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Abstract: This study investigates the vibrations of centrifugal loop dryer machines used in plastic
recycling processes. These machines are characterized by large uncertainties, high vibration, and
unmodeled dynamics, making the design and maintenance of real-time state estimators for their
operational conditions difficult. The present study includes an analysis of the centrifugal loop
dryer machines’ vibration characteristics and their influence on operation results based on vibration
analysis, frequency response analysis, and expert advice. Two identical loop dryers installed and
operated in parallel in a single recycling line were investigated. Measurements were performed using
a two-sample measurement design and based on a one-sample statistical method for estimating
uncertainty in repeated measurements of data processing. Additionally, a problem connected with
incorrect machine operation during high vibration, resulting in insufficient drying of loaded material,
was investigated. This was defined as a situation in which some melted plastic is still too wet after
mechanical drying, caused by the incorrect installation of damper elements of the holding elements.
Finaly, it is recommended that a correction of the machine installation and a control measurement are
carried out to determine whether the vibration in the base of the machine still exists. A simplified
theoretical vibration analysis of the rotating machine was also carried out in the present paper.

Keywords: recycling processes; loop dryer machine; incorrect operation; diagnostic; vibration analysis;
frequency

1. Introduction

Polymers, plastics, and rubber materials have become indispensable in our society
in different areas, from transport [1] to building [2]. They are used regularly every day
in sports [3] and even in biomedical applications [4]. Despite the growing global scrutiny
of plastic products, the fact remains that we rely heavily on this remarkable material.
Consequently, there is a constant increase in demand for high-quality recycled products,
particularly from major manufacturers of branded goods, who are eager to meet this de-
mand [5]. As a result, manufacturers require significant amounts of consistently high-quality
secondary raw materials. The project group demonstrated the effectiveness of recycling
materials into engineered rigid plastic containers. A multi-stage processing facility for post-
consumer plastic with perfectly matched components ensures excellent output quality [6].
Robust high-end shredding, washing, and drying technology is the key to smooth operation
with low maintenance requirements and consistently high throughput for the recycling of
different polymers [7].
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Typically, the plastic polymer recycling process involves several stages, starting with
the uploading of collected materials for recycling and concluding with a ground plastic
material that is dry and fully prepared for secondary use (refer to Figure 1). To achieve this,
there are two types of dryer machines available in the production recycling line: mechanical
dryers and thermal dryers. In the loop dryer (which uses mechanical drying), the plastic
granulate is dried through mechanical means. Any remaining non-plastic materials are
removed from the material using controlled centrifugal force. The dryer achieves this by
spinning the plastic granulate at approximately 600-1000 rpm, effectively eliminating water
and residues such as paper [8]. On the other hand, the thermal dryer dries the material to
less than 3% moisture content using adaptive heating technology, which perfectly prepares
it for extrusion. A highly efficient programmable logic controller maintains a constant
temperature and minimizes energy consumption [8].

1. Shredding 4. Separation
2. Pre-washing 5. Mechanical drying
3. Friction washing 6. Thermal drying

Figure 1. Plastic recycling processes machines line based on [6].

