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Abstract: The compact installation and technology for determining vibration characteristics by the ESPI method has been
created. The experimental determination of the dynamic characteristics of a diamond circular blade with a diameter
of 203.4 mm and a thickness of 1.19 mm using real-time electronic speckle interferometry is presented. 15 mode shapes
of vibration were detected in the range from 100 to 5000 Hz. The program calculation of the natural frequencies and mode
shapes is carried out for three values of the clamping inner diameter (42 mm, 44 mm, 46 mm). The options for calculating
adisk with a rim and without a rim are considered. It is shown that the minimum mean squared error of the calculation
is achieved for the values of the diameter of the disk 46 mm, 42 mm and 44 mm for the number of nodal circles 0, 1 and 2,
respectively. To verify the accuracy of the interferometer, experimental, computational and analytical studies of console steel

rod 200 x 22.25 x 3.78 mm in size were carried out.
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1. INTRODUCTION

Modern engineering is characterized by an increase in the
specific capacities of machines and devices. During operation,
cutting wheels and circular saws rotate at high frequencies and
are subject to significant dynamic loads. The resulting resonant
vibration significantly increases the loads on them and on the
bearings. This is one of the main reasons for the breakdown of
such a tool. Also, the roughness of the processed surface in-
creases and the service life of the equipment decreases.

The solution to the problems of the strength of parts under dy-
namic loads is one of the most complex and time-consuming.
These conditions determine the relevance of studies of vibrational
characteristics of disk structural elements both at the stage of
design and development of products, and in the analysis of emer-
gency situations.

The creation of structures operating under vibrational loads
and the implementation of measures for detuning from resonance
involves, first of all, determining the spectrum of resonant fre-
quencies and vibration mode shapes. Moreover, the results of the
study of the dynamic parameters of a homogeneous disk clamped
in the center (on the shaft) are of independent importance and can
serve as a reference point in the study of oscillations of the disks
of turbomachines (Levin, 1953).

Determination of natural frequencies and vibration modes of
solids can be carried out by a theoretical, experimental or theoret-
ical-experimental method. The first practical method for visualizing
vibration modes on plates and, therefore, for conducting an exper-

16

imental analysis of vibration, was invented by Chladni in the
1780s (Chladni and Beyer, 2015). The method includes spraying
a fine powder, such as sand, onto the surface of the plate, so it is
not a non-contact method. In the book Wailer (1961), studies of
round, elliptical, rectangular and other polygonal plates are pre-
sented, as well as practical and historical notes. The results in-
clude extensive graphical tables of observed mode forms, a
method for classifying mode forms, and a discussion of how these
forms arise. The ESPI method was used to experimentally test
analytical and numerical models of applied mechanics in Halama
et al., (2016), vibration theory in Chi-Hung et al., (2004), in the
automotive industry by Beeck and Hentschel (2000) as well as
Van der Auweraer et al., (2002), materials science in Richardson
et al., (1998), biomedical field by Yang et al., (2014), microelec-
tromechanical systems in an article by Foitzik et al., (2003) and in
many other areas of science and technology. A detailed study of
the frequencies and modes of vibrations of a solid homogeneous
disk fixed in the center was carried out by Makaeva et al.,
(2008a), (2008b). Experimental studies were carried out by the
method of holographic interferometry (Makaeva et al. 2008a).

The Rayleigh - Ritz method provides numerical determination
of approximate values of frequencies and natural forms of reso-
nant vibrations (Babakov, 1965). Therefore, in engineering prac-
tice, the theoretical calculation of the resonant parameters of
structures is mainly performed numerically by the finite element
method (Mrozek et al. 2018), implemented in modern software
systems ANSYS, NASTRAN, COSMOS, FEMAP, etc.

But the errors in modelling the boundary conditions, the mis-
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match of the calculation model with the object of study reduce the
reliability of the calculated data and almost always require their
experimental verification.

