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Abstract: Radial turbine and compressor wheels form essential cornerstones of modern internal
combustion engines in terms of economy, efficiency and, in particular, environmental compatibility.
As a result of the introduction of exhaust gas turbochargers in the extremely important global market
for diesel engines, higher engine efficiencies are possible, which in turn reduce fuel consumption.
The associated reduced exhaust emissions can answer questions that results from environmentally
relevant aspects of the engine development. In shipping, the international Maritime Organisation
(IMO) prescribes the step-by-step reduction of nitrogen oxide and other types of emissions. To reduce
these emissions, various systems are being developed, in which turbochargers are an important
part. The requirements for the reliability and service life of turbochargers are constantly increasing.
Turbocharger blade vibration is one of the most important problems to be solved when designing the
rotors. In the case of real rotors, so-called mistuning arises, which is a slight deviation of the properties
of the individual blades from the design parameters. The article deals with an effective method of
mistuning identification for cases of integrated bladed discs of marine engine turbochargers. Unlike
approaches that use costly scanning laser Doppler vibrometers, this method is based on using only a
simple laser vibrometer in combination with a computational model of the integrated bladed disc.
The added value of this method is, in particular, a significant reduction in the cost of laboratory
equipment and a reduction in the time required to obtain the results.
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1. Introduction

The principle of operation of the exhaust gas turbocharger is to use the unused kinetic and thermal
energy of the ejected engine exhaust. The mostly single-stage turbine is set in rotation by the exhaust
gas flowing out and thus drives the compressor. This increases the fluid pressure of the outflowing air
which is then pressed into the engine. The increased cylinder filling of the driven engine enables better
thermal efficiency during combustion. Turbochargers are also an important part of various systems for
reducing emissions from internal combustion engines [1-10]. Due to the increased boost pressure of
the working medium, either more powerful engines with similar dimensions or similarly powerful
engines with significantly smaller dimensions are possible.

In general, particularly high pressure ratios of the compressor blades are required to achieve
the required performance increases. The high aerodynamic demands require a very detailed design
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of blade geometries. Ever thinner blades combined with the low mechanical damping due to the
integral construction make the vibration-proof design of turbomachines more difficult. Regardless of
the widespread usage of turbomachines, documented damage cases indicate that structural dynamic
issues have not been conclusively resolved. Imperfections that already occur during production have a
significant influence on the dynamic behaviour of real components. The deviation from the original
design is referred to as a “mistuned bladed disc effect” and has been discussed by many researchers in
the field of internal combustion engines and aircraft turbine engines [11-14]. Researchers [11,12] have
described a method that allows mistuning distributions to be determined indirectly from vibration
measurements without asking about the actual cause of the mistuning.

The largely random mistuning reduces the life of the components that are permanently loaded
by centrifugal forces, flow deflection, unsteady pressure fluctuations in the flow and temperature
gradients. The purely numerical prediction of the resonance strength is almost impossible for the entire
operating range due to the numerous operating points. The vibration safety of a new development is
therefore detected in regard to the qualification tests. As a rule, these consist of driving through the
operating area of the exhaust gas turbocharger on a combustion chamber or an engine test benches.
The measured vibrations of the system are included in the fatigue strength analysis. Considerable
safety factors are taken into account. If detailed statements on the real structural behaviour of a design
were available at an early stage, the safety factors of some resonance points could be reduced. As a
result, designs would be feasible that are closer to the permissible mechanical load limit. Only sound
assessments guarantee a solid and resonance-proof turbocharger design.

Knowledge of the real deviation between adjacent blades is necessary for the robust consideration
of random mistuning. The parameters can be determined for a single, actually existing rotor using
a suitable experimental method. A variety of approaches have now been documented. Some
authors [15,16] measured the surface of the manufactured blades using white light stripe projection. In
doing so, they directly countered the geometric manufacturing tolerance as a presumed cause of the
mistuning. Another publication [17] continued this development and demonstrated good agreement
between the properties of optically recorded blades and experimental vibration measurements. Some
research studies have also appeared in the field of aircraft and automotive turbochargers [18,19],
but their results are not very applicable, particularly with regard to the point of identification of the
mistuning and the cause of the mistuning of marine engine turbocharger bladed discs.

