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PERIODICALLY NON-STATIONARY PROPERTIES
OF VIBRATIONS IN A GAS TURBINE ENGINE
WITH AN UNBALANCED ROTOR

Introduction. transform of the vibration signal, while the power spectrum has been estimated through the Black-
man—Tukey method. However, because experimental vibration data are characterized by a combination of har-
monic and stochastic processes, both techniques have proven inadequate for analyzing mixed signals.

Problem Statement. The evaluation of rotor balance in gas turbine engines has been commonly based on the
magnitude of the regular co The amplitude spectrum of a gas turbine engine has traditionally been determined
using the Fourier mponent of vibrations at the rotor’s rotational frequency. Yet, the vibration signal contains nu-
merous additional components, including stochastic ones, which should be accounted for to obtain reliable esti-
mates. Modeling the vibration signal as a periodically non-stationary random process (PNRP) has allowed sepa-
rating the deterministic and the stochastic components.
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Purpose. The study has aimed to conduct a comparative analysis of periodic non-stationarity in vibration signals of gas
turbine engines with balanced and unbalanced rotors.

Materials and Methods. Vertical vibration components of balanced and unbalanced gas turbine engines in the low-fre-
quency range (<2 kHz) have been analyzed. The vibration signal has been modeled as a periodically non-stationary random
process, and an LS-functional has been applied to identify the fundamental frequencies of both deterministic and stochastic
components.

Results. Correlation and spectral functions of vibration signals have been estimated, and the fundamental frequencies of
their regular and stochastic components have been determined. It has been shown that the vibration spectra of engines with both
balanced and unbalanced rotors are mixed. The deterministic component has exhibited a polyharmonic spectrum, and the har-
monic amplitudes have been quantified. Furthermore, engine vibrations have been shown to exhibit second-order periodic non-
stationarity.

Conclusions. The proposed vibration indicators have provided a basis for improving engine balancing during adjustment and
repair procedures. The study has also highlighted the potential of these indicators for early detection of rotor defects. Future re-
search will focus on analyzing the polyharmonic structure of vibration spectra and developing a refined methodology for defect
diagnostics at incipient stages.

Keywords: gas turbine engine, vibration, periodic non-stationary random processes, frequency estimation, average, variance.

It has been well established in the literature [1—
14] that the vibrations of gas turbine engines
with unbalanced rotors are characterized by
peak values in their amplitude or power spectra
at the frequency corresponding to the first har-
monic of rotor rotation. The amplitude spectrum
is typically obtained using the Fourier trans-
form (FT) of the raw signal, while the power
spectrum is commonly derived through the perio-
dogram or the Blackman—Tukey spectral esti-
mator. Numerous techniques have been develo-
ped to represent vibration signals in different
ways [15—22].

When FT is applied, vibration time series are
treated as segments of deterministic oscillations,
whereas in power spectrum estimation they are
regarded as realizations of stationary random pro-
cesses. If experimental data are better represent-
ed as the sum of harmonic and random compo-
nents, both approaches become inadequate, often
leading to inconsistent results. Specifically, the
amplitudes and power values of the harmonics can
be estimated with significant errors.

In such cases, the identification of harmonics and
the estimation of their amplitudes should be ba-
sed on a vibration signal model formulated as a pe-
riodically non-stationary random process (PNRP).
This modeling framework has been adopted in
the present study.

ISSN 2409-9066. Sci. innov. 2025. 21(6)

AMPLITUDE AND POWER SPECTRUM
OF THE RAW SIGNAL

Suppose that the analyzed signal &(t) is the sum
of stationary random process n(t) and almost pe-
riodical function

M .
s(t) = Z cke’“’kt,
KM

where M is number of harmonics, ®, and ¢, are
their frequencies and amplitudes. The signal samp-
le values &(nh) are acquired for n e [—K K ], 2K=

= 7 O is the realization length, 4 is sampling in-

terval. Then for the signal discrete time FT [23, 24]
we have:

(o) = 3 [n(mh)+s(ab)]e ™. (1)

n=—

The mathematical expectation of (1) is equal to:
h KoM K "
E¢ (o)=o"|m > e+ > ¢, > g oonhh |
27‘5 " n=—K k=—M  n=-K

where m, = En (nh) isamean of n (nh) Assuming

that A< and using the formula for the sum of
Oy

geometric progression we obtain

i e—imnh — 1+i(eiumh +e—imnh): (P((D,K)y
n—K n=1
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where sinm(K+;jh
(p(ca,K)z—n.
sinm—
2
Hence
h M
Eéé(m)z—{m (p((o,K)+ Z ck(p((o—cok,K)}.
2n] " k=M

Since @ (O, K ) =2K+1 then for the large K we get:
Et, (o)~ %ck. (2)

It means that we cannot determine the ampli-
tudes of harmonics for signal E,(t):n(t)+s(t)
using FT, because the values (2) are different ac-
cording to realization length 6 and E@(mk)—> 0,
as 0 — . Herewith the spectral properties of the
random process in general do not characterize.
These properties can be described using the high-
er moment functions of the random process.

The first well-known results in this field were
obtained by the N. Wiener and A. Khinchin [23,
25]. They introduced concept of the power spect-
ral density as the FT of the covariance function

R, ()= E&(t)&(t+u), &) =&(c)-m, ¢):

m)z%I;Rg(u)e

To estimate the power spectral density on the
basis of experimental data the correlogram me-
thod of Blackman-Tukey can be used:

o) = [ R (u)k(u)

—Uyy,

( ) is the estimator of covariance function:

Z[&, nh ] [ (nh+u) },
rﬁzfzi(nh),

where k(u) is the covariance window, «,, is cut-of
point of the correlogram.
The discrete estimator of (3) has the form:

7 h & 5 —ionh
T ()=t 3 R (oh (k)

—iou du

(3)

e—imudu,
here R

u:

(4)

6)
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u .
where L =—. For the asymptotic value of the ma-

thematical expectation of (5) we find:
7 h L —ion)
Ef, (o) =5 > R, (nh)k(nh)e "
n=—L

The time-averaged covariance function of the
signal (its covariance function in the stationary
approximation) is equal to:

(nh) (nh)

Assume for simplicity that the covariance win-
dow is rectangular:

k(u):{1,|u|£um,

0,|u|>um.

iopnh
5l e

(6)

Then [25]

0

Eji(co)z IA(@1)k(w—w1)dm1+

—0

+i i |c |2(p(0;)—oo L).
o % e

Since (p(O L) 2L +1, then the peak values Ejé( )
are proportional to u . Therefore searching for
these peaks we can only find the frequencie.

ANALYSIS OF THE SPECTRAL COMPOSITION
OF GAS-TURBINE ENGINE VIBRATION

We shall analyze the vertical component of low-fre-
quency vibration (<2 kHz), which were acquired
from gas-turbine engine without failure and engi-
ne with unbalanced rotor. The covariance function
estimators for these different cases, which were
calculated using formulae (4) are shown in Fig,. 1.
In Fig. 2 the respective estimators of the power
spectral densities are presented, herewith Ham-
ming window was used.

As we can see, both covariance functions contain
the random components with rapidly and slowly
damping correlations as well as undamped oscilla-
tions. The total signal power in the second case
(13.63 g?) is essentially larger than in the first
(3.83 g?). The availability of the undamped oscilla-
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tions, as it follows from equation (6), can testify
about the presence in the signal composition of
the deterministic harmonic components, here-
with the total power of these components is much
higher in the case of engine with the unbalanced
rotor. This results in the mixed power spectra of
the signals. It means that the peak values in Fig. 2
can be caused both by the powers of deterministic
harmonics and the values of narrow-band spect-
ral densities of the random components. To di-
vide the deterministic and random components
we use the method for discovering of the first or-
der hidden periodicities [25].