To study the vibration characteristics of the disk, the method
of electronic speckle-pattern interferometry was used. With a good
quality of interferograms, it ensures the automation of experi-
mental research reduces the requirements for vibration isolation of
stands and eliminates the need for photochemical processing.

In addition, a highly accurate experimental determination of
vibration parameters is crucial for the implementation of the com-
bined calculation and experimental method, when the experi-
mental data are used to form boundary conditions, and the numer-
ical method is used for a detailed analysis of the distribution of
amplitudes, deformations, and stresses in the entire volume of the
studied object. It allows to increase the accuracy and reduce the
complexity of determining the dynamic parameters of disk-shaped
parts of machines and mechanisms (Careva and Tupoleva, 2006).

Therefore, this work devoted to the creation of an experi-
mental stand and the conduct of a comprehensive experimental
and numerical study of the natural frequencies and modes of
vibration clamped in the center of the disk is relevant.

2. THEORETICAL PART

2.1. Description of the interferometric stand

In experimental mechanics, non-contact optical methods are
used to study the vibrations of solids, which use the coherent
properties of laser radiation.

The most informative is the method of holographic interferom-
etry (HI) (Vest, 1982). It makes it possible in real time to visualize
the dislocation of nodal lines i.e. determine the mode shapes and
the value of the resonant frequency. The resolution of holographic
interferograms makes it possible to estimate with high accuracy
the distribution of vibration amplitudes over the surface of an
object. But the technique for obtaining holographic interferograms
is rather complicated, involves the use of photographic plates with
the need for their accurate positioning and photochemical pro-
cessing, good vibration protection of the optical stand and highly
coherent laser radiation. Almost the same completeness of infor-
mation about the vibrational process, but lower resolution of inter-
ference fringes, has the electron speckle-pattern interferometry
(ESPI) method (Jones and Wykes, 1989).

With less stringent requirements for the experimental tech-
nique and less laboriousness, it allows you to quickly determine
the resonant frequency and observe the form of vibrations on a
computer screen in real time without using the photochemical
process. It is indispensable in the case of serial control of prod-
ucts, if necessary, an express analysis. This determined our
choice of research method.

The contrast of the bands on speckle interferograms obtained
using an interferometer with a speckle-modulated reference wave
is, other things being equal, lower than on interferograms with a
smooth reference wave (Yelenevsky and Shaposhnikov, 2001)
(Zhuzhukin, 2011). But the optical design of such an interferome-
ter is rather cumbersome, extremely difficult to align and requires
periodic monitoring due to its low resistance to external disturb-
ances. In this work, an extremely simple optical scheme of a
digital speckle interferometer with combined beams was pro-
posed, which has increased noise immunity. But the use of a
large-sized transmitting diffuser with precision movement, which is
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larger than the object of study in size, does not allow creating a
compact portable device (Zhuzhukin, 2011).

EFM

8G H LFA1

Fig. 1. Optical design and hardware of the ESPI stand: 1 - laser,
2 - optical wedge, 3 - piezoceramic ring, 4,11 - micro lens, 5 - test
disk, 6 - mounting pin, 7 - clamp case, 8 - piezoceramic vibrator,
9 - beam splitter, 10 - video camera, 12 - collecting lens,
13 - diffuser, 14 - bimorph vibration sensor, SG - sound generator,
TBO - two-beam oscilloscope, EFM - electronic frequency meter,
PC - personal computer, LFA 1, LFA 2 - low frequency amplifiers

In our studies, we used an interferometer with a diffuse refer-
ence wave and separated branches. Such a compromise solution
made it possible to create a mobile compact electronic speckle-
pattern interferometer with satisfactory noise immunity, sufficient
to conduct vibration diagnostics of products outside the bench
environment (Petrov and Lau, 1995).