According to the pointed above, only around 3% of drying processes happen in the
thermal stage (finishing of drying), and the main drying is performed by a loop dryer, which
is operated using the principle of centrifugal force. These machines are characterized by large
uncertainties, high vibration, and unmodeled dynamics, making the design and maintenance
of real-time state estimators for their operational condition difficult. A common problem for
centrifugal dryer machines is high vibration [9,10]. Excessive machine vibration is a serious
problem for stationary process machinery and mobile machines. Such machines can be
treated as a source and receiver of mechanical vibrations. The frequency range of vibrations
generated by the machine is wide and ranges from a few Hz to several thousand Hz. Figure 2
shows the amplitude—frequency spectrum of vibrations of the hydraulic power pack tank
cover in the vertical direction.
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Figure 2. Vibration acceleration spectrum of the top cover of the hydraulic power pack tank.
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In the spectrum in Figure 2, one can see, in addition to components with higher
frequency values, also components whose frequencies are below 100 Hz. The sources of
machine vibration are numerous and include, among others, the following: imbalance of
rotating parts; errors in the manufacture of machine components; errors in the assembly of
machine components; inadequate mounting of the machine to the ground or incorrectly
selected vibration isolators; the nature of the paper of sub-systems installed on the machine;
the nature of the work of the sub-systems installed in the machine (e.g., pulsating nature
of the operation of hydraulic pumps, cavitation phenomenon); changes in the operating
conditions of the machine (e.g., changes in external load, changes in direction of move-
ment and speed); degradation processes (e.g., bearing damage, insufficient lubrication of
kinematic pairs); in the case of mobile machinery, the effect of the ground on the moving
machine. On the one hand, these vibrations interfere with the correct operation of the
machine, contributing to a reduction in its service life; meanwhile, on the other hand, they
can serve as a diagnostic signal to help identify the cause of the vibration and eliminate it.
These vibrations also cause disruptions in the execution of machine processes. Vibrations
are also accompanied by the noise of corresponding frequencies. Both vibrations and noise
are transmitted to the surrounding environment, including the human operator of the ma-
chine. This can lead to exceeding the permissible normative values for vibration and noise
levels. These values are set out in official European Union documents. The low-frequency
range of vibration and noise, i.e., below 100 Hz, is particularly dangerous for humans.
Vibrations acting on humans cause functional and physiological effects. Functional effects
include the following: interference with movement coordination; increased visual reac-
tion time; increased motor reaction time; feelings of fatigue and tiredness. These effects
affect the quality of the work performed and its safety. Physiological effects include the
following: changes in the nervous system; changes in the peripheral vasculature; changes
in the osteoarticular system. These changes lead to the onset and development of vibration
sickness. Noise in the low-frequency range is also detrimental to the human body, the
so-called infrasound noise. Infrasound noise is assumed to be in the frequency range up to
20 Hz. Human exposure to infrasound noise causes, among other things, the following:
increased reaction time; reduced level of perceptibility; disturbance of balance; shifting of
the hearing threshold; a state similar to that after alcohol consumption; a drop in blood
pressure; lowered heart rate; headaches; dizziness. The specific effects depend on the fre-
quency and level of noise and the duration of exposure. Prolonged exposure to infrasound
noise can lead to disturbances in the human psychological sphere. It has been found that
in areas with foehn winds (accompanied by infrasound noise), an increased number of
suicides are recorded, caused by artificially induced and successive periods of euphoria
and depression in humans. Low-frequency vibrations and noise are poorly attenuated
by matter and propagate over considerable distances, so combating them is difficult and
should include their sources. Factors such as excessive vibration and noise also reduce the
efficiency of processes and the operation of machinery. Many manufacturers, in order to
achieve higher work efficiency and drying speed, offer dryers such as hot air rotary dryers
on the market [11,12]. In addition, poor or low contact between the product being dried and
the drying medium is a major problem [9] which can result from the high vibration and in-
correct operation of machines [13]. System identification poses a high-rate problem, which
involves identifying and quantifying changes in dynamics over a short period of time for
systems with large uncertainties in external loads, non-stationarities, heavy disturbances,
and unmodeled dynamics due to changes in system configuration [14]. However, analyzing
these machines in real-time operations is challenging because batch processing techniques
are typically used. To enable the vibration analysis of high-rate systems in real-time, a
temporal approach must be integrated with the frequency technique using a method known
as time—frequency representation [15]. The advantage of frequency-based methods is that
they do not typically rely on the tuning of parameters such as adaptive gains [16]. However,
they are inherently batch processing techniques that require vibration level measurements.
Various methods extensively employ vibration-based data for the detection and quantifica-
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tion of faults [17]. Frequency domain characteristics, including frequencies, damping ratios,
energy across different frequency ranges, and time-frequency domain characteristics like
time-frequency spread [18], serve as crucial features for conducting structural health moni-
toring. Commonly employed approaches involve linear non-parametric methods such as
short-time Fourier transform, wavelet transform, or Wigner—Ville distribution [18,19]. The
application of these methods results in a trade-off between vibration time and frequency
response resolutions [20], but they are still considered some of the best methodologies for
the detection and quantification of faults using vibration-based data [17].

