min—max values’ in the legend
with the displacement scale were not considered because they do not correspond to real displacements
and they are normalised to the mass matrix. Therefore, only the extent of the largest and the smallest
displacement observed in each form is shown.
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Min I. Bending

675.57 Hz

1. Bending
1,494.8 Hz

I. Torsion
1,654 Hz

Figure 14. Results of the frequency and mode of free vibrations of the blade obtained by numerical calculations.
4. STATEMENT OF THE RESULTS

Table 4 presents the values of the natural frequencies obtained through tests and numerical analysis.
The result obtained from the excitation of blade no. 10 was used as a reference, as its mass was closest to
the nominal one (CAD model). For each of the calculated values, the percentage difference that occurred
between the experimental and theoretical calculations was determined.

Table 4. List of results of the natural frequencies obtained experimentally and numerically.

f1 12 /3 S 7 fy
1. Bending | 2. Bending 1. Torsion f1 f1
Test results | 666.625 Hz| 1,473.625 Hz | 1,635 Hz 2.21 2.45
Numerical | ¢75 571, | 14948 H, | 1,654Hz | 221 2.45
analysis results
Error 1.3% 1.4% 1.2%

Comparing the simulation results (see Fig. 14) against those identified by the experimental method
(see Fig. 5), it can be seen that the numerical model correctly represents the figures observed in the test
laboratory.

5. ASSESSMENT OF STRUCTURAL DEFECT RISK

Measurements of the natural frequencies of the tested blades showed differences in each blade.
The reason is not the differences in material properties between the tested objects (density and Young’s
modulus) because they were made of the same raw material. Therefore, it was suspected that the variation
in blade geometry or structural defects of each blade (e.g., cracks, porosity and non-metallic inclusions)
would credibly explain the frequency variation. Figure 15 shows the frequency probability distribution
for the three forms against the background of the theoretical distribution assuming normal distribution
checked using the Anderson—Darling method; the Y-axis shows a normal distribution span. Extreme
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points designated as ‘Anomaly?’ have such a large deviation from the average value that it may be
questioned whether such a value can result only from differences in the quality of the airfoils.
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Figure 15. Probability distribution for differences in natural frequencies (dots).
The line shows the expected normal distribution for a population of 20 blades.

To determine whether the differences in the weight of the blades translate into differences in
frequencies, a blade sensitivity analysis was performed based on a simplified analytical solution. It was
assumed as follows:

e During the manufacture of the blade, controlling the machining process in the airfoil area is the most
difficult because of its thickness and the type of the material, i.c., low Young’s modulus, creating
difficulties in maintaining the desired airfoil thickness. Therefore, it was arbitrarily assumed that
75% of the differences in the blades’ mass directly translate into a uniform change in the thickness
of the blade; the remaining 25% had no effect on vibrations.

e Blade vibration can be simplified in the analytical model, which is a flat rectangular plate of uniform
thickness restrained at one edge (thickness corrected for 75% of the blade weight difference). This type
of geometry allows for the appearance of similar figures as in the full blade model, i.e., two bent and
one torsional forms. The formula to determine the natural frequencies in a plate as defined above
is as follows [25]:

Free

Clamped
| Free

2
2 EW

J= 2m-a* \12:y-(1-0°)

Free
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where:

—a is the plate length in the direction perpendicular to the edge of the restraint (blade length);

—h is the plate thickness;

- lij is a constant determined from the finite element method (FEM) model or appropriate tables for
the selected vibration modes and proportions of the slab dimensions (a/b, where ‘b’ is the length
along the blocked edge, i.e., the blade lock in this case);

—i is the number of half-waves along the length ‘@’ for the vibration modes (i.e., for this analysis,
i = 1 and 2 for both flexural modes);

—j  is the number of half-waves along the length ‘b’ for the vibration mode (i.e., for this analysis j = 0
for both bent forms and j = 1 for the torsional form);

—E is the Young’s modulus;

—v s the Poisson constant;

—v is the slab mass per unit area, i.e., thickness h multiplied by material density.
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Mode3 Blade mass [gr]

Figure 16. The results of the analytical solution considering
the mass of the tested blades using the plate model.