HARMONIC ANALYSIS
OF THE DETERMINISTIC OSCILLATIONS

The estimation of the basic frequencies of the de-
terministic components is the first issue of the
vibration harmonic analysis. To find the basic fre-
quencies, the special functionals can be used
[25—27], that are similar to the PNRP coherent
or component statistics for mean function esti-
mators with the except that test basic frequency
is inserted to replace the true period. These func-
tionals have extreme values at the points, which
are asymptotically unbiased and consistent basic
frequency estimators. To improve the efficiency
of estimating of basic frequencies, the least square
(LS) method was proposed in [28]. As the signal
realization length increases, the LS functional for
determining of the basic frequencies of the mean
function quickly tends to

ED=23[w ] [ml] @

where -

k

and 20 is the realization length, # = ©/K is the
sampling step and L, is number of harmonics for
each component [ is a test frequency. The maxi-
mum points f ) of (7) is asymptotically unbiased
and consistent estimator for the mean basic frequen-
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cy. The functional (7) at the maximum point
= /s close to the sum of time-averaged power
of the chosen harmonics:

(i) =35 [ | < )]

The quantities ;| £, 70 ) and m; fo'
totically unbiased and consistent estimators of the
Fourier coefficients for the mean function of each
component. Hence, we can form the mean func-
tion estimator for each component:

Li
i, (t) = Z[mk ( 0 )cos anf(’)t +

k=1

) are asymp-

(8)

The functions (8) describe the deterministic
components of vibrations.

We calculated the functional (7) changing the
test frequency f in the neighborhood of the points
at which the spectral density estimator reaches its
maximum values (Fig. 2). The deterministic har-
monics, whose frequencies are close to the maxi-
mum points of the spectral density, were displayed
over all low-frequency interval. The graphs of the
dependencies for F f ) on test frequency in diffe-
rent intervals for hea thy (balanced) and faulty
(unbalanced) engines are shown in Fig. 3. The first
dependence was calculated for L, =9, the second —
for L, = 3. The peak values of F ( f )in both cases are
clearly visible, and the maximum points f are

+ 1 ( (0 )sin 2knjA‘0(”t}

Table 1. Maximum Points and Amplitudes
of the First Harmonics

Balanced engine Unbalanced engine
J Hz A(J")g J 1z A(7").g
49.98 0.56 49.98 1.14
533.37 0.67 533.62 3.59
720.94 0.46 714.99 0.92
721.80 0.59 715.76 0.98
1129.72 0.48 716.45 1.61
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0.24

0.18 L
012 + L
0.06 - L
0.00 = ! e ! ! ! ! e

48.0 485 49.0 495 50.0 50.5 51.0 515 52 48.0 485 49.0 495 500 505 51.0 51.5 52

Frequency, Hz
a

Square
functional, g2

0.24
0.18 | -
012 -
0.06 | L

Square
functional, g2

1 1 L I

0.00 I L L L I L I
48.0 485 49.0 495 50.0 50.5 51.0 51.5 52 48.0 485 49.0 495 500 505 51.0 51.5 52

Frequency, Hz
b

Fig. 3. Dependences of functional F, ( f ) on test frequency for balanced (@) and unbalanced (b) engines in different interval
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Fig. 4. Deterministic components of vibration for balanced () and unbalanced (b) engines
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easily determined. The obtained above also re- )( k]?(Z))
late to another peaks of £ (f), Wthh are revea- | ferent engine state is equal to: ———— =5.36.
led for L, =L, =3, L, =1. Knowing fo we calcu- Al )(kf(”)

late the amphtudes of the respectlve harmonics

A )<| i ()] <[ m

mum pomt of the functional f and its values

F ( f0 for the balanced and unbalanced engines
are given in Table 1. As we can see, the amplitude
spectrum of deterministic oscillations contains
except the harmonics with the frequency of the
supply current 49.98 Hz and the rotor rotation
frequency 539.62 Hz, also the harmonics with hi-
gher frequencies. The amplitudes of all harmonics
for the balanced engine are small and their values
differ insignificantly. The values of all amplitudes
increases as the fault occurs, however the amplitu-
de of harmonic with rotation frequency increases
most of all. The ratio of the amplitudes for the dif-