The optical design and hardware of the created digital signal
center are presented in Fig. 1. A coherent light source is a solid-
state DPSS laser 1 with a radiation power of 50 mW and a wave-
length of A = 0.532 uym. The laser beam by an optical wedge 2 is
divided into transmitted and reflected, forming channels of the
subject and reference beams. The transmitted beam is expanded
by a micro lens 4, scattered by the matte surface of the investi-
gated disk 5, and creates a diffuse object wave. Passing through
the beam splitter 9, it is focused by the lens of the video camera
10 on the plane of the charge-coupled device (CCD) as an object
speckle field.

The beam reflected from the beamsplitting wedge is expanded
by the micro-lens 11, collimated by the lens 12 and scattered by
the transmitting diffuser 13, forming a diffuse reference wave. On
the beam splitter 9, it is combined with the subject and, after
refraction in the camera lens, forms a speckle reference field on
the matrix surface (Mihaylova et al. 2004), (Mihaylova et al. 2006).
The contrast of the resulting speckle pattern will be maximum at
the same average intensities and consistent polarizations of the
interfering beams. To avoid depolarization of radiation, the diffuser
13 is thin surface etched (Vest, 1982), and aluminum powder is
used to paint the disk. The intensity equalization is carried out by
changing the intensity of the reference wave when moving the
lens 12.

Due to the compact arrangement of the interferometer, the op-
tical path lengths of the reference and subject speckles differ by
an order of magnitude. The mismatch in the curvature of the
interfering wave fronts leads to a certain decrease in the ampli-
tude of the useful signal (Gorbatenko et al. 2001). But the operat-
ing experience of the installation showed that a noticeable deterio-
ration in the quality of the interferogram is not observed.
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Video camera 10 operates in the webcam mode and real-time
transmits a video stream of 25 frames per second to a computer
with a resolution of 720x576 pixels with a brightness division into
256 gradations. To match the spatial frequency of the resulting
speckles with the resolution of the CCD matrix, aperture the lens
aperture to the value F = 16 ... 22. At the same time, the frame
registration time 1 was in the range 0.01 - 0.02 s. A detailed de-
scription of the methods for obtaining and processing holographic
information is given by the authors in (Tkach et al. 2020), (Tkach
etal. 2021).

In this work, we used a diamond circular blade 5 (Fig. 2) with
a diameter of 203.4 £ 0.05 mm and a thickness of 1.19 + 0.05
mm,; in addition, there is a rim with a width of 5 + 0.05 mm and an
outer edge of the diamond circular blade 1.57 £ 0.05 mm thick.
The diamond circular blade is clamped using two faceplates with a
diameter of 46 mm mounted on a threaded rod 6 with a diameter
of 27 mm, which is an analog of the shaft. To simulate the opera-
tional boundary conditions for mounting the shaft, the pin is
clamped at two points in the massive casing 7 (Fig. 3) with an
internal cavity. The second end of the stud abuts against the
pusher of the piezoceramic vibro-column 8, to which a sinusoidal
signal of the sound generator (SG) is fed, previously amplified by
the amplifier LFA 1. The elastic wave from the vibrator is transmit-
ted to the stud and excites vibration of the disk under study. Such
a wave excitation method eliminates the influence of the attached
mass of the vibrator on the disk vibrations.

a) b)

Fig. 2. a) Test diamond circular blade, b) Drawing of the diamond circular
blade in the fixture. 1 - diamond circular blade, 2 - clamping case,
3 - threaded rod, 4, 7 - bolts, 5,6 - pressure washer

Fig. 3. a) Test drive clamping pattern, b) 3D Test drive clamping model:
the disc is highlighted in red, the stud is yellow, the ceramic piezo
washers are green

The frequency multiplicity of the disk oscillation frequency rel-
ative to the frequency of the SG signal was controlled using
a small-sized bimorph vibration sensor 15 glued to the disk at the
pinch boundary. The frequency of the vibration excitation signal is
measured by the electronic frequency counter of the EFM, and the
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generator signal is compared with the vibration sensor signal by
a two-beam TBO oscilloscope.