The current research was a real-time operational analysis of the centrifugal loop dryer
machines’ vibration characteristics and their influence on operation results, based on vi-
bration analysis, frequency response analysis, and expert discussion. Two identical loop
dryer machines installed and operated in parallel in a single recycling line were under
investigation. The problem consisted of some melted plastic still being too wet after mechan-
ical drying, which did not meet the required standards. The current research included an
analysis of the centrifugal loop dryer machines’ vibration characteristics and their influence
on operation results.

2. Machines under Investigation and Research Methodology
2.1. Theoretical Analysis of Rotating Machine Vibrations

A simplified theoretical analysis of rotating machine vibration (Figure 3) can be carried
out by assuming a single-mass model excited to vibration by a harmonic force:

F, = Fysinwt = wawz sin wt 1

where

M—mass of rotating parts, kg;

p—radius of eccentricity of the center of gravity of rotating masses, relative to the
geometric axis of rotation, m;

w—rotor angular frequency, rad/s.

® & ’FD O
Fy/ F
Y,
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Figure 3. Dynamic diagram of a single-mass elastic system subjected to a harmonic force.
The vibrations of such a system can be described by the following equation:
Moy + cy + Ky = Fysinwt ()
The general solution of the equation above is of the following form [21]:

1
K\/l— + (2vn)

y =e "¥(Acosqt + Bsingt) + sin(wt — P) 3)
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where
A and B—integration constants depending on initial conditions;
y—dimensionless damping coefficient;
@P—the phase lag angle between the forcing force vector Fy and the swing vector, rad;
(—undamped free vibration angular frequency, rad/s;
g—damped free vibration frequency, rad/s;
K—general vertical elasticity constant, N/m;
p—angular frequency ratio, p = w/C.

Moreover,
K Qo & 3.13
Q=—=,222 ~ 4
My st Qo Vst @
The frequency of undamped free vibration is:
Q 0.5
= — " — 5
=0~ 5 ®)
The damped free vibration angular frequency is:
q=0Qy/1-92 (6)

In Equation (3), the first term describes a free oscillation fading at a frequency of g, and
the second term describes a steady-state oscillation forced at frequency w. For the analysis of
steady-state oscillations, the first term of Equation (3) can be neglected, because the damping
existing in the system causes the transient oscillations to decay quickly and only the steady
oscillations taking place at the frequency of the forcing force remain. However, the first term
cannot be omitted when analyzing shock oscillations, i.e., oscillations occurring under the
action of single impulses.

For steady-state oscillation, the solution of the oscillating motion takes the following

form:
y = yosin(wt — P) (7)
where E 1
Yo = fo 2 2 ®
Va2 + )
2vu
D= arctgl — 2 9

Therefore, in the absence of damping, (y =0) & =0 or 180°.
The coefficient of force transfer to the foundation, i.e., the ratio of the amplitude of the
force transferred to the foundation to the amplitude of the forcing force, is, in this case,

P 1+ (29p)°
V- + @)
This relationship was obtained by representing the force transmitted through the

elastic elements as the root of the sum of the squares of the amplitudes of the elastic and
damping forces:

Po = 1/ (Kyo)? + (cyow)? (1)

Analysis of Function (10) allows us to conclude that when u > V2, the value of {p < 1,
and this means that Py < Fy. However, when y > /2, the damping adversely affects the
value of the force Py. Conversely, when p < 1, the force transferred to the ground Py > F.
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2.2. Research Methodology

The current analysis was based on vibration analysis. Vibration analysis is a process that
monitors vibration levels and investigates the patterns in vibration signals. It is commonly
conducted both on the time waveforms of the vibration signal directly, as well as on the
frequency spectrum, which is obtained by applying Fourier transform to the time waveform.