ISSN 2409-9066. Sci. innov. 2025. 21(6)

The harmonic power in the second case beco-
mes more then twenty-eight times as much as in
the first case. Then we can choose the ratio /, =

BRI
(i)

description of the rotor state.
Using the interpolation formula (8) we obtain
the time dependence of each component 7, (t) of

th65 deterministic oscillations. Their sum ﬁz(t) =

as one of the indicators for the

=7, () is presented in Fig. 4 for the balanced

and unbalanced engines. We can see, that oscilla-
tion power for the engine with unbalanced rotor
is much more, herewith the oscillations with ro-
tating frequency are distinguishable.
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ANALYSIS OF STOCHASTIC
OSCILLATIONS

Removing the deterministic oscillations (%) from
the realization of the raw vibration signal & (nk) we
obtain the stochastic part of vibration £(nh) =
= &(nh) — m(nh). The estimators of the power
spectral density for the stochastic oscillations,
which are calculated for the healthy and faulty
engines, were shown in Fig. 5. It can be seen, that
the power spectral density estimators contain both
wide-band and narrow-band components. This is
also observed on the graphs for the covariance
function estimators. They quickly damp for the
initial lags and have the form of the damped oscil-
lations for further lags (Fig. 6). The total power
of the stochastic oscillations for the healthy engi-
ne is 2.95 g2, for the faulty one is 3.75 g2 While the
power of deterministic oscillations is respecting
equal to 0.88 g? and 9.89 g°.

To reveal the periodicity of time changes of the
vibration variance we use the functional [28]:

N SN 2 ~ 2
E-3\ &N RN | ©
where =
R; (0, K - cos 2knfnh
RO __2 3 g(nh){ 05 2kn } (10)
R ((),f) 2K +1,=% sin2knfnh
and L, is the number of its harmonics. The maxi-
mum points of expression (9) is an asymptotically
unbiased and consistent estimator for the varia-
tion basic frequency. By substituting f = f in-
to (10) we obtain statistics R; (0, f) and R} (0, f)
for calculating Fourier coefﬁments of the Varian—

ce. Hence, the quantities
Ly

()53 0A)] [eA)]

defines the time-averaged power of time changes
of variance.
Using the interpolation formula

L R(0,4,7)=R,(0)+
+i[1§,{; (0, jfo)cos2knﬁ)t+1%g (0 ]%)sinzknﬁ)t} (11)
k=1
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where
we can determine the variance estimator for all
te [0, f(;q

To search for the time periodicity of the varian-
ce we take L, =3 in the formula (9) and change
the test frequency in interval [531 Hz, 536 Hz].
The results of calculation are presented for the
healthy and faulty engines by graphsin Fig. 7, a, b.

The maximum values of the functional F, ( f) are
observed both for healthy and faulty engines. Ho-
wever the peak for the latter is much sharper and
its height, which is defined by the total power of the
variance harmonics, is more than seven times as
much as one for the healthy engme The maximum
values are respectively equal to f0 =533.605Hz
and f (/) = 533.309 Hyz, i.c. they differ only by digits
after dec1mal points. Takmg the obtained values /s 7(k)
and f as the basic frequencies and substituting

them into the expressions (11) we can calculate the
Fourier coefficients of the variances and amplitudes
1

7 )= {0 ) o] |

The amplitudes are given in Table 2. The amp-
litude spectra for the variance time changes are
shown in Fig. 8, a, b.

