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DIAGNOSTICS OF THE PRESENCE OF A FATIGUE CRACK IN THE COMPRESSOR BLADE USING
THE SPECTRUM OF VIBRATION AMPLITUDES AT THE SUPERHARMONIC RESONANCE

In this study, the solution of the forced vibration response of a structural element with a fatigue crack was carried out using the finite element method
to determine the influence of its presence on the flexural forced vibration behaviour of the compressor blade airfoil at the superharmonic resonance of
the order 1/2. The blade airfoil with a low twisted angle was used as an object of investigation to perform the computational analysis. Its vibrations in
the plane of minimum stiffness were excited by the kinematic displacement of root edge elements. The fatigue crack was modelled as a mathematical
cut. Two locations of the crack were investigated — on the leading edge and convex side of the blade airfoil. The nonlinearity due to the intermittent
contact of the crack surfaces, which is caused by the opening and closing of the crack during each vibration cycle, was taken into account by solving
the contact problem. To quantify this kind of nonlinear dynamic behaviour, the vibration diagnostic parameter was defined as the displacement
amplitude ratio of the dominant harmonics at the superharmonic resonance of the order 1/2. Based on the results of the calculations it has been found
that regardless of the crack location, the ratio nature is the same for all vibration axes. However, with vibrations in the plane of minimum stiffness, the
crack on the convex side of the airfoil has an opening mode propagation, which makes it possible to fix its location due to a sharp change in the ratio of
the amplitudes of the dominant harmonics along the corresponding axis.
Keywords: compressor blade airfoil, breathing crack, forced vibration, superharmonic resonance, vibration diagnostic parameter.

B po6oTi npecTaBiIeHo pe3yabTaTH YUCEIbHUX JOCITI/KeHD Ha 0a3i CKIHYCHHOGIEMEHTHOTO MOJICIIFOBAHHS BUMYILICHUX KOJIMBAaHb KOHCTPYKTHBHOTO
eIEMEHTa 3 TpINMHOK BTOMH, Ta BH3HAYCHO BIUIMB II HAsABHOCTI Ha BHUMYIICHI 3IMHHI KOJIMBaHHSA Iepa JIONMATKH KOMIIpecopa IpH
CyleprapMOHIYHOMY pe3oHaHCi mopsiaky 1/2. B sikocTi 00'€KTy TOCIIKEHHS PO3IIISLIAETHCS TIEPO JIOMATKH KOMIIPECOpa 3 MAIMM KYTOM 3aKpyTKH.
Moro konMBaHHS y IUIOMHHI MiHIMATBHOT KOPCTKOCTI 36YIKYBAINCh KiHEMATHYHHM MEPEMIIECHHAM TOPLEBHX eIeMEHTIB mepa. TpiliiHa BTOMI
MO/IC/TIOBANIACH MATEMaTHYHUM pO3pi3oM. Byio posristHyTO ABa MICHEHONOKEHHsS TPILMHM — HAa BXiJHIM KPOMI Ta HA CHIHHII Iepa JIONMAaTKH.
HemnocriiiHicTh KOHTaKTy OeperiB TpimuHH, 0O0yMOBiIEHa ii MOYEPrOBUM BiJKPUTTAM 1 3aKPHTTSIM BUKJIMKAE HENiHIWHICTB, sKka Oylla BpaxoBaHa
LUISIXOM PO3B’si3aHHS. KOHTAaKTHOI 3ajaui. [ OLiHKM HeNiHifiHOI AMHAMIYHOI TOBEIIHKU Iepa JIONATKH BUKOPHCTOBYETHCS BiOPOAIarHOCTUYHHIMA
mapameTp, a came, BiJHOIICHHsS aMIUITy] HepeMilleHb JOMIHYIOUHX TapMOHIK IIpU CyHeprapMOHIYHOMY pe3oHaHci mopsaky 1/2. 3a pesympraTamu
JIOCITIJUKCHD BCTAQHOBIICHO, 1[0, HE3AJICXKHO BiJl MICIICIIOIOKEHHS TPIIMHH, XapaKTep 3a3Ha4YCHOTO BiJHOLICHHS OJHAKOBHIl IS BCIX OCeil KOJMBaHb
nepa jonarkd. [Ipy 1bOMy, IpH KOJMBAHHAX Y IUIOIMHI MiHIMAIBHOI JKOPCTKOCTI, CIIOCTEPIra€ThCs «IMXAHHS» TPIIMHA BTOMH Ha CIHMHII I1epa, 110
no3Boiisie 3adikcyBaTh i MICHENOJIOXKEHHS, SIKEe BIINOBiJAa€ pIi3Kid 3MiHI BiJHOLICHHS AaMIUITYJ] JAOMIHYIOYHX TapMOHIK HEPEMIICHb Y3I0BXK
BiZIIOBIZHOI OCi.