Vibration analysis involves measuring the vibration levels and frequencies of machin-
ery to assess the health of its components. The process begins with using an accelerometer
to measure the vibrations generated by the running machinery. The accelerometer generates
a voltage signal that corresponds to the amount and frequency of vibrations produced by
the machine. The vibration analysis is performed by measuring the vibration level and
performing additional Fourier transform spectrum analysis.

The focus of this research is to determine the vibration level of machines and their
holding places to compare the damping property of the investigated object. To achieve a
successful analysis, there are several steps to follow (see Figure 4).

Machines under diagnostic

Signal
transformation

Vibration
measuring

Data collector

Spectrum analysis

Final results of diagnostic

Figure 4. View of the research methodology.

The local Fourier spectrum of each segment can be generated around the window’s
position, and the temporal variation of the frequency can be observed locally. This is
achieved by equation in the following way [22]:

STFT{x(t)}(7,w) EX(T,w) = / x(Hw(t — T)e it (12)
where x(t)—vibration signal to be transformed; X(7, w)—essentially the Fourier transform
of x(t)w(t—1); e—complex function representing magnitude and phase of the signal over
time and frequency; w(t—T)—window function (Hann window) centered around zero.

2.3. Machines under Investigation and Measurement Setups

In the current research, two machines of the same type were installed in parallel and
operated in one recycle line (Figure 5a). The test measurement processes and equipment
are shown in Figure 5b, including a National Instrument USB-443x data collector with an
AS-065 B&K accelerometer and PC for data proceeding.

Each diagnostic processes measurement of the object includes a few measurements
of vibration during machine operation. The duration of one measurement is typically
20 s, which is long enough to obtain a stable signal while the machinery is running and
producing vibrations. An accelerometer attached to the machine generates a voltage signal
that corresponds to the amount and frequency of vibrations being produced. All data
collected from the accelerometer are recorded through a data collector (software NI Max
ver. 21) as amplitude vs. time, known as a time waveform. These data are analyzed using
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computer program algorithms and are then reviewed by engineers to determine the health
of the machine and identify any possible impending problems such as an unbalance, high
vibration, etc. Prior to the main measurements, the accelerometers were calibrated using a
B&K portable accelerometer calibrator type 4294.

Example of measuremented data

(b)

Figure 5. Diagnostic processes: (a) machines under diagnostics; (b) test measurement processes and
equipment.

The machine’s vibration was measured in the main body, the four mounting elements
(divided into two elements T and M), and the bases elements (B) to which the machine is
attached on the ground (Figure 6).

Mounting
element 4

Mounting
element 3

Mounting
element 2

Mounting

Material loading L %
elemen

side

Example of mounted sesnsor (7' - element)

In y direction

Figure 6. View of the measurement points of machines.
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To explain the obtained results, the machine is placed in an x, y, z coordinate system
according to Figures 5 and 6. The measurement points are defined, and the obtained results
are presented in graphs and tables, with conclusions provided at the end of the machine’s
vibrational analysis.

3. Results and Discussion
3.1. Results for Machine N¢ 1

The results are presented in graphical form for the examples, and a comparison with
the body vibration with the most vibrated mounting element of the machine is presented
also. The most vibration was observed for Machine Ne 1 according to measurements on the
third place of measuring. The results of vibration are presented in all measured directions
(%, y, z) in order to find the main damped and less damped directions of vibration, shown
in Figure 7.

Vibration, m/s?

2 4 6 8 10 12 14 16 18 20
Time, s

Vibration, m/s?

2 4 6 8 10 12 14 16 18 20
Time, s

(b)

15 T T T T T T T

Vibration, mis?

-15 1 1 1 1 1 1 1 1 1
0

2 4 6 8 10 12 14 16 18 20
Time, s

(©)

Figure 7. Graphs of vibration data on the 3rd measured place of Machine Ne 1: (a) in x direction; (b)
in y direction; (c) in z direction.
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Additionally, a frequency spectrum analysis is provided based on Fourier transform
for analyzing the dynamic processes of vibration (Figure 8).