Summing the harmonic amplitudes, we can find
the measure of non-stationarity of the second order

(ki)
)

to 0.14 and 0.34 healthy and faulty engines. The
amplitudes of the basic harmonics are the largest in
the both cases. The oscillations with the basic fre-
quencies are also most of all visible on the graphs

. This measure is respectively equal

Table 2. Amplitudes of Variance Harmonic for Different States

Status V(O),g2 ‘7(f0)g2 ‘7(21’0),g7 ‘7(3f0),g2
Healthy 2.925 0.280 0.041 0.081
Faulty 3.755 0.661 0.456 0.143
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for variance time dependencies, which were ob-
tained using interpolation formula (10). The oscil-
lation swing is less than one for the healthy engine,
while the near two for the engine with unbalanced
rotor. Herewith the time-averaged variance value
increases by AV(O) =y (O) —pt (O) =0.83 g It
is desirable to add this quantity to the expression
for the second indicator for the engine state desc-

A 3 A
{AV(O)JrZVkU) (o)}
ription. Then we have I, = kel =
= 0.56. The indicator I, and also the indicator I,
can be used for the engine state monitoring.

CONCLUSIONS

It has been shown that the vibration spectra of
gas turbine engines with both balanced and un-
balanced rotors are mixed, containing determi-

REFERENCES

nistic and stochastic components. Using the
PNRP approach, these components have been
separated, allowing the identification and analy-
sis of hidden first- and second-order periodici-
ties. The amplitude spectra of the deterministic
oscillations have been revealed to be polyhar-
monic, and the corresponding harmonic ampli-
tudes have been determined. Engines with un-
balanced rotors have demonstrated the greatest
increase in power at the harmonic corresponding
to the rotation frequency. Furthermore, the vi-
brations have exhibited properties of second-or-
der periodic non-stationarity, with the degree of
non-stationarity increasing in the unbalanced ca-
se. Finally, new diagnostic indicators have been
proposed that account for variations in the po-
wers of deterministic and stochastic components,
as well as in the time-dependent changes of vib-
ration variance.

1. Djaidir, B., Hafaifa, A., Kouzou, A. (2017). Faults detection in gas turbine rotor using vibration analysis under varying
conditions. /. theoretical and applied mechanics, 55(2), 393—406. https://doi.org/10.15632 /jtam-pl.55.2.393

2. Fibry, S., Ceskovi¢, M. (2017). Aircraft gas turbine engine vibration diagnostics. Review Articles, 5(4), 24—28. https://

10.
11.

12.

46

doi.org/10.14311/MAD.2017.04.04

. Pérez-Ruiz, J. L., Luis, J., Tang, Yu., Loboda, L., Mir6-Zarate, L. A. (2024). An Integrated Monitoring, Diagnostics, and

Prognostics System for Aero-Engines under Long-Term Performance Deterioration. Aerospace, 11(3), 217. https://doi.
org/10.3390/aerospace11030217.

. Rath, N, Mishra, R., Kushari, A. (2022). Aero engine health monitoring, diagnostics and prognostics for condition-based

maintenance: an overview. Int. J. Turbo Jet. Engines. 40(s1), s279—s292. https://doi.org/10.1515/tjeng-2022-0020

. Grzadziela, A. (2006). Analysis of vibration parameters of ship gas turbine engines. Polish Maritime Research, 13(2),

22—26. URL: https://journal.mostwiedzy.pl /pmr/article /view/1230/1156 (Last accessed: 07.07.2025).

. Fentaye, A. D., Baheta, A. T, Gilani, S. 1., Kyprianidis, K. G. (2019). A review on gas turbine gas-path diagnostics: state-

of-the-art methods, challenges and opportunities. Aerospace, 6(7), 83. https://doi.org/10.3390/aerospace6070083

. Mishra, R. K., Thomas, J., Srinivasan, K., Nandi, V., Bhatt, R. R. (2015). Investigation of HP turbine blade failure in a

military turbofan engine. Int. J. Turbo Jet Engines, 34(1), 23—31. https://doi.org/10.1515/tjj-2015-0049

. Hanachi, H., Mechefske, C., Liu, J., Banerjee, A., Chen, Y. (2018). Performance-based gas turbine health monitoring,

diagnostics, and prognostics: a survey. IEEE Trans. Reliab., 67(3), 1340—1363. https://doi.org/10.1109/tr.2018.
2822702