Kutro4oBi ciioBa: mepo JionaTtku KOMIIpecopa, Juxarda Tpill[iHa, BUMYIICH! KOJMBAHHSI, CYIIEPrapMOHIYHUN PE30HAHC, BiOpOAiarHOCTHYHUI
nepamerp.

B pabote npencTaBieHO pe3yIbTaThl YHCICHHBIX HCCIIEIOBAaHUN BEIHY)KACHHBIX KOJIEOAHUH YIPYroro KOHCTPYKIHOHHOTO JJIEMEHTA C YCTaJOCTHOU
TPEIIHHOM, BBIIOJIHEHHOE C HCIIONIb30BAaHHEM METOJa KOHEUHBIX DJIEMEHTOB, JUIS OIPEICNICHHS BIUSHHS €€ HAIUYHS Ha BBIHYXKJCHHBIC H3THOHbBIC
KoJeOaHMIX Iepa JIONATKH KOMIIpeccopa IIpU CyNeprapMOHHYECKOM pe3oHaHce Hopsaka 1/2. B kauecTBe 00beKTa HCCICAOBAHUS IS IPOBEICHHS
aHanu3a ObLIO HCIIOIb30BAHO IIEPO JIONATKH KOMIIPECCOpa ¢ MalbIM YIJIOM 3aKpyTKH. Ero kome®aHUs B IUIOCKOCTH MHHHMAJBHOH KECTKOCTH
BO30Y’KIalIMCh KUHEMAaTHIECKUM IIepeMeNIeHHEeM TOPIEBBIX JIEMEHTOB. Y CTAIOCTHAS TPEIIMHA MOJAEIHPOBANACh MATEMaTHIECKHM pa3pe3oM. bruio
HCCIICIOBAHO [[Ba MECTOINOJNOXKEHHS TPEIIUHBI - Ha BXOAHOH KPOMKE M Ha CIHMHKE Ilepa JIomaTkd. HenmHeHHOCTh M3-3a IPEpBIBHCTOrO KOHTAKTa
OeperoB TPEIUHBI, BBEI3BAHHOTO €€ II00YEePEAHBIM OTKPHITHEM H 3aKPBHITHEM BO BpeMs KaXIOro LUKIAa KoseOaHWM, OblIa ydYTeHA NPU PEIICHHU
KOHTAaKTHOH 3ajgaun. [l OLEHKM TAaKOro HENMHEWHOro AMHAMUYCCKOTO IIOBEICHUS, OBbLI ompeleleH BHOPOIMATHOCTHYECKHII IapaMerp Kak
OTHOILICHHE aMIUIUTYJ MEepEeMEIleHUH JOMUHUPYIOIIHX TapMOHHK IIPU CyIeprapMOHHYECKOM pe3oHaHce mopsiaka 1/2. Ilo pesymbratam pacueToB
YCTaHOBIICHO, YTO, HE3aBUCHMO OT MECTOIIOJOXKCHHS TPELIMHBI, XapaKTep yKa3aHHOIO OTHOLICHHS OJMHAKOB IS BCEX Ocell KoneOaHWH mepa
nonatku. OnHAKO, P KOJICOAHHUAX B IUNIOCKOCTH MHHUMAIIBHOH JKECTKOCTH, HAOMIONAETCs «JbIXaHHEe» yCTAIIOCTHOH TPEIIMHEI HA CIIMHKE IIepa, YTOo
MO3BOJISIET 3a(pUKCHPOBATH €€ MECTOIOJIOXKCHHE 3a CUET PEe3KOr0 M3MEHEHHS COOTHOIICHWS aMIUIUTY]] HepeMeIeHHH TOMHHUPYIOMUX IapMOHUK
BIIOJIIb COOTBETCTBYIOIIEH OCH.

