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DETECTION OF CRACKED BLADE FROM BLADED DISK FORCED RESPONSE

USING TIP-TIMING METHOD: SIMULATION STUDY

The study intends to simulate the process of the blade tip amplitude calculation by the tip-timing method. An
attention is focused on tip-timing measurements for identification of a cracked blade from the bladed disk
forced response. The cracked blade is considered within frameworks of the bladed disk dynamic model that
takes into account mistuning presence. Nonlinear formulation of a crack behavior is done with the harmonic
balance method in its combination with the contact analysis that allows simulation of crack breathing. In order
to make the cracked blade identification process evident, the crack length and location are set in such a way as
to produce the cracked blade frequency localization. Reconstruction of the blade tip amplitudes is attained
with the arriving time of measured probes of the blade tips. The results are compared with the blade forced
response obtained by the bladed disk dynamic model. Proposed model can be used for the simulation of the
process of on-line health monitoring of aviation gas-turbine engines. And more particularly to provide data of

engine vibration parameters modification in operation.
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1. Introduction

Commonly known failure mode of aircraft gas-
turbine engines is a high-cycle fatigue of turbine and
compressor blades. It is caused by dynamic loading
resulting in resonance blade vibration within operating
range of rotor frequency. Most of engine shut-downs are
caused by blade failures due to resonance vibration or
flutter. Vibration-based inspection of structural behavior
offers an effective tool of non-destructive testing. An
analysis of forced response of a cracked structure to
excitation forces and monitoring of alterations, which
occur during its lifetime, may be used as a general
integrity-assessment technique for detection of a crack
presence.

A review of experimental studies allows drawing a
conclusion that a decrease of natural frequencies of the
beam-like model of the cracked blade is a major derived
diagnostic sign. There are some approaches to inspect
the vibration response of structures with non-
propagating crack by means of stochastic analysis,
examination of acoustic signals and a use of its
frequency or modal data [3], [6], [16]. Structure
displacements in the time domain can also provide
information about crack presence [12], [13]. A study of
crack effects within frameworks of the bladed disk is a
complex problem and has been described in [18].

Health monitoring of the aviation engine requires
relevant information about blade vibration. The
information can be gathered through measurement of

the blade dynamic performance. Usually vibration
measurement is made with strain gauges mounted on the
blade surface [7], [14]. The testing signal is received by
a wireless telemeter system [17]. The technique allows
continuous capture of responses from the selected
blades. However, mounting of the system is a costly
procedure as well as the system itself that must
withstand centrifugal forces and high temperatures. It
provides only few data points simultaneously.

Nowadays, some non-invasive methods, that
attract increasing attention of the researchers, are based
on measurement of blade tip deflections making use of
the blade tip arriving time when a blade tip passes the
probes stationary installed on engine casing. The
technique is known as the tip-timing method [2], [5],
[20], [21]. If there is no vibration, the blade tip arriving
time depends only on the rotor rotation speed, while
under vibration, it depends on vibration amplitude as
well. The tip-timing method can be used to create an on-
line system for monitoring the blade dynamic
performance. The system should enable to solve the
following tasks:

— initial data measurements (time of blade tip
passing through the probe) using single- or multiprobes
measurements

— calculation of
(vibration amplitude,
measured data

characteristic ~ parameters
blade tip deflection) using

— processing of characteristic parameters in order
to describe a selected blade dynamic behavior.
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2. Bladed disk model subjected to tip-timing
measurements

Simulation of the bladed disk forced response can
be used to describe an application of tip-timing method.

Usually, the bladed disk dynamic problems are
themselves the objects for application of the cyclic
analysis technique. It is due to their behavior symmetry
in circumferential direction. The presence of mistuning,
i.e. a spread of structural properties from one blade to
other, or in cyclic representation among the sectors,
disrupts the symmetry. Though, an opportunity remains
to continue cyclic analysis of the mistuned bladed disks
[1]. The study deals not only with the mistuning caused
by manufacture inequalities. The crack presence in the
blade induces its nonlinear behavior that leads to
impossibility to use cyclic analysis and a full-assembled
disk model is required to simulate the crack effects on
the disk forced response.