. Tahan, M., Tsoutsanis, E., Muhammad, M., Karim, A. (2017). Performance-based health monitoring, diagnostics and

prognostics for condition-based maintenance of gas turbines: A review. Appl. Energy, 198, 122—144. https://doi.org/10.
1016/j.apenergy.2017.04.048

Zaidan, M., Relan, R., Mills, A., Harrison, R. (2015). Prognostics of gas turbine engine: An integrated approach. Expert
Systems with Applications, 42(22), 8472—8483. https://doi.org/10.1016 /j.eswa.2015.07.003

Stamatis, A. G. (2011). Evaluation of gas path analysis methods for gas turbine diagnosis. J. Mech. Sci. Technol., 25(2),
469—477. https://doi.org/10.1007 /s12206-010-1207-5

Heng, A., Zhang, S., Tan, A., Mathew, J. (2009) Rotating machinery prognostics: state of the art, challenges and oppor-
tunities. Mech. Syst. Signal Process., 23(3), 724—739. https://doi.org/10.1016 /j.ymssp.2008.06.009

ISSN 2409-9066. Sci. innov. 2025. 21(6)



Periodically Non-Stationary Properties of Vibrations in a Gas Turbine Engine with an Unbalanced Rotor

13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.

27.

28.

29.

Muszynska, A. (1995). Vibrational Diagnostics of Rotating Machinery Malfunctions. Int. J. Rotating Machinery, 1(3—4),
237—266. https://doi.org/10.1155/51023621X95000108
Jardine, A., Lin, D., Banjevic, D. (2006). A review on machinery diagnostics and prognostics implementing condition-
based maintenance. Mech. Syst. Signal Process., 20(7), 1483—1510. https://doi.org/10.1016 /j.ymssp.2005.09.012
Jiang, X., Yang, S., Wang, F, Xu, S., Wang, X., Cheng, X. (2021). OrbitNet: A new CNN model for automatic fault diag-
nostics of turbomachines. Applied Soft Computing, 110, 107702. https://doi.org/10.1016 /j.as0c.2021.107702
Wang, C., Chen, C. (2001). Bifurcation of Self-Acting Gas Journal Bearings. ASME J. Tribol., 123(4), 755—767. https://
doi.org/10.1115/1.1388302
Aretakis, N., Mathioudakis, K., Kefalakis, M., Papailiou, K. (2004). Turbocharger Unstable Operation Diagnosis Using
Vibroacoustic Measurements. ASME. J. Eng. Gas Turbines Power, 126(4), 840—847. https://doi.org/10.1115/1.1771686
Bonello, P, Pham, H. M. (2014). Nonlinear Dynamic Analysis of High Speed Oil-Free Turbomachinery With Focus on
Stability and Self-Excited Vibration. ASME. J. Tribol., 136(4), 041705. https://doi.org/10.1115/1.4027859
Soleimani, M., Campean, E, Neagu, D. (2021). Diagnostics and prognostics for complex systems: a review of methods and
challenges. Qual. Reliab. Eng. Int., 37(7), 3746—3778. https://doi.org/10.1002/qre.2947
Lakshminarasimha, A. N., Boyce, M. P., Meher-Homji, C. B. (1994). Modeling and analysis of gas turbine performance
deterioration. J. Eng. Gas Turbines Power, 116(1), 46—52. https://doi.org/10.1115/1.2906808
Marinai, L., Probert, D., Singh, R. (2004). Prospects for aero gas-turbine diagnostics: a review. Appl. Energy, 79(1), 109—
126. https://doi.org/10.1016/j.apenergy.2003.10.005
Napolitano, A. (2020). Cyclostationary processes and time series: Theory, applications, and generalizations. Elsevier, Aca-
demic Press, 2020. https://doi.org/10.1016/C2017-0-04240-4
Koopmans, L. H. (1974). The spectral analysis of time series [by ] L. H. Koopmans. New York.
Kay, S. M. (1988). Modern Spectral Estimation: Theory and Application. New Jersey.
Javorskyj, I. (2013). Mathematical models and analysis of stochastic oscillations. Lviv [in Ukrainian].
Javorskyj, L., Matsko, I, Yuzefovych, R., Lychak, O., Lys, R. (2021). Methods of hidden periodicity discovering for gear-
box fault detection. Sensors, 21(18), 6138. https://doi.org/10.3390,/s21186138
Javorskyj, 1., Yuzefovych, R., Matsko, 1., Zakrzewski, Z., Majewski, J. (2017). Coherent covariance analysis of periodical-
ly correlated random processes for unknown non-stationarity period. Dig. Signal Process., 65, 27—>51. https://doi.org/10.
1016/j.dsp.2017.02.013
Javorskyj, 1., Yuzefovych, R., Matsko, 1., Zakrzewski, Z. (2022). The least square estimation of the basic frequency
for periodically non-stationary random signals. Dig. Sign. Proc., 122, 103333. https://doi.org/10.1016/j.dsp.2021.
103333
Javorskyj, 1., Yuzefovych, R., Lychak, O., Semenov, P, Sliepko, R. (2023). Detection of distributed and localized faults in
rotating machines using periodically non-stationary covariance analysis of vibrations. Measurement Science and Techno-
logy, 34(6), 065102. https://doi.org/10.1088,/1361-6501 /achc93
Received 24.09.2024
Revised 10.03.2025
Accepted 25.03.2025