Further research to identify mistuning has been done mainly in the field of aircraft engines [20].
This reflects the current trend of applying the integrated structures of blade and disc. Contemporary
technology enables this type of structure, which has the advantage of effectively reducing both the
weight and the number of engine parts. Contrariwise, there are difficulties with mistuning identification.
The reason is that with such a structure, separation of each blade from the disc is not possible, as with
the dovetail type blade of conventional compressors. Therefore, it is not possible to know the natural
frequency of each blade without disc coupling effect. Some authors dealt with the mistuning problems
of small rotors of automotive turbochargers [21,22]. One paper [23] presented the experimental and
numerical studies of last-stage low-pressure mistuned steam turbine bladed discs during run-down.
The tip-timing method was used to find the mistuned bladed disc modes and frequencies.

Based on this situation, a marine engine turbocharger rotor was selected as the subject of the
research (see Figure 1). The aim of the solution was to identify mistuning of actually produced turbine
rotor of a marine engine turbocharger and to design an effective experimental method for this purpose.
Some authors used a laser scanning system to obtain the modal information for different types of
mechanical structures [24-27]. In this system, a vibration response against the excitation input is
obtained at each reference point using a laser Doppler vibrometer. This process is repeated for the same
excitation input, the reference point being changed by scanning the laser Doppler vibrometer. After
completion of the scan, the frequency response functions obtained for all reference points are correlated
and the modal displacement contour of the entire measured surface is created. This procedure requires
the application of a very expensive laser scanning technique; moreover, the processing of the measured
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results is time consuming. Therefore, a procedure was proposed that uses only a simple laser vibrometer
and an FE computational model of the turbine rotor.

Figure 1. Marine engine turbocharger rotor.

2. Modelling of Tuned Blade Disc Systems

Modelling using finite elements makes dynamic analysis of complex components considerably
easier. The vibration behaviour of turbocharger blade discs can be described by the differential motion
equation:

Mg+ Rq+ Kq = F(t), 1)

where M is mass matrix, R—damping matrix, K—stiffness matrix, F—vector of force, g—vector of
generalised coordinates and t—time in the continuous structure being discretised by a finite number of
degrees of freedom. The characteristic values of the natural vibration behaviour are the eigenvalues,
i.e., natural frequencies and eigenvectors, i.e., mode shapes. These can be determined by solving the
homogeneous and undamped system according to Equation (1). If the vibration behaviour of the
bladed disc is to be described as precisely as possible, a very fine discretization may be required. When
using FEM, models with several million degrees of freedom are quickly created. Such model sizes are
seamlessly manageable currently, but the question of reducing the degrees of freedom of the model
arises without losing accuracy in the system description. In addition to classic reduction methods, the
exploitation of symmetry properties is essential. With an ideal bladed disc, all sectors are identical, i.e.,
they have the same mechanical properties, so that no distinction among the stiffness matrices of the
individual sectors is required.

The cyclic symmetry of the blade disc basically allows the analysis to be restricted to one sector
without loss of information. Figure 2 shows one sector of the overall blade disc structure. The element
size represents a central setting parameter that has a direct influence on the calculation results. The
number of elements increases with an increasing level of model details. This is associated with an
increasing number of modes to be calculated, which in turn increase the computational demands.
In the case of the radial turbine investigated here, a fine and structured mesh of the blade surface is
recommended. The disc body and shaft can be modelled using larger elements. The FE model of the
entire turbine blade disc is created by the periodic expansion of the sector and subsequent fusion of the
sector boundaries. The FE mesh was created at ANSA software and it had to be done thoroughly in
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connection with the subsequent creation of a rotation model. There, it is important to properly connect
the nodes on both sides of the segment to create the whole rotational cyclic model. At the same time,
it is necessary to achieve just the same segments that are really connected correctly. The size of the
elements used was carefully optimised by a series of sensitivity analysis.