The finite elements model of disk sector with a
cracked blade was initially developed using ANSY'S (fig.
1, a). Then its structural matrices were transferred to
MATLAB to continue sequential assembling process of
the full bladed disk. As the initial data, a bladed disk with
31 blades was taken (fig. 1, b) with the same material
properties for blades and disk (Young’s modulus =
2:10"Pa, Poisson’s ratio = 0.3 and mass density =
7.810°kg/m’). Geometrical data of the model: disk radius
= 0.3m, blade height = 0.08m, blade thickness in root
section = 0.006 m, blade width in root section = 0.03 m,
crack length = 0.004m (13.3% cracked blade), twisting
angle = 30 deg. Excitation force amplitude = 0.3N.

Reduction of the model was suggested to be
achieved by making use of a sub-structuring aProach.
Crack location is assumed to represent an interface
between two sub-structures. This is not a classical sub-
structuring as these sub-structures are not entirely
independent. In the case of the bladed disk, the model
reduction is done on the base of a disk sector with a
cracked blade. The sector is reduced and then the
complete system assembling is performed.

For reduction the fixed-interface method is applied
[4]. The fixed interface modes are the modes of the
structure uncracked state and static modes are the modes
of the crack opening. Relative displacements between
contact pairs are considered as the interface or master
DOFs. A certain number of modes describing uncracked
bladed disk behavior and DOFs of nodes of external
forces application are added to this set. The initial full
model of the assembled bladed disk contained 28284
DOFs. It was reduced to the model with 136 master
DOFs plus certain number of additional modes. It is
sufficient to retain 50 additional modes to accurately
approximate dynamic behavior of the full model within
the range of the 1st blade flexural modes.

Blade 2

Blade 1

(sector with cracked blade)

Blade 31

Fig. 1. Bladed disk finite element model:
a — assembled disk model, b — sector with a cracked blade

2.1. Nonlinear formulation of cracked blade
behavior

Let the cracked blade nonlinear dynamic behavior
be described by the equation of motion:

Mii + Cit + Ku+ Fyy(u,, ) =For (0, (1)

where u is the vector of nodal displacements, M, C,
and K are symmetric mass, damping, and stiffness
matrices of the bladed disk model, Fy is the vector of
amplitudes of external excitation forces, Fy is nonlinear
forces vector. Damping matrix was calculated on the
base of structural damping ratio & and stiffness matrix
C. =¢&K.

Nonlinear formulation of the problem under
consideration can be done by means of the harmonic
balance method. Detailed description of the procedure is
given in [12], where the uncoupled cracked blade of the
same geometry was studied. In accordance with the
abovementioned procedure, a solution to equation (1)
can be decomposed into the infinite base of
trigonometric functions. Numerically, it is not rational
to process the infinite sum and hypothesis that solution
can be approximated by truncated Fourier series is
applied.
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Nonlinear and linear solutions in the time domain
are shown for relative vertical displacement between
two coinciding contact nodes — “crack point” (fig. 2)
and horizontal displacement of excitation force
application node — “tip point” (fig. 3). Simulations were
performed at excitation frequency of 3410 rad/sec. The
frequency is close to the resonance frequency of all-
blades principal response (fig. 4).
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Fig. 2. Nonlinear solution by harmonic balance method
for different harmonic numbers in “crack point”

Results of contact interaction simulations (fig. 2)
reveal presence of the contact force. The set value of
penalty stiffness (k,~=10'"" N/m) is sufficient to avoid
penetration. Nonlinear force approximation allows
accurate simulation of the nonlinear behavior of the
cracked blade [11], [12].
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Fig. 3. Nonlinear solution by harmonic balance method
for different harmonic numbers in “tip point”

Figs. 2-3 show the simulations performed for
different numbers of retained harmonics. Their number
is strongly critical to reduce computation time. For all
following simulations the nonlinear model with two
harmonics will be used as it provides a sufficient
description of the system behavior. Besides, the blade
tip response (fig. 3) remains practically sinusoidal and
this can be used to simplify formulation of the tip-
timing method governing equation [7], [20].
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Fig. 4. Forced response of the bladed disk calculated
at the “tip point” (crack length a=4mm)

The bladed disk frequency response (fig. 6) shows
a notable difference between the linear and nonlinear
responses measured for the cracked blade. During the
crack closure an added energy dissipation is expected
that results in lower magnitude of the cracked blade at
its nonlinear formulation. The nonlinear formulation of
the crack presence leads to the cracked blade localized
resonance to be shifted to all-blades principal response
as the nonlinear solution takes intermediate position
between linear solution and solution to the uncracked
blade [12]. It will probably cause problems with the
cracked blade identification at certain level of
mistuning. In addition, the cracked blade frequency
localization is observed in fig. 6 (appearance of the
additional peak).