ISSN 2409-9066. Sci. innov. 2025. 21(6) 47



Javorskyj, I. M., Torba, Yu. I, Yuzefovych, R. M., Sbrodov, Ye. V., and Lychak, O. V.

IM. Asopcoruit ' (https://orcid.org/0000-0003-0243-6652),
I0.I. Top6a ? (https://orcid.org/0000-0001-8470-9049),

P.M. FOseposuu "3 (https://orcid.org/0000-0001-5546-453X),
€.B. Copodos >* (https://orcid.org/0009-0005-7614-008X),
O.B. Jluuax ' (https://orcid.org/0000-0001-5559-1969)

! Dizuko-mexaniunuii incruryt im. I.B. Kaprenka
HarionanpHoi akazemii Hayk Ykpainm,

Bys. Haykosa, 5, JIbBiB, 79060, Ykpaima,

+380 32 263 3088, pminasu@ipm.lviv.ua

2 AKIliOHEpHE TOBAPUCTBO «3aIopi3bKe MAIUHOOY1iBHE
korcTpykTopehbke 610po ITIPOTPEC imeni akagemika O.T. Iuenka»,
ByJ1. IBanoBa, 2, 3anopixoks, 69068, Yipaina,

+380 61 769 93 97, progress@ivchenko-progress.com

3 Hanionaspuuit yHiBepeuteT «JIbBiBChKA MO TEXHIKAY,
ByJ1. Crenana baunnepu, 12, JIbsis, 79000, Ykpaina,

+380 32 258 25 37, coflice@lpnu.ua

4 HanionasbHuil yHiBepeuTeT «3aropisbka moJiiTexHikay,
ByJ1. JKykoBcbkoro, 64, 3amopixksks, 69063, Ykpaina,
+380 61 764 25 06, rector@zp.edu.ua

MEPIO/INYHO-HECTAIIIOHAPHI BJIACTUBOCTI BIBPAILIIA
TASOTYPBIHHOTI'O ABUT'YHA 3 HEBAJIAHCOBAHUM POTOPOM

Beryn. AMiuniTyauii criektp Bibpaitiii rasoTyp6iHHOTO ABUTYHA BU3HAYAETHCS 32 IOTIOMOTOI0 TiepeTBopents Dyp’e curna-
JIy, & CIIEKTP MOTYKHOCTI — CHEKTPaIbHOrOo repetBopents biexmana-Trioki. OcKilbKY eKcIiepuMeHTaIbHI IaHi OMUCYIOTh-
Cs1 CyMOIO TapPMOHIYHOTO 1 BUTIAZIKOBOTO TPOIIECIB, TO 0OWBI TIPOTEAYPH € Hea[eKBATHUMHU TIPH aHa 31 MIillTaHNX CUTHAJIIB.