00 100,00 200,00 (mm) 0w 10000 200,00 (i)
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50,00 150,00 50,00 150,00

Figure 2. An illustration of one sector and whole mesh of the turbine bladed disc structure.

The turbine rotor is supported in bearings during operation. In modern exhaust gas turbochargers,
two plain bearings prevent radial displacements. In addition, a thrust bearing is fitted. The bearing
influence plays a negligible role with regard to the blade-dominated vibration forms. In order to
achieve the best possible correlation, no boundary conditions are specified for the computational
modal analysis.

3. Measurement and Data Processing

3.1. Measurement

The turbine rotor was mounted on a special highly flexible jig, so that the effect of boundary
conditions was negligible. In the sense of a classic modal analysis, a small modal hammer excites the
individual rotor blades at a suitable position. A laser Doppler vibrometer measures the blade vibration
speeds contactless. As part of the experimental investigation regarding the blade vibrations, only the
vibration response of one suitable selected point per blade was measured. This is acceptable if the
measurements match the expected mode shapes of the computational model prediction.

The measuring chain was assembled for an experiment from POLYTEC Sensor Head OFV-505,
Vibrometer Controller OFV-5000 and cDAQ-9179 with modules NI-9229 and NI-9234. The laser head
was positioned 438 mm from the top of the turbocharger blade according to the datasheet (Figure 3).
The beam was directed perpendicularly to the scanning area.

With the individual blade mistuning measurement, the deviation from the mean value of all
blades due to the material property or geometry deviations is converted into a calculation value in
an experimental way. To decouple the oscillation movement of an individual blade when measuring,
all other blades are additionally detuned by attaching additional masses of appropriate size to the
blade tips (see Figure 4 right). The small modal hammer Briiel & Kjeer Type 8204 (Figure 4 left) excites
the blade to vibrate, while the laser vibrometer measures the vibration speed at the tip of the blade.
Through a suitable choice of size and position of the additional masses as well as through variation
of the measuring and excitation point, the mistuning behaviour in the frequency range of the blade
dominated mode shapes can be identified. The measurement was carried out without and with
additional masses on the blades to make clear their positive effect.
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Figure 4. Turbocharger turbine wheel with additional masses on blades and the used modal hammer.

Data monitoring was performed using a programmed script in NI LabVIEW software and 20
second sections were saved. Their data includes at least five responses from the hammer blow to
the blade. At the same time, the experiment was checked for a double hammer blow to prevent any
adverse effects of the subsequently processed data. Thereafter, five responses lasting 0.2 s and the
corresponding time records of the modal hammer force pulses were selected for frequency analysis.

3.2. Data Processing

Data processing from the experiment was done using a script in Matlab software. Several main
parts were included. The first was the use of an exponential window. Windowing is a common
necessary signal processing technique used in modern data acquisition systems [28,29]. The exponential
window is a time domain weighting function that has been elaborated for use with transient-type
signals, such as those of impact testing. Used correctly, the exponential window can minimise leakage
errors on lightly damped signals and can also improve the signal-to-noise ratio. The effect of the
exponential window (Figure 5) is to increase the apparent damping of the measured system. The
exponential window [30] is an exponential function as defined in equation (2) where the parameter
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f is the last point value of the window, # is the number of samples and i is index of the exponential

function:
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The time variable for the exponential function starts at zero, regardless if a pretrigger delay is
used in the data acquisition. When impact testing lightly damped blade structures, the purpose of the
exponential window is to reduce the effects of leakage by forcing the data to meet the requirements of
a completely observed transient response signal more closely. By definition, a fully observed transient
signal must begin and end within the measured time record. For lightly damped blade systems, the
response of the structure will typically continue beyond the time period of data collection as shown in
Figure 6a. Since the response does not decay to near zero at the end of the time record, the exponential
window is applied to reduce the signal at the end of the time record to approximately 1%. The signal
according to Figure 6a after the window has been applied shows Figure 6b. The windowed signal
more closely represents an observable transient.
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Figure 5. The exponential window.
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Figure 6. Measured response signal of a lightly damped blade system for impact excitation and its

modification by the exponential window.