KiioueBble cj0Ba: IIepo JIONATKH KOMIIpECccOopa, JblIamas TpPEIIMHA, BBIHYXKJICHHBIC KOIEOAHMS, CyIeprapMOHHYECKHIl pe3OHaHC,
BUOPOANArHOCTUYECKHUH ITapaMeTp.

Introduction. The presence of fatigue cracks in the
complex structural system such as turbomachine may lead
to dangerous effects for its safety and cause abnormal
behaviour. Therefore, vibration analysis of structures with
cracks operating under dynamic loading conditions is an
important area of research due to the growing demands for
reliable damage detection techniques. The presence of
such damage not only causes a local change in the
mechanical characteristics of the structure at its location,
but it also affects in general on the structure [1]. Thus
methods based on the dynamic behaviour of structures
with fatigue cracks can be an effective means for damage
detection in non-destructive tests.

Open crack and breathing crack models are the two
main categories of crack models used in vibration-based
detection methods. The first models assume that the crack
in a structural element is open and remains open during
vibration. The assumption is usually satisfied when the

damage is rather large and avoids the difficulties resulting
from the nonlinear behaviour of breathing crack. On the
other hand, the breathing crack model is generally used in
the case the damage occupies only a small portion of the
cross-section of the structural element. In this case, it
requires a nonlinear model to take into account its effect
on the dynamic behaviour of the system. Consequently,
vibration-based methods are also classified into two
categories: linear and nonlinear approaches.

In the linear approach, the presence of damage in the
structure is detected by monitoring the changes in modal
parameters, such as natural frequency, and mode shape [2,
3]. Due to the low sensitivity of these indicators they
usually require a rather large size of the damage in the
system to provide an adequate identification [4].
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Crack front
on the leading edge

Crack front
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Fig. 1 — The FE model of the airfoil of the investigated
compressor blade (@) and its cross-section areas with
crack (b)

In the nonlinear approach, the breathing crack model
considers that, during the vibration cycle, the edges of the
crack come into and out of contact, leading to changes in
the dynamic behaviour of the structure, which might be
useful for the detection of cracks. In these methods,
characteristics of the nonlinear dynamic response such as
the presence of sub and super harmonics or changes in the
phase diagrams can be used as damage indicators [1, 5].
As mentioned earlier, the excitation of the structure with
fatigue crack by a harmonic force causes “breathing” of
the crack which leads to appearance harmonics that are
integer multiple or fractional multiple of the forcing
frequency. These harmonics are commonly named as sub
and super harmonics, respectively. These features are
easily detectable and more sensitive to characteristics of
the damages in comparison with the modal properties of a
linear system. However, the researchers’ attention has
been focused mainly on the investigations of the nonlinear
effects caused by the presence of breathing cracks in the
rods with different cross-section types [1, 5 - 9].

Therefore, the main goal of the present paper is to
determine the vibration diagnostic parameter, as the
displacement amplitude ratio of the dominant harmonics
at the superharmonic resonance of the order 1/2,
indicating the presence of a breathing crack on the leading
edge and convex side of the blade airfoil.