10 T

16.2 Hz

)

8- AT

In logarithm

WAL

e g o

Body []
Ti2)
M (Z)
B(2) ]

Vibration amplitude, m/s 2
w
T

0 30 60 90

120

150 180 210 240

Frequency, Hz

270 300

Figure 8. Frequency response of vibration on the 3rd measured place of Machine Ne 1 in z direction.

Through studying the frequency response, it becomes clear that all vibrations from
the loop dryer directly transmitted to various holding elements with a dampening effect.
The main resonance frequency was identified at 16.2 Hz, confirming that all vibrations
are indeed transferred correctly and are dependent solely on the body rotation operation

conditions (specifically, 16.2 Hz or body rotation 972 rpm).

The measured data were transformed from acceleration to displacement using two
integration trapezoidal methods with unit spacing, according to [23]. Table 1 presents
information about the displacement vibration of each measured location by direction for
future comparative analyses.

Table 1. Vibration analysis of Machine Ne 1.

Place of Measuring Body, mm Top (T), mm Middle (M), mm Base (B), mm
1by x ~0.801 ~0.505 ~0.321
1byy ~1.527 ~0.828 ~0.524 ~0.323
1byz ~0.841 ~0.581 ~0.329
2by x ~0.721 ~0.566 ~0.221
2byy ~1.527 ~0.744 ~0.578 ~0.235
2byz ~0.813 ~0.592 ~0.238
3by x ~0.822 ~0.609 ~0.317
3byy ~1.527 ~0.873 ~0.611 ~0.324
3byz ~0.882 ~0.654 ~0.329
4byx ~0.781 ~0.574 ~0.216
dbyy ~1.527 ~0.798 ~0.575 ~0.217
4byz ~0.801 ~0.588 ~0.222
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3.2. Results for Machine Ne 2

The machine was measured by vibration in the main body and in four mounting
elements (divided into two elements), and the base by which the machine is attached to the
ground. To aid an explanation of the obtained results, the machine is placed in the same x,
Yy, z coordinate system. The measurement points are definite and named in the same way
as for the analysis of Machine Ne 1. The vibration results on the 1st measured place are
presented in Figure 9. The frequency response of vibration on the 1st measured place from
Machine Ne 2 is shown in Figure 10 (the point of the highest difference between vibrations).
Table 2 presents information about the displacement vibration of each measured place by
direction for future comparative analyses and discussion.

Time, s

Vibration, mis®

-15 1 1 1 1 1 | | 1 1
0 2 4 6 8 10 12 14 16 18 20
Time, s
15 T ;
Body
—T@
—M(@2)
1o —8(2)
5
~
@«
€
s 0
S
©
]
>
-5
-10
-15 1 1 1 1 1 1 1 | 1
0 2 4 6 8 10 12 14 16 18 20
Time, s
()

Figure 9. Graphs of vibration data on the 1st measured place of Machine Ne 2: (a) in x direction; (b) in
y direction; (c) in z direction.
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10 T T T T T T
16.33 Hz
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Figure 10. Frequency response of vibration on the 1st measured place of Machine Ne 2 in z direction.

Table 2. Vibration analysis of Machine Ne 2.

Place of Measuring Body, mm Top (T), mm Middle (M), mm Base (B), mm
1byx ~1.231 ~0.424 ~0.292
1byy ~1.542 ~1.289 ~0.527 ~0.378
1byz ~1.349 ~1.291 ~0.939
2by x ~0.781 ~0.574 ~0.216
2byy ~1.542 ~0.798 ~0.575 ~0.217
2byz ~0.801 ~0.588 ~0.222
3by x ~0.821 ~0.604 ~0.242
3byy ~1.542 ~0.829 ~0.612 ~0.247
3byz ~0.844 ~0.619 ~0.249
4byx ~0.762 ~0.564 ~0.226
dbyy ~1.542 ~0.776 ~0.569 ~0.229
4byz ~0.798 ~0.592 ~0.305

Through studying the frequency response, it becomes clear that all vibrations from
the loop dryer directly transmitted to various holding elements with a dampening effect.
The main resonance frequency was identified at 16.33 Hz, confirming that all vibrations
are indeed transferred correctly and are dependent solely on the body rotation operation
conditions (specifically, 16.33 Hz or body rotation 980 rpm).