This data was processed by a fast Fourier transform (FFT) algorithm in a complex form to evaluate
the transfer function of the system. That is, the FFT analysis was performed for the impact force course
and its corresponding measured response. Subsequently, the ratio of the output to the input of the
system was used to obtain the transfer function:

FFTout ) .
Y; =ABS| ———|,i=1...n, 3
' (FFTforce ()
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where FFTyy; is the resulting FFT analysis complex vector from the response data and FF Ty is the
resulting FFT analysis complex vector from the force pulse data. The calculation works using complex
arithmetic. The measurement of each turbocharger blade was performed five times to reduce possible
measurement errors, and these five measurements were included in the data processing, at the end
of which five calculated FFT spectra were always averaged. Since the time window was 0.2 s, the
frequency resolution of the FFT is 5 Hz, and thus, the uncertainty of determination of each spectral
component is 2.5 Hz, which is completely satisfactory for the determination of the blade disc mistuning.

4. Results and Discussion

4.1. Finite Elements Method

Modal analysis of one turbocharger turbine segment was performed using FEM, as shown in
Figure 7. Boundary conditions with zero displacement and rotation in all directions were applied to
the sides of the segment. Thus, the natural frequencies associated with the turbocharger blade were
obtained. In this way, the mode shapes were obtained. Figure 7 shows mode 2 for illustration.

D: Lopatka
Total Defar
Type: Total Deformation
Frequency: 7821,7 Hr
Unit; mm
16,03.202011:01

244,82 Max
217,62
19042
163,21
13601
108,81
81,607
54,405
27,200
0Min

0,00 50,00 100,00 (mm)

25,00 75,00

Figure 7. Example of a mode shape of a turbocharger turbine blade segment (mode 2).

The calculated natural frequencies of the blade are presented in Table 1. The interest in the
frequency range was up to 20,000 Hz, where the first seven modes are located. The calculated natural
frequencies show approximate natural frequency values of the blade-dominant mode shapes of the
rotational symmetric turbine disc.

Table 1. Calculated natural frequencies of the blade segment.

Mode [-] Frequency [Hz]
1 4764
2 7822
3 9229
4 11,484
5 14,287
6 15,190
7 18,730
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Subsequent forms of mesh models were used in the next step (Figure 2). The second analysis was
performed from one segment as a rotational cyclic modal analysis. It results in a nodal diameter map
of the tuned turbine rotor. However, this is not the main subject of this article.

Subsequently, a third FE model was created from a rotated model of one segment. The modal
properties of this three-dimensional (3D) turbine FE model are identical to the previous rotational
cyclic model. This model will further serve for analyses with different material properties of the blades
and for analysing the mistuning effect. An example of the blade-dominated mode shapes for modes
1-6 is shown in Figure 8.

0% 13800 19300 ey ) 000 200,00

* 150200 0

(Mode 1, harmonic index 1) (Mode 2,> harmonic index 1)

000 10000 20000 (me

0 150,00

(Mode 4, harmonic index 1)

om 10000 200,00 ) o0 10000 200,00 (e

5000 15000 0,0 15000

(Mode 5, harmonic index 1) (Mode 6, harmonic index 1)

Figure 8. Examples of computed modal shapes of the turbocharger turbine wheel.
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The material properties have been the same thus far for all segments to verify the following
measurement results and possibly debug the model. The mistuned 3D model will be used for research
of dangerous stress concentrators due to different characteristics of the individual blades.