2.2. Mistuning effect on forced response of the
bladed disk model

Many authors admit that prediction of mistuning
effect on the bladed disk response is a challenging
problem [1], [15]. The difficulties are caused by two
main complications:

— mistuning disrupts system cyclic symmetry,
and

— mistuning leads to higher than expected
amplitudes.

Mistuning effect on the bladed disk forced
response can be represented by the blade stiffness
mistuning. As far as the range of blade first flexural
modes is considered in the analysis, the mistuning
model can be represented by perturbation of the
individual blade partition of the bladed disk stiffness
matrix:

K™ =(1+m)K?, )
where m; is the mistuning coefficient of j-th blade
relatively to the 1st blade (cracked) and randomly

generated by normal law with mean p=0 and standard
deviation o.
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Fig. 6. Mistuning effect on the bladed disk forced response (crack length a=4mm, EO=28):
a—0=0.02; b—5=0.02 (zoom)
The outcomes of simulations of different monotonic and depends on blade- and disk-dominated

mistuning levels (figs. 5-6) have proved that the
cracked blade nonlinear behavior taken into account
arises difficulties in identification of the cracked blade.
Sometimes it becomes impossible to distinguish a
cracked blade localized dynamic behavior. The linear
model at mistuning level of ¢ = 0.02 allows to
recognize the cracked blade, whereas the nonlinear
model makes the procedure unrealizable (fig. 6). The
maximum of the cracked blade localized response
depends on excitation force phase lag. The maximum of
the cracked blade response increases with a raise of
difference between numbers of stator and rotor blades.
This can be explained by an increase of number of
excited nodal diameters. In this case a decrease of
coupling between neighboring blades occurs that results
in more independent behavior of the frequency localized
cracked blade. But this relationship is not always

modes interaction and disk-blade mode veering
location. In [9] it was shown that in the blade-dominated
family of modes, the transfer of modal energy to the
disk in veering results in a lower force exciting the
mode as well as lower amplitude of blade.

With the cracked blade localization achieved, a
particular case should be considered. It could be
supposed that mistuning will be more critical for
cracked blade detection under absence of the
localization phenomenon.

Moreover, in such case it would be possible to
omit the nonlinear formulation of cracked blade
behavior. The initial data are as it was before,
notwithstanding that the crack length decreased to 2mm
(6.65% cracked blade). Figs. 9-10 are provided to show
cracked blade detectability under the absence of the
localization phenomenon.
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Fig. 7. Mistuning effect on the bladed disk forced response (crack length a=2mm, EO=28):
a—0=0.005; b — 6=0.005 (zoom)

A conclusion can be drawn that under absence of
the forced response localization even a relatively small
level of the mistuning makes impossible to separate the
cracked blade response from those of the rest of blades
(fig. 7). Additionally, no resonance shift is observed by
comparing results of the linear and nonlinear model
solutions. Only a small difference in amplitude levels is
seen between both model solutions under absence of
mistuning. These observations allow the following use
of the linear formulation of the crack presence in the
blade under absence of localization of the cracked blade
vibration.

Furthermore, it should be noted that additional
resonances in the case of EO = 28 (figs. 5-7) are
present, whereas they are absent when the excitation
forces frequency lag (fig. 6) is not taken into account.
These resonances correspond to disk-dominated modes
of three nodal diameters and their excitation is
explained by the rules of ZigZag diagram.

3. Simulations of tip-timing measurements

To continue with mathematical formulation of tip-
timing method, some remarks should be declared. As far
as our main task is simulation of tip-timing method
application to cracked blade identification, some “raw”
measurement data should be available. They are arriving
times of each blade captured by probes. At absence of
experimental data we need to create a database
containing these data. It can be performed by
establishing a relationship between arriving time of
vibrating blade and parameters of its frequency response
(amplitude and phase of vibration) depending on blade
and probe angular position. Therefore the process of tip-
timing method simulation will consists of two principal
stages:

— blade arriving times generation (simulation of

experimental measurements) to emulate real experiment

— reconstruction of blade tip amplitude and phase
using arriving times with the goal to obtain bladed disk
forced response.