2.2. ESPI method basics

Electronic speckle interferometry refers to non-contact laser
measuring instruments and, like holographic interferometry, allows
for resonant vibration of a part to determine the dislocation of
nodal lines along its entire surface (Levin, 1953). The experi-
mental technique and the method for producing interferograms
are described in more detail in the original sources: (Mrozek et al.
2018); (Jones and Wykes, 1989); (Yelenevsky and Shaposhnikov,
2001); (Zhuzhukin and Solyannikov, 2014); (Komarov, 2004);
(Bystrov and Zhuzhukin, 2017); (Tkach et al. 2012); (Tkach et al.
2015).

When performing these studies, the method for determining
the resonance frequencies of a disk by speckle interferometry is to
place the disk in a clamping device, excite oscillations of the disk
at resonant frequencies, register the speckle interferogram in real
time, by analyzing the signal from the camera, and determine
vibrating speckles based on this information (Babakov, 1965).

This allows you to fundamentally reduce the time of research
of the dynamic parameters of the object and improve the visuali-
zation and image of the waveform using computer processing.

3. EXPERIMENTAL PART

3.1. Experimental determination of natural frequencies
and mode shapes of a diamond circular blade

The resonant frequencies and the corresponding lateral vibra-
tions of the diamond circular blade were obtained using the labor-
atory bench described in Section 2.1. The thickness of the dia-
mond circular blade with a diameter of 203.4 + 0.05 mm was
measured at twenty different points (Fig. 4). The measurement
results are shown in Tab. 1. According to these measurements,
the average circle thickness was calculated, which amounted to
1.19 £ 0.05 mm, as well as the average rim thickness of 1.57 £
0.05 mm. In the experiment, the circle was clamped using two
faceplates.

2203,440,05

Fig. 4. Diamond circular blade measurement circuit
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Tab. 1. Diamond circular blade thickness measurement results

Diam-
eter Point R1 R2 R3 R4 R5 R6

(mm)
50 1 122 | 121 | 122 | 119 | 122 | 122
100 2 116 | 117 | 116 | 1.16 | 1.17 | 1.16
150 3 120 | 118 | 117 | 1.21 | 1.21 | 122
200 4 159 | 157 | 156 | 1.54 | 1.59 | 1.56

A number of characteristic forms of vibrations obtained as a
result of the experiment are presented in Tab. 2 and Fig. 5.

Tab. 2. Experimental mode shapes and natural frequencies
of a diamond circular blade

3026 Hz 3376 Hz 3471 Hz 4120 Hz 4932 Hz

0 1 2 m 3 4 5 6

Fig. 5. Experimental values of the natural frequencies of the diamond
circular blade; n - the number of nodal circles, m - the number
of nodal diameters

In addition, we revealed mode shapes (Fig. 6), similar to those
found in the work of E. Chladni Treatise on Acoustics (Chladni
and Beyer, 2015) under number 109b.

acta mechanica et automatica, vol.15 no.1 (2021)

Fig. 6. Mode shapes similar to form 109b (Chladni and Beyer, 2015)

3.2. Calculation of natural frequencies and mode shapes
of a diamond circular blade by the finite element
method

Using the ANSYS Workbench software, we obtained resonant
frequencies and the corresponding lateral vibrations of the circular
blade. For this, a 3D model of a circular blade was created, the
measurements of which are described in section 3.1. The bounda-
ry conditions in the calculation were: the disk was clamped along
the inner diameter and free at its outer diameter. This corresponds
to the fastening of the disk on the experimental stand in Fig. 2 (b).

For the calculation, a SOLID 186 finite element (tetrahedron)
with a size of 0.595 mm was used. The total number of elements
was about 400 thousand as shown in Fig. 7. Calculations per-
formed with a twofold decrease in the size of the finite element did
not reveal a significant change in the frequencies and vibration
modes of the disk under study.