4.2. Measuremet

The transfer functions of the individual blades were obtained by the measurements using
subsequent the mathematical procedure according to Equation (3). The resulting transfer function of
the first blade is shown in Figure 9. In this case, no additional masses on other blade tips were used.
Therefore, this figure is shown here to illustrate the difference from the resulting transfer function in
Figure 10 showing the measurement variant when placing additional masses on other blades.
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Figure 9. Transfer function and natural frequencies from FE model—without additional masses.
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Figure 10. Transfer function and natural frequencies from FE model—with additional masses.

This method is very effective in suppressing the influence of the slightly different natural
frequencies of the unmeasured blades and makes it possible to obtain the natural frequencies of
individual blades of a real turbine wheel and to create a mistuned 3D model for further detailed
dynamic analyses.
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In Figure 10, red lines are visible to symbolise the natural frequencies of the turbocharger turbine
blade from the FE simulation. Compliance with the measurement is very good and it is obvious that
the method using FE model is well prepared for further utilization with much simpler demands than
using expensive 3D scanning laser. Furthermore, applying this method, the user can concentrate on
the natural blade dominant frequencies only, without having to deal with other spectrum peaks that
belong entirely or predominantly to the turbine bladed disc.

5. Conclusions

In the present article, the vibration characteristics of a radial turbine bladed disc of a marine
engine turbocharger were investigated. Starting with the analysis of structural dynamic properties of
cyclic symmetry components, basic procedures were transferred to special problems of bladed discs of
marine turbocharger radial turbines and expanded. In particular, the assignment of individual peaks
in the measured transmission functions to the corresponding mode shapes was performed using a
carefully designed FE model, without the need to apply an expensive scanning vibrometer. In addition,
the distribution of the strain energy between the disc and the blade calculated by the FE model is a next
parameter that allows the systematic assessment each of the large number of modal shapes present in
this complicated structure. The mode shapes with predominant strain energy in the blade are thus
referred to as blade-dominated. Depending on the criterion of distribution of the strain energy among
the blades and the disc, some modes can be called mixed. The transfer functions shown above also
record these mixed modes such as matching peaks, but their effect on blade stress is not significant.
Disc dominant modes do not occur in the examined frequency range of the analysed marine engine
turbocharger radial turbine. The reason for this is the massive disc and the rigid connection of the
blades to them.

Based on the results of the measurements described above, it was possible to create a 3D mistuned
FE model of the turbine bladed disc. Creation of this model is based on individual adaptation of the
modulus of elasticity to individual blades using optimization algorithms. The vibration behaviour of
the real bladed discs can be achieved with sufficient accuracy by such 3D models, unlike methods that
are based on the use of substructures and do not describe the frequency splitting due to mistuning
with the necessary accuracy. Since the description of the optimization algorithm and the creation of the
3D model of the mistuned turbine wheel would go far beyond the possible size of this article, this topic
will be the subject of a separate publication.

With regard to industrial application, it should be noted that an improvement in manufacturing
accuracy is only conditionally recommended, since increasing the manufacturing accuracy of the
blades would entail unacceptable financial costs. Rather, it is important to determine the inclination
of individual vibration modes in order to tend large increases in stress. It should be noted that large
stress increases are always accompanied by strongly localised modes. However, strongly localised
mode shapes can only occur if the tuned bladed disc system has a sufficient number of node diameter
vibrations in a relative frequency proximity. These cases can be identified already in the early stages of
development if a suitable FE blade disc model is used. Together with the described effective mistuning
identification method of integrated bladed discs, the development of new marine engine turbochargers
can be significantly accelerated. Another added value of the method is the possibility of its relatively
easy automation, both in terms of measurement and its subsequent processing and evaluation. The
turbocharger manufacturer can thus obtain complete statistical information on the parameters of the
blade discs in relation to the mistuning caused by various influences in the production process.
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