3.1. Generation of the blade tip arriving times

Tip-timing method can be used for both single
blade and for multi-blades measurements. Firstly, the
approaches for one blade measurement simulation were
developed [20].

Let’s consider fig. 8. The blade rotates at speed Q
and passes each probe at one rotation. Then it is
assumed that the origin is chosen such that the blade is
at angular position € at time t = 0. The time required for
the blade without vibration to pass through the probe at
k rotations is:
where Q is the frequency of the rotor rotation at
particular measurement, € is the blade positioning angle
relatively to the first blade at first probe and ¢ is the
probe positioning angle counting from the first probe.

It will be accepted during consequent simulations
that origin coincides with angular position of the first
probe and the first measurement is attributed to the first
blade.

During rotation each blade passes the following
angular distances:

— to probe

c=g+0+2nk;
— due to rotation
d. =0t ;
— due to vibration
d - {A(m) sin(ot + EOg + \u(m))}
v .

R



160

Hugpopmayuonnvie mexnonozuu

Acceptingc =d; +d,,, the governing equation of

the blade tip-timing method will be derived to calculate
the actual arriving time [7]:
Ot —2nk+e+9¢)+

. { A(w)sin(ot, + EOg + \v(oo))} 0 “)

R

where A(®) and y(w) are amplitude and phase obtained
from forced response of bladed disk model developed in
section 2, o is the excitation frequency at particular
measurement.

casing

Fig. 8. Presentation of the tip-timing method

Equation (4) is solved by a method of nonlinear
equations solution (Newton’s method) in order to obtain
tip arriving time of each vibrating blade at each probe.

The rotor speed is assumed to be constant at every
point of the measurement; however the supposition is
not longer valid. In the case of high frequency of rotor
acceleration, the error in amplitude calculation will not
be negligible. It means that the blade passes through
probes at different frequencies of excitation and this can
be avoided by decreasing rotor acceleration or
approximation of the rotor acceleration curve by step-
function.

Therefore the rotor speed should be maintained
constant throughout every measurement, especially in
the resonance area. The requirement can be fulfilled
through the engine maintenance procedures aimed at
determining the bladed disk vibration performances and
detecting possible damages.

3.2. Blade tip amplitude reconstruction
by tip-timing data

Tip-timing measurements of a blade are presented
in fig. 9. The time-history curve of the blade is
intersected by 3 trucking lines of each probe giving
three values of the tip amplitude. The linear distance
passed by tip of j-th blade without vibration is equal to

RQtL,p, which is measured for p-th probe at k-th

rotation of the working wheel (disk). Without vibration
this distance will be constant. However, if the blade is
subjected to vibration, it will be possible to capture
arriving time difference and reconstruct the blade tip
amplitude.

Numerical expression of the blade response
captured by p-th probe using arriving time data can be
written as follows:

af;’p =RQAtf.{’p,j=1...nr,p=1...n, 5)

where Atf(pz(tfw—tJ )p is the arriving time

k,uv
difference between vibrating blade and blade without
vibration, which is synchronized to impulse of the first
blade without vibration captured at the origin of
measurements (first probe).

Fig. 9 shows derivation of formula (5). There are
curves of the blade tip time-history and tracking lines of
three probes.

Since the probes are fixed and we are in the
rotating reference frame, the tracking line of the probes
will be opposite to direction of the rotor rotation.
Segment DE represents amplitude of the blade tip
vibration (fig. 9), whereas segment EF is the arriving

time difference At}(’p measured by a probe.

Equation (5) is easily drawn on base of this
geometrical presentation.

Expression (5) enables calculation of the
maximum tip amplitude of every blade [10], [11]. It has
already been specified that there are n data points of the
blade tip response (n — number of probes) at every
rotation.

A tip response is supposed to sinusoidal (Fig. 6)
and thus can be represented at point D (fig. 19, b) as:

al = Ay sin(oyty y +yy),j=1.n,p=1.1, (6)

where A{'( is the maximum amplitude of j-th blade tip in

k-th measurement point and yy is the phase.