Fig. 7. 3D model of a diamond circular blade and its breakdown into
tetrahedra

Tab. 3. Mode shapes and natural frequencies of a diamond circular blade
obtained by calculation

139 Hz 187 Hz 364 Hz 931 Hz 994 Hz

N

1204 Hz 1583 Hz 2113 Hz 2756 Hz 2713 Hz

3049 Hz 3484 Hz 3508 Hz 4178 Hz 5033 Hz




§ sciendo

Mykhaylo Tkach, Yurii Halynkin, Arkadii Proskurin, Irina Zhuk , Volodymyr Kluchnyk, Igor Bobylev

DOI 10.2478/ama-2021-0003

An Experimental Study of the Vibrational Characteristics of a Diamond Circular Blade Using Electronic Speckle-Pattern Interferometry and FEM

The type of material chosen for the calculation is structural
steel. Material properties: density - 7.81 g / cm3, Young's modulus
- 200 GPa, Poisson's ratio - 0.28. A number of characteristic forms
of oscillations obtained as a result of program calculation are
presented in Tab. 3.

In addition, using the ANSYS Workbench software, a calcula-
tion was made of the natural frequencies and vibration modes for
different clamping diameters of the diamond circular blade. For
greater accuracy, the calculation was carried out taking into ac-
count the rim of the diamond circular blade, as well as without it.
The results are presented in Tab. 4 and Tab. 5.

Tab. 4. Experimental and calculated values of the natural frequencies
of the diamond circular blade without taking into account the rim

Experiment, Calculation Calculation Calculation
Hz of fixing of fixing of fixing
diameter diameter diameter
42mm, Hz 44mm, Hz 46mm, Hz
153.0 139.0 143.0 148.0
200.0 187.0 191.0 194.0
377.0 364.0 365.0 366.0
944.0 931.0 956.0 981.0
980.0 994.0 1019.0 1044.0
1184.0 1204.0 1225.0 1246.0
1543.0 1583.0 1596.0 1610.0
2049.0 2113.0 2119.0 2125.0
2669.0 2756.0 2757.0 2760.0
2851.0 2713.0 2785.0 2857.0
3026.0 3049.0 3113.0 3177.0
3376.0 3484.0 3485.0 3485.0
3471.0 3508.0 3558.0 3610.0
4120.0 4178.0 4209.0 4244.0

Tab. 5. Experimental and calculated values of the natural frequencies
of the diamond circular blade, taking into account the rim

Experiment, | Calculation Calculation Calculation
Hz for clamping | for clamping | for clamping
diameter diameter diameter
42mm, Hz 44mm, Hz 46mm, Hz
153.0 134.0 139.0 143.0
200.0 186.0 189.0 192.0
377.0 373.0 374.0 375.0
944.0 911.0 935.0 959.0
980.0 977.0 1000.0 1023.0
1184.0 1192.0 1212.0 1231.0
1543.0 1577.0 1590.0 1602.0
2049.0 2117.0 2123.0 2126.0
2669.0 2773.0 2775.0 2773.0
2851.0 2667.0 2735.0 2802.0
3026.0 3016.0 3076.0 3134.0
3376.0 3519.0 3519.0 3515.0
3471.0 3488.0 3536.0 3581.0
4120.0 4173.0 4204.0 4231.0
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4. RESULTS

A graph of the results of the experiment is given (Fig. 5), as
well as graphs of the errors in calculating various diameters of
fastening the diamond circular blade (Fig. 8).
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Fig. 8. The relative error of the calculated for clamping diameters of the
diamond circular blade relative to the experiment; where number of
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The ratios of the experimental and calculated program fre-
quencies are relatively equal (Table 5), therefore, the difference
between them is caused by the difference in geometry between
the analytical and real circular blades (Joenathan et al. 1995),
(Qin et al. 2016) and the incorrectly selected material property for
program calculation.