3.3. Discussion
3.3.1. Vibration Analysis for Machine Ne 1

According to the obtained results, the vibration level during operation of the machine
was well-damped in all directions at all places of measuring. In places 1 and 3, a little bit of
high-amplitude vibration was observed, but it can be easily explained by the installation of
an electric motor near the 1st mounting element or that, close to this place, the material has
a high weight.
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Frequency analysis confirmed the measured vibration tendency, that the vibration level
reduced in the body to base direction. Additionally, all four vibration absorbers worked fine
and do not require maintenance or additional action by experts in the near future.

3.3.2. Vibration Analysis for Machine Ne 2

According to obtained results, the vibration level during operation of the machine was
well-damped in three measured places (2, 3, and 4) in all directions. In mounting element 1,
a high amplitude of vibration was observed. A comparison showed that in the first place
z direction, the damping of vibration was in the low range, but in the x and y directions
the damping was in the normal range. Even though this comparison/measurement/etc.
does not take into account the higher range, it is possible that the z direction damping
was not well-damped. This can be explained by the installation of damping elements and
connection of (M) and (B) in different positions than all the others (Figure 11).

Correct installation Non-correct installation

Figure 11. The view of correct and incorrect installations of mounting elements.

This incorrect installation probably caused the damping of vibration not to work
properly by failing to keep the element in the 1st place attached to the floor. Because the
x and y directions of vibration provided sufficient damping, the current situation can be
solved by locating the source of the high vibration.

This study investigated the vibrations of centrifugal loop dryer machines used in
plastic recycling processes. A real-time operational analysis was performed of centrifugal
loop dryer machines’ vibration characteristics and their influence on operation results. The
results identified a problem with some melted plastic still being too wet after mechanical
drying, which did not meet the required standards. This was caused by the incorrect
installation of damper elements of the holding elements. Finaly, it is recommended that a
correction of the machine installation and a control measurement (in measuring place 1)
are performed to determine whether the vibration on the base of the machine still exists.

In conclusion, this study’s in-depth exploration of the vibrations in centrifugal loop
dryer machines utilized in plastic recycling processes has shed valuable light on their
operational dynamics. The real-time analysis of vibration characteristics has pinpointed
a critical issue: certain melted plastic retains excessive moisture post-mechanical drying,
falling below the stipulated standards. This anomaly can be directly attributed to the
improper installation of damper elements within the holding components. To rectify this
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issue, the study recommends a thorough correction of the machine installation process.
Furthermore, a prudent follow-up control measurement, specifically at measuring place 1,
is proposed to verify whether vibrations persist at the machine’s base after the corrective
measures are implemented. This comprehensive investigation not only identifies a specific
operational challenge but also provides actionable recommendations for enhancing the
efficiency and adherence to quality standards in plastic recycling processes involving
centrifugal loop dryer machines.

4. Conclusions

The present study investigates the vibrations of centrifugal loop dryer machines used
in plastic recycling processes. In this study, two identical loop dryers were installed and
operated in parallel in a single recycling line. These machines are characterized by large un-
certainties, high vibration, and unmodeled dynamics, making the design and maintenance
of real-time state estimators for their operational conditions difficult. The current research
includes an analysis of the centrifugal loop dryer machines’ vibration characteristics and
their influence on operation results, based on vibration analysis, frequency response analy-
sis, and expertise. The vibration analysis is performed by measuring the vibration level
and performing additional Fourier transform spectrum analysis. Measurements were
performed using a two-sample measurement design and based on a one-sample statistical
method for estimating uncertainty in repeated measurements of data processing.

Through a real-time operational analysis of the centrifugal loop dryer machines’
vibration characteristics and their influence on operation results, a problem was revealed
that consisted of some melted plastic still being too wet after mechanical drying. This
means that it does not meet the required standards, as a result of the incorrect installation
of the damper elements in one holding element. This study recommends the correction of
the machine’s installation and that control measuring is conducted to determine whether
there is a remaining tendency toward increased vibration on the base of the machine.
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