In the case of three probes, equation (6) leads to a
system of three equations with undefined A and . For a
blade at a particular frequency (measurement point) the
system will be as:

Asin(oty, +y) = RQ(t)y =ty );
Asin(oty, + W) = ROQ(ty, =ty ); (7N
Asin(ots, +y) = RO(t3, —tz,y)-
The system (13) can be rewritten in order to use the
method of solving the system of linear equations:
bcos(mty, ) +csin(ot, ) = RQ(t), =ty );
bcos(ot,, ) +csin(otyy ) = RQ(ty, —try);
bcos(mts, ) +csin(mtz, ) = RQ(t3, —tz,y),

A =+b? +¢? ,\y = arctan(c/b).
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Structurally, the blade tip amplitude reconstruction
comprises the following stages:

— blade tip arriving time generation with and
without vibration using equation (4);

— synchronizing arriving time to the arriving time
of the first blade without vibration captured by the first
probe;

— calculation of the blade tip amplitude captured
by probe using formula (5);

— reconstruction of maximum blade tip amplitude
and phase using system of equations (8).

Throughout simulation it is possible to make &
measurements of each blade vibration state, which is
equal to the rotor rotation number accomplished over
time of the rotor acceleration:

Q,-Q
k=0 Tr+ S ok )T —QlTr+(§22—Ql) ,(9)
Tr 2

where Q,,€Q; are the rotor rotation frequencies at the

end and beginning of the rotor acceleration time, Tr is
the rotor acceleration time. Rotation speed is supposed
to be changed linearly at the rotor acceleration.

The initial data for the blade tip-timing method
simulation:

— engine acceleration time — Tr = Ssec;

— rotor frequency range — Q=16...20Hz;

— engine order of excitation — EO = 28;

— excitation force amplitude — F,= 0.3N;

— rotor radius — R =0.38m;

— number of measurements — k = 90;

— number of probes —n = 3.

For each of the simulation cases a comparison is
made of the forced response obtained with the arriving
time data and the forced response by harmonic balance
method. The responses of all-blades response in
particular measurement point (excitation frequency) are
to be obtained in order to assess the feasibility of
identifying a cracked blade. It also allows identification
of a cracked blade by the tip amplitude distinction away
from the resonance peak. An attention should be paid to
the engine acceleration time, which is important to
accurately represent frequency response curve of the
investigated object. Some numerical tests were
performed to verify correctness of the chosen value of
the rotor acceleration time.

Figs. 1011 show the outcomes of the tip-timing
measurements at different levels of mistuning and also
prove applicability of the blade tip-timing method to the
blade tip amplitude measurements and construction of
the bladed disk frequency response in the case of the
cracked blade frequency localization (13.3% cracked
blade.)

The results shown in figs. 10-11 confirm the
supposition stated in 1.3: the mistuning level of 6 = 0.02
makes identification of the cracked blade impossible,
whereas it is achievable under the mistuning level of
= 0.01. There is again a case of deterioration of
detectability of the cracked blade under application of
the nonlinear formulation of a cracked blade behavior.
Earlier it has been shown that a cracked blade response
at o = 0.02 of mistuning at its linear formulation is still
possible to distinguish, but the nonlinear formulation
makes the procedure unfeasible (figs.5-6).

The tip-timing simulation allows making a
comparison of the maximum amplitude responses of all
blades at each point of the measurement (fig. 12—13). To
demonstrate this, four points of measurement were
selected: before the cracked blade localized response
(fig. 12a), around the cracked blade localized response
(fig. 12b), around the all-blades principal response (fig.
13a), after the all-blades principal response (fig. 13c¢).
Each of the points is described by three curves showing
the blade tip amplitude response calculated by the
harmonic balance method (“by HB method”), using tip-
timing method data with nonlinear (“by TTM data
(nonlinear case)”) and linear formulation of the cracked
blade behavior (“by TTM data (linear case)”).
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a—=3273.5rad/sec; b— o =3455.3rad/sec

An analysis of the mistuned bladed disk response
data at each point of the measurement reveals a decrease
of the cracked blade detectability under presence of
mistuning. In the case of mistuning level of o = 0.01
(Fig. 12-13) it is still possible to distinguish an
amplitude of the cracked blade tip almost at all points of
measurement except for the point #59 (Fig. 13a.) This
point is close to the all-blades resonance peak, which is
the most mistuned one. A more detailed examination of
distribution of the all-blades amplitudes shows that the
cracked blade amplitude is the highest one before the
all-blades principal response. A cracked blade is almost
impossible to detect around it, though when the all-
blades resonance frequency blades respond in a more
structured manner, a cracked blade can be distinguished
again. In this case the cracked blade amplitude has the
lowest value among the other blades.