IIpoGaemaTuka. AHasi3 cTaHy GaJaHCYBaHHS POTOPIB ra30TyPOIHHUX JABUTYHIB IIPOBOJAATH HA OCHOBI BEJIMUMHU Pery-
JIIPHOI CKJIa/I0BOI BiOparliii Ha yacToTi o6epTaHHs poTopa. Y cKJaji BiGpaliilHOro CurHasy IpuCyTHI HU3Ka PI3HKX, 30KpeMa
il CTOXACTUYHUX, KOMIIOHEHT, SIKi CJIi[ BpaxyBaTu 11pu 06poOILli CUTHAILY JIJIsi OTPUMAHHS 0r0 PeasibHUX OIiHOK. Bukopuc-
TaHHs MOJIeJIi BIGpaIliiiHoTo CUTHAJY SIK IepioAnYHO HecTalioHapHoro sumaakosoro mporecy (ITHBIT) nossosisie kopekTHO
PO3IIIUTH PETYJISAPHY/IETEPMIHOBAHY Ta CTOXACTUYHY CKJIA/I0BI.

Mera. [TopiBHAIbHIUI aHAJII3 IEPIOAMYHOT HECTAIIIOHAPHOCTI BIOPAIIiIHUX CUTHAJIIB Ta30TypOIiHHUX ABUTYHIB 3 HeOaaH-
COBAaHUM 1 I06ATAHCOBAHIM POTOPAMHU.

Marepianm i MeToau. AHaJIi3 BEPTUKAIBHUX CKJIAJ0BUX BiOpaliiHUX CUTHAIB HEOAIAHCOBAHOTO Ta J00ANIaHCOBAHOTO
ra3oTypOIHHUX [BUIYHIB IPOBEIEHO Y HU3bKOUACTOTHIIT 0bacti (<2 kIr). 3actocoBaHo Mojiesb BiOpaliiiHOTO curHasy ra-
30TypOIHHOTO ABUTYHA SIK TIEPIOAMYHO HECTalliOHAPHOTO BUIAaZAKOBOro mporecy Ta MHK-dynkiionan aus Busnavenms 6a-
30BUX YACTOT /IETEPMiHOBAHMX Ta CTOXaCTUYHUX CKJIAJI0BUX CUTHAIY.

Pesyabratu. O1iHeHO KOPETAIiiHi Ta crieKTpanbHi (GyHKIIT BIOpamiiiHix curHaIiB, 6a30Bi YaCTOTH IXHIX PETYISPHUX Ta
CTOXacTHYHNX cKIaioBux. [TokazaHo, o criekTpr BiGpartiit ra3oTypOiHHOTO ABUTYHA 3 HaaHCOBAHNM 1 HEOATAHCOBAHIM POTO-
poM € 3MimannMu. BusiBieHo mosiirapMoHiHICTD CIIEKTPIB JIeTePMiHOBAHNX KOJWBAHb Ta BUSHAYEHO aMILIITY /[ TADMOHIK.

BucHoBku. 3alponoHoBaHi iHAUKATOPU BIOPAIIITHOTO CTAHY IBUTYHIB MOKYTh OYTH BUKOPUCTAHI /jist IX GajlaHCyBaHHS
y IIPOIIeCi HAIATOKEHH s Ta peMOHTY. [Togasbiini Joc/iKeH s Oy Iy Th 30CePeKEHH] Ha aHali31 CTPYKTYPU MOJIrapMOHiii-
HOCTI CIIEKTPiB BIOPOCUTHATIB i PO3POOIN METOMOJIOTIT BUSBICHHS 1e(heKTiB Ha PAaHHIX CTaAisIX PO3BHUTKY.

Kmouosi crosa: razoTypbiHHMiT ABUTYH, BIOpaLlist, IepioANYHI HeCTal[lOHAPHI BUIIAJIKOBI IPOLIECH, YACTOTHA OLIIHKA, CEPE/IHE,
JIACTIepCis.
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