The above analytical solution allows for determination of the change in a blade’s frequency in
a situation where the variables are different than in the FEM model, without the need to convert
the modified blade in FEM analysis. In the above analysis, the coefficients ;; for the three recognised
forms for the conventional values of a, b, & and y (mean as in the blade model) have been described by
the digital model. In the next step, the frequencies Jfij were calculated for the plate with nonstandard
thickness ‘/’, where the arbitrary assumption of 75% increase or decrease in the blade mass resulted from
the uniform change in its thickness in the airfoil area. The results of the above calculations are shown in
the following graphs (see Fig. 14). The solid line of Fig. 16 shows the expected frequencies in the model
assuming 75% of the differences in the mass of the blades were to be translated into the blade’s thickness.
The blue dots are the measured values for the 20 blades. As the result, all of these points deviate
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from the analytical model’s base line by <2%. Additionally, none of the examined blades differed in
the frequency-to-mass proportion from the remaining ones. Therefore, it was concluded that within
the tested set of 20 blades, none had any structural defect, and the differences in frequency are related to
the normal machining quality of a thin blade in a compliant material such as an aluminium alloy.

6. DETERMINATION OF THE ACTUAL AIRFOIL GEOMETRY BASED ON A MODAL TEST

Since it was found that the blades did not have any structural defect, it was decided to conduct a study
to estimate the possible thickness of the airfoil for each of the tested blades. For this purpose, four
additional simulations were performed based on previously prepared CAD models. The numerical modal
analysis was carried out for two sets of two blades per set. It consisted of two with a thinner blade and
two with a blade thickened by 0.1 mm and 0.2 mm over the entire volume. Based on the obtained results,
how a change in airfoil thickness—volume—influences the structural stiffness for each of the tested
vibration modes was estimated (see Fig. 17).

K1=f(V) for Mode 1
1,8

1,7

1,6

1,4
87750 90000 92250 94500 96750

V [mm*3]
Figure 17. Influence of the airfoil volume on the stiffness K1 for the first vibration frequencies
(chart shown only for first mode shape).

Based on the knowledge of the weight of blades, an estimation of the volume for each blade was
made. By interpolating the results into the Kn f(V) curve, the stiffness was determined, and the vibration
frequency was calculated for each of the tested objects. In the worst case, the obtained results differed
by 1.9% from the measured values. The result was identical to the one obtained through the analytical
calculations. Therefore, the volumes for each blade, whereby the first vibration frequency would give
a result identical to the experimental result, were determined. For this purpose and based on the results
obtained through laboratory tests, the structural stiffness ‘Kn’ of each airfoil was determined. By
interpolating the obtained values into a previously determined curve, the volume was set, and afterwards,
the thickening or thinning was estimated. The results of the study are presented in Table 5.
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Table 5. Result of adjusting the airfoil volume to the first natural frequency (negative sign in ‘thickening/thinning

airfoil’ column indicates that the blade has been thinned relative to the nominal geometry).

Thickening Mass of: | The frequency of vibrations based on the determined
No. | ™3ss | /thinning volume of the airfoil
Blade airfoil | Airfoil| Root |Mode 1 Mode 2 Mode 3
Error Error Error
m [g] (mm] m [g] [Hz] (Hz] (Hz]