4. Conclusions

The study dealt with two main issues: (1) an effect
of the cracked blade on the bladed disk dynamic
behavior, and (2) detection of a cracked blade by tip-
timing method.

Examination of the mistuning influence has shown
that some of its levels are critical for detection of a
cracked blade. Moreover, the cracked blade nonlinearity
diminishes the cracked blade detectability because of a
shift of its natural frequencies closer to the uncracked
state and lower amplitude of the cracked blade. It was
also shown that presence of mistuning makes hardly
achievable the detection of a cracked blade under
absence of its frequency localization.

It should be noted that the finite elements model of
the bladed disk is the simplified one. The suggested
technique of simulation of the cracked blade presence

can be easily applied in relation to more complex and
realistic models.

Advantages of the tip-timing method are obvious as it
provides an overall control over all blades. Application
of the method simulation enables:

— to control vibration state of every blade
independently and, thus have a more full understanding
of the engine dynamic state

— to calculate the blade tip amplitudes on the
base of data delivered by the probes

— to calculate resonance frequencies

— to detect the localized cracked blade in the
assembly

Some problems can arise during implementation of
the health monitoring system based on the tip-timing
method. They can be grouped round impact of the low
crack on overall blade dynamic performances. This
phenomenon depends directly on the crack size and
location in the blade and order of the excited
eigenmode. The measurement system (probe) time
resolution was also proved to be a very important
parameter. The higher the time resolution is required
with an increase of the excited eigenmode order and a
decrease of magnitude of the blade tip amplitude.
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Peniensent: a-p TexH. Hayk, npodeccop B.B. [lanun, HanmoHanbHbIH aBUalMOHHBIN yHUBepcuTeT, Kues, YkpanHa.

BU3HAYEHHS JIOITATKHA 3 TPIIIUHOIO 3 BIATI'YKY OBJIOITAYEHOI'O JUCKY
3A JIOIIOMOTI'OIO TUII-TAMMIHT METOJY: MOJEJIOBAHHSI

O.I" Kyuep, B.B. Xapumon, K.-I1. /lane, @. Toyesepe3

PobGora HarpaBiieHa Ha MOJETIOBAHHS MTPOIIECY PO3PAXYHKY 3aKiHIIIBKH JIONIATKU THI-TaHMIHI METOZOM. YBara
NpU/IiJeHa TPOIeCy BU3HAYEHHS HASBHOCTI JIONIATKW 3 TPIIIMHOIO 3 BIIIyKYy OOJOMAa4eHOro ITUCKY 3a paxyHOK
MOJICNIOBAaHHSI BUMIpPIB THUI-TalMiHr Metony. Jlomarka 3 TpIIIMHOIO PO3INISHYTa B paMKax MOJENi OOJOMaueHOro
JICKY, sIKa 37[aTHa BPaxOBYBAaTH PO30DKHICTH CTPYKTYPHHX BIIACTUBOCTEW JiomaTtok. HeriHiliHa Monmenb TPIilMHA
peaizoBaHa 3a AOMOMOIOI0 METO/la TapMOHIYHOro OajlaHCy 3 eIeMEHTaMU KOHTAKTHOro aHami3y. it 3abe3neueHHs
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OLIBIIOT HATISIHOCTI TPOIECY BU3HAYEHHS HASBHOCTI JIONATKU 3 TPIIIMHOIO, PO3MIp Ta PO3TAIlyBaHHS TPILIMHH
BUOpaHi TakWMH, SIKi 3a0e3NeYyloTh YACTOTHY JIOKAIli3allifo JIONATKH 3 TPINIMHOI0. PEKOHCTPYKINS aMILTITy[
3aKIHI[IBOK JIONIATOK BHKOHAHA, BUKOPHCTOBYIOYM 4Yac IPOXO/PKEHHI JIOMATKOI CTalliOHAPHO BCTAHOBJIEHHX
JIATYMKIB. 3IIHCHEHO TOPIBHSHHS DPE3YIBTaTiB 3a JaHMMHU OoTpuMaHuMu 3 AUX Mozneni oOllomayeHoro AWCKY.
3anporioHoBaHa MOJETb MOKEe OyTH BHKOPHCTaHA JUIsi MOJIEIIOBAHHS HPOLECY MOHITOPHHTY TEXHIYHOTO CTaHy
aBiallifHMX Tra30TypOiHHMX JBHUTYHIB. 30Kpema, Juid 3a0e3ledeHHsl iHpOpMaliel Mpo 3MiHy apamMeTpiB
BiOpaIiHOTO CTaHy B SKCILTyaTallii.
Kuro4oBi ci1oBa: jtonarka 3 TpilmMHOK0, obnonadeHuil auck, AUX 0010ma4eHoro AUCKY, THII-TAaHMiHT METOI.