Investigation object and its modelling. The gas-
turbine engine low-pressure compressor blade was chosen
as the object of investigation for computational
experiments. Its airfoil with a low twisted angle has length
L =105 mm and is made of BT-2 titanium alloy with the
following physical and mechanical characteristics:
modulus of elasticity of the Ist kind £ = 1.15-10!! Pa;
density p = 4500 kg/m?; Poisson's ratio u = 0.3.

In the study, a finite element method (FEM) is used.
As in [9], for FE modelling of the blade airfoil under
investigation with allowance for its design features, we
divided it into portions. In that case, a linear eight-node
finite element and its modifications were chosen for
modelling. Previously they were used in solving similar
problems for damaged blades, and rods of a rectangular
and circular cross-section with fatigue cracks [11, 12]. A
general view of the airfoil FE model is shown in Fig. la.
The fatigue damage was simulated as a mathematical cut
in two locations (Fig. 1b) — on the leading edge and
convex side of the blade airfoil at the point xr = 10.5 mm
up from the root cross-section, which is 10% of the airfoil
length. The damaged area is 10% of the airfoil cross-
section area. The mutual non-penetration of crack faces
was ensured by the introduction of the surface-surface
contact elements, which makes it possible to take into
account different contact conditions.

The forced vibrations of the FE models are described
by the nonlinear differential equation:

[ Y+ [DY + [ = {000} )

where [M], [D], and [K] are the inertia and dissipation
matrices, and the stiffness matrix of the system,

respectively, {u}, {u}, and {u } are the column vectors

of displacement, velocity, and acceleration, respectively,
{O(f)} is the column vector of the external harmonic
loading.

Due to the contact interaction of the crack faces
during the vibrations, the stiffness matrix changes in time
and is defined by the equation:

[k Y}~ 1}~ ¥ }= 0 @

where {]:" } is the vector of nodal forces and {FK } is the

vector of nodal forces occurring during the contact
interaction of the crack faces.

The nonlinear equation (1) is solved by integrating
with time using the Newmark method [13]:

(o =t + 10—k i), + ke ), T o
I O ) R

where k1 and k2 are the Newmark integration parameters
that determine the accuracy and robustness of the
integration.

Investigation Results and Their Analysis. A set of
numerical experiments was performed to determine the
effect of the fatigue crack presence on the flexural forced
vibration behaviour of the blade at the superharmonic
resonance of the order 1/2 using the developed FE models
of the selected assembly of blades and calculation
procedure.

The calculations were performed for the case of a
rigid coupling over the root edge elements of the airfoil.
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Fig. 2 — Amplitude and frequency characteristics of
displacements along with the Oy axis of the intact blade airfoil
(- - -) and with the breathing crack (e — on the convex side; m —

on the leading edge) at the fundamental resonance

The forced vibration was excited by kinematic
displacement Qusin(wt) of the specified elements with an
amplitude Qo = 10 m along axis Oy at the frequency,
which denotes the first flexural mode of vibrations within
the plane of its minimum stiffness.

The authors obtained the time dependencies Ui(?) of
the free end displacement of the blade airfoil by the
Newmark method. Using the results of the harmonic
analysis for the portions of these relations characterizing
the stationary regime of vibrations, the amplitude and
frequency characteristics were derived for the parameters
of forced vibrations of the blade airfoil depending on the
location of damage (Fig. 2). Here, 41 —the amplitude value
of the first (main) harmonic; w — excitation frequency.
The figure also shows the dependencies for an intact blade
airfoil. The data analysis implies the changes in vibration
frequency in comparison to the intact airfoil are 0.6% and
3% for the leading edge and convex side respectively, but
the level of the amplitudes of the dominant harmonics for
the selected locations of damage is the same. This is due
to the different influence of the selected damage locations
on the stiffness of the blade airfoil. The breathing effect of
the damage, which located on the convex side of the
airfoil, leads to the change of the airfoil stiffness during its
vibration. On the first half-cycle of the vibration, when the
damage is closed and its surfaces have full contact, the
stiffness of the blade airfoil is equal to an intact one. In the
second half-cycle, the damage is open. When the damage
located on the leading edge, the contact of crack surfaces
characterized by longitudinal shear. Therefore, such type
of contact decreases the stiffness less significant, in
comparison with the damage on the convex side.