The value of the mean squared error of the program calcula-
tion of frequencies for different clamping diameters of the diamond
circular blade, as well as for a different number of nodal circles, is
presented in Tab. 6.
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Tab. 6 The root mean squared error of the calculation of frequencies,
for the n=0, n=1 and n=2 respectively

n=0 @42 @44 246
With rim 0,0825 0,0619 0,0444
Without rim 0,0678 0,0493 0,0311

n=1 @42 244 246
With rim 0,0295 0,0309 0,0375
Without rim 0,0253 0,0327 0,0447

n=2 242 244 246
With rim 0,0331 0,0265 0,0287
Without rim 0,026 0,0245 0,0353

5. VERIFICATION OF EXPERIMENTAL STAND

5.1. Experimental determination of natural frequencies
and mode shapes of a rectangular rod

To test the operability, as well as the serviceability of the ex-
perimental bench, tests were carried out in advance of a rectangu-
lar steel rod. The rod material is carbon steel 45. Rod dimensions:
length - 240 mm, width - 22.25 £ 0.21 mm, thickness - 3.78 + 0.03
mm.

To carry out the experiment, the lower part of the rod clamped
by two plates in the clamp; the upper part is free. The length of the
free oscillating console part of the rod is 200 mm and clamped
partis 40 mm. The size of the plates used for clamping the rod
is: length - 50 mm, width - 50 mm, thickness — 20 mm.

A number of characteristic waveforms obtained from the tests
are presented in Tab. 7.

Tab. 7. Experimental natural frequencies and mode shapes
of a rectangular rod

S A o

-

§
;:

TMHz | 447THz | 1209Hz | 1246Hz | 6392Hz | 9051 Hz
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5.2. Calculation of natural frequencies and mode shapes
of a rod of rectangular cross section
by the finite element method

Using the ANSYS Workbench software, we obtained resonant
frequencies and the corresponding vibration modes of a rectangu-
lar rod. For this, a 3D model of the rod was created, the proper-
ties, type, and clamping scheme of which are described in Section
5.1. For calculation, the 3D model was divided into individual
cubic elements, (about 400 thousand) and is shown in Fig. 9. The
element type used in the calculation is SOLID186; the element
size is 1 mm. The boundary conditions: clamping for down side
and free at three sides.

W |

Fig. 9. 3D model of the rod and its division into finite elements

The type of material chosen for the calculation is structural
steel. Material properties used in the calculation: density - 7.81 g/
cm3, Young's modulus - 200 GPa, Poisson's ratio - 0.28.

A number of characteristic forms of oscillations obtained as a
result of program calculation are presented in Tab. 8

Tab. 8. Natural frequencies and mode shapes of the rod obtained
in the ANSYS program

775Hz | 4852 | 1356,1 12747 64805 | 92174
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5.3. Comparison of the results of calculating the natural
frequencies and mode shapes of a rod of rectangular
cross section

A comparison of the frequencies of the resonant vibrations of
the rod obtained experimentally, analytically and using the finite
element method is shown in table. 9. The analytical calculation
was carried out using the Euler-Bernoulli beam theory (Babakov,
1965).

Tab. 9. Comparison of the results of an experimental study
and calculation of a rod

Mode shape The experimental Calculation, Hz
Torsional | Flexural frequency, Hz FEM | Analytical
0 1 71 77 778
0 2 447 485 482.5
0 3 1209 1356 1370.5
1 0 1246 1274 1244.7
1 2 6392 6480 | 62234
1 3 9051 9217 | 87127

6. CONCLUSIONS

A stand has been created to determine the natural frequen-
cies and mode shapes using real-time electronic speckle-pattern
interferometry.

An experimental study of the natural frequencies and mode
shapes of a diamond circular blade was carried out using real-
time electronic speckle-pattern interferometry. 15 mode shapes of
the diamond circular blade were revealed in the frequency range
from 100 to 5000 Hz.

A programmatic calculation of the natural frequencies and
mode shapes by the finite element method for three diameters of
fastening the diamond circular blade was made.

The experimental results are compared with the calculated
ones, the mean squared error and an error analysis is also carried
out.

To test the operability, as well as the serviceability of the ex-
perimental bench, tests and calculations of a rectangular steel rod
were carried out.
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