OINIPEAEJIEHUE TPEHIMHBI N3 OTK/IMKA OBJIOITAYMEHHOI'O JIUCKA
MOCPEJICTBOM THUII-TAUMUHI METOJIA: MOJIEJTMPOBAHUE

A.I Kyuep, B.B. Xapumon, JK.-I1. J/lans, @. Toyeepe3

Pabora HampaBjieHa Ha MOICITUPOBAHME MPOIECCA PacuyeTa aMILIUTYIbl 3aKOHIIOBKU JIOIMATKU IOCPEICTBOM
TUN-TaiMUHT MeToa. BHUMaHUE yeneHO MOJCTUPOBAHUIO 3aMEPOB TUII-TAUMUHT METOOM C I[EIIBIO OTIPEICIICHUS
HAJIMYHS JIOTIATKH C TPEUIMHOW MCXOIS M3 OTKIMKa OOJIOMavyeHHOro aucka. JlomaTka ¢ TPEIMHOW paccMOTpeHa B
paMKax MojenHu OOJIOMAaueHHOrO TUCKA, KOTOpas CIOCOOHA YYHMTBHIBATH Pa3OpOC CTPYKTYPHBIX CBOMCTB JIOMATOK.
HenuueiiHass Moens TpPEIIMHBI pealn30BaHa IMPH TOMOIIM METONa TapMOHHYECKOro OajlaHca COBMECTHO C
JJIEMEHTaMU KOHTAKTHOTo aHanu3a. [y oOecriedeHus OOJIbIICH HAIVIIMHOCTH TPOIECCa OMNPENCICHUS HATUYHS
JIOTIATKM C TPEIIMHOM, pa3Mep U PACIOIOKEHHE TPEIIUHBI BHIOPAHBI TAaKMMHU, YTO OOECIICUMBAIOT YACTOTHYIO
JIOKAJIM3AIMI0 JIONATKA C TPEIIMHON. PEKOHCTPYKIMSA aMIUIMTYI 3aKOHIIOBOK JIOMATOK BBIMIOJIHEHA 3a CUET
WCTIONb30BAHUS BPEMEHU MPOXOKICHHS JIOIATKON CTAIlMOHAPHO YCTAHOBJICHHBIX JAaTYHUKOB. IIpom3BeneHO
CpaBHEHHE PE3yJIBTaTOB ¢ JAaHHBIMH MOTy4eHHbIME 13 AUX Monenu obomadeHHoro aucka. [TpemnoxeHHass MoIeib
MOXKET OBITH MCIIONBb30BaHA IS MOICITUPOBAHUSA MPOIIECCa MOHUTOPUHTA TEXHUUECKOTO COCTOSHHS aBHAIMOHHBIX
ra3oTypOMHHBIX nBurateneil. B dacTHOocTHM, M oOecrmedeHuss wuH(MOpMalmed 00 H3MCHEHHHM IIapaMETpPOB
BHOPAITMOHHOTO COCTOSTHUS B DKCILTYaTaIUH.

KoroueBble cjI0Ba: JIOMaTka ¢ TPEUIMHOW, OONMONMaYeHHbId AUcK, AUX 00J0MaueHHOro AMCKA, THUI-TAaHMHHT
METO]I.
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