Fig. 3 shows the spectrum of vibration amplitudes of
damaged blade airfoil at the fundamental resonance for
two locations of damage, where 4; — the amplitude value; i
— a harmonic number. As we can see in the spectrum of
vibration amplitudes, there are harmonics at frequencies
that are multiples of %3, 2, 3, 4, etc. excitation frequency,
which corresponds to the fundamental frequency. Also,
there is the harmonic of the static component (i = 0). From
the obtained data it follows that the largest harmonics,
after 41, occur at i = 0 and 2, the amplitudes at i = 1/2 and
3 are equivalent. The higher harmonics in comparison

with the presented are very small and their fixation is
problematic.

Next, look into the possibility of excitation of the
superharmonic resonance of the order 1/2. Nonlinear
resonance is excited at frequency close but not equal to
half of the fundamental frequency.

Fig. 4 a presents the output signal of the free end of
blade airfoil which is nonlinear and causes additional
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Fig. 3 — The spectrum of vibration amplitudes of blade airfoil
with the damage (navy blue line — on the convex side; black line
— on the leading edge) at the fundamental resonance
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Fig. 4 — The free end displacements of the blade airfoil with the
damage (navy blue line — on the convex side; black line — on the
leading edge) (a) and corresponding them the spectrum of
vibration amplitudes (b) at the superharmonic resonance of the
order 1/2
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Fig. 5 — Diagrams of the amplitudes of the dominant harmonics
along with the Ox (a), Oy (b) and Oz (c) axes of the blade airfoil
with the damage (® — on the convex side; m — on the leading
edge) at the superharmonic resonance of the order 1/2 on their
registration point

harmonics in the spectrum of its vibrations (Fig. 4 b), the
largest of which corresponds to the fundamental frequency
and has the same order as the harmonics at the excitation
frequency, whereas the level of other harmonics a 100
times less.

As mentioned earlier, the possibility of using
multiple harmonics due to nonlinear effects caused by the
presence of a breathing crack as a vibration diagnostic
parameter has recently been the subject of a large number
of studies. Moreover, to detect the presence of such type
of damage, both their absolute values and ratio may be

used. Therefore, in this work, we determined the ratio of
the amplitudes of the first harmonic 4: to the harmonic
Aiy2 at the superharmonic resonance of the order 1/2..

As an example of the obtained results, in Fig. 5 the
dependencies of the indicated ratio on the point of
registration of vibrations (xo) along the airfoil length is
shown for two locations of the breathing crack. All
calculations are presented for the first flexural mode of
vibrations.

The analysis of the obtained results shows,
regardless of the crack location, their nature is the same
for all vibration axes. However, with vibrations in the
plane of minimum stiffness, which are considered in this
work, the crack on the convex side of the airfoil has an
opening mode propagation, as previously stated, which
makes it possible to fix its location due to a sharp change
in the ratio of the amplitudes of the dominant harmonics
along the Oy axis.

Conclusions. In this work, the authors show the ratio
of harmonics at excitation frequencies that are multiples
of the fundamental frequency can be used to diagnose the
presence of fatigue crack. To locate the crack, it is
necessary to excite the opening crack mode. In this case,
in the neighbourhood of the crack, there will be a sharp
change in the ratio of the amplitudes of the dominant
harmonics at the superharmonic resonance of the order
1/2.

This publication was prepared within the framework
of the research project “Development of methods for
diagnosis and analysis of the failure causes and reduction
of vibration stress level of the blades and their systems
during operation of gas turbines”, which has received
funding from the National academy of sciences of Ukraine
under grant agreement No 240/2021-03/03.
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