3 413.1 -0.0371 251.0 162.1 | 669.50 | 0.00% |1,478.84|-0.38% |1,643.53/-0.44%
14 | 413.5 -0.0205 252.8|160.7 | 672.50 | 0.00% | 1,485.86|-0.43% |1,648.96|-0.52%
11 | 413.7 | -0.0673 |247.6|166.1|0663.88| 0.00% |1,465.69| 0.18% |1,633.36/-0.31%
10 | 414.5 -0.0527 |249.3|165.2 | 666.63 | 0.00% |1,472.11| 0.10% |1,638.32/-0.20%
2 | 414.6 | -0.0640 |248.0|166.6|664.50 | 0.00% |1,467.13| 0.16% |1,634.47|-0.10%
12 | 414.6 -0.0350 | 251.2|163.4|669.88 | 0.00% |1,479.73-0.15% |1,644.22/-0.51%
6 414.8 -0.0486 |249.7|165.1 | 667.38 | 0.00% |1,473.88| 0.07% |1,639.68/-0.23%
15 | 4154 | -0.0275 |252.1|163.3|671.25|0.00% |1,482.92|-0.19% |1,646.69|-0.58%
7 415.6 -0.0459 |250.0| 165.6 | 667.88 | 0.00% |1,475.05| 0.09% |1,640.59/-0.25%
20 | 415.7 | -0.0553 |249.0|166.7 | 666.13 | 0.00% |1,470.96| 0.10% |1,637.43|-0.23%
16 | 416.2 -0.0344 | 251.3|164.9 | 670.00 | 0.00% |1,480.00 -0.14% |1,644.42/-0.45%
18 416.3 -0.0240 | 252.5|163.8 | 671.88 | 0.00% |1,484.40-0.21% |1,647.83/-0.61%
1 417.1 -0.0426 | 250.4|166.7 | 668.50 | 0.00% |1,476.49 -0.05% |1,641.71/-0.51%
4 417.3 -0.0357 |251.2|166.1 | 669.75 | 0.00% |1,479.43-0.11% |1,643.98/-0.59%
5 417.4 | -0.0343 |251.3|166.1 | 670.00 | 0.00% |1,480.02|-0.03% (1,644.44|-0.56%
13 417.4 -0.0316 |251.6|165.8|670.50 | 0.00% |1,481.19-0.07% |1,645.34/-0.28%
17 | 4174 -0.0446 | 250.2|167.2 | 668.13 | 0.00% |1,475.63| 0.01% |1,641.05/-0.39%
9 417.9 -0.0364 | 251.1|166.8 | 669.63 | 0.00% |1,479.14-0.02% |1,643.76|-0,44%
8 418.1 -0.0302 |251.8|166.3 | 670.75 | 0.00% |1,481.77-0.01% |1,645.80/-0.36%
19 | 419,5 -0,0212 | 252,8|166,7 | 672,38 | 0,00% | 1,485,57|-0,08% (1,648,74/-0,59%
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7. CONCLUSIONS

This article presents a method aimed at estimating the geometrical properties of rotor blades based
on a modal study. The described method consists of adjusting the results obtained by analytical
calculations to the results obtained by experimental studies.

The first step in determining the dynamic properties of the tested objects was to describe
the form of vibrations in the range of 0-2,000 Hz. For this purpose, one of the blades was equipped
with 11 accelerometers and then excited with a modal hammer. As a result, three frequencies with
the corresponding forms of vibrations were obtained. In the next step, the vibration frequencies of all
20 blades were determined. Initially, the verification was carried out on two objects and was aimed
at comparing the acceleration spectra obtained from the accelerometers with the acoustic response.
As the outcomes of the above comparison turned out to be identical, the result for all the remaining
blades was recorded using only the microphone. This approach allowed the testing of the object without
any additional sensors and wires mounted on the blade surface, thus eliminating elements that could
affect the accuracy of the test results.

In the second step, analytical calculations were performed on the blade with the nominal geometry
using the ANSYS software. The obtained results were compared with the experimental outcomes. As
there was a slight difference between the measured and the calculated frequencies, it was decided to
conduct a study to determine what could be the cause of the differences. Based on the analytical
calculations, it was found that none of the tested blades had any structural defects. Using numerical
models, it was determined how the airfoil geometry would have to change to give the results consistent
with respect to the first vibration frequency. The outcome of the study has shown that all blades could
have had thinned airfoils in relation to the nominal one. This may be the result of wrongly selected
machining process technology. The conclusion of the research is the fact that modal analysis can be used
to determine the geometric properties of already-manufactured parts. The above method can be used to
check for the possibility of structural defects also, which in the case of blades operating under high fatigue
loads would disqualify them from being installed on the aircraft engine.
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