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THE MODELING OF DEFECTS IN THE ROTOR-TRAINS OF
TURBOMACHINERY - SIMULATION-BASED DIAGNOSTICS

The problem of the turbomachinery defects modeling is considered. The numerical analysis of
the proper model and its defect can give the symptoms of the defect. The presented computer
software MESWIR can generate the kinetoststic characteristics of bearings and vibration of the
entire system (the shaft and the bearings), that allow carry out model-based diagnostics of a
several classes of defects. A large power turbo-set is taken for example calculations. A two

different defects were modeled: the bearing misalignment and the crack of the shaft.

Paccmampusaemca npobnema modenuposanus degpexmog pomopuvix mawun. Iloxkasano, umo
C NOMOWBIO YUCTEHHO20 AHANU3A MOOeNU POMOpa U e20 0eheKma MONCHO Onpeodelums npu-
3Haku 9moeo degpexma. Ilpedcmasneno npoepammuoe obecnevenue MESWIR, komopoe mo-
JHrcem 2eHepuposams KUHemocmamuieckie Xapakmepucmuky nOOWUNHUKO8 U subpayuu écetl
cucmemvl (8a1a U NOOWUNHUKOB), YN0 NO3BOIAEM NPOBOOUMb OUASHOCIUKY OedeKmoe pas-
JUYHBIX KAacco8. B kauecmse npumepos npusedenvl pacuémul mypboazpezama OOIbUON MOUY-
Hocmu. Tlokazanel pe3yibmamsl MOOeIUpO8anus 08yx deekmog: cmewjenue nOOWUNHUKA U

nonepevdnasd mpewjuna eajd.

Poszensaoaecmocs npobaema moodeniosanns degpekmie pomopuux mawun. Ilokasano, wo 3a 0o-
NOMO20I0 YUCETbHO20 AHANIZY MOOeNi pomopa ma to2o Oe@ekmy MOMCHA BUSHAYUMU O3HAKU
yvoco degpexmy. Hasedeno npocpamne 3abesnevennss MESWIR, wo mooice cenepysamu Kine-
MOCMAamu4ti XapaxKkmepucmuxky niowuntuKie i eiopayii éciei cucmemu (8ana i NiOWUNHUKIG),
Wo 00380J15€ NPOBOOUMU OIACHOCMUKY OeqheKmi6 Pi3HUX K1Acie. K npuxiaou HasedeHi po3pa-
XyHKu mypbooazpezamy eeauxoi nomysxcrnocmi. Ilokazano pezyivmamu Mooeno8ants 080x de-

hexmis: 3¢y niOWuUnHUKa U nonepeyHa mpiuna 6aid.

1. The numerical model of rotating shaft founded on slide bearings

Knowledge acquisition for critical machinery diagnostics means defining and describing
symptoms of defects - response of the machine to particular malfunctions. Relations between de-

fects and their symptoms are called “diagnostic relations” (fig. 1).
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Fig. 1. The concept of model (computer simulation) based diagnostic relations.
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Fig. 2 The linear versus non-linear modeling. The algorithm of the dynamic’s calculation

The computer code, originally invented in The Institute of Fluid-Flow Machinery, PASci.
in Gdansk, is called NLDW (first letters of Polish phrase “Non-Linear Rotor Dynamics”). It is the
effect of many years of experience of the research group under a leadership of Prof. Kicinski. The
entire model is described in details and verified in the monograph [1].

From the mathematical point of view, the dynamics of rotating machine is described by the
non-linear differential equations in a matrix form:

M5+ D(x,x)x+ K(x,x)x = P(t) (1)

where: M — global matrix of inertia; D — global matrix of damping; K — global matrix of stiffness;
x,x,X — generalized vectors of displacements, velocities and accelerations; P — generalized vector
of external excitations; ¢ — time.

Equation (1) is the equation of motion of entire system, composed of a number of DOFs.
The rotor line is being modeled with beam finite elements with 6 DOFs per node. The properties of
the rotor depend on its geometry and material. The fig 2. shows the algorithm of the calculation.

The stiffness and damping of slide bearings are being calculated with the use of non-linear
model which encompasses 3D Reynolds equation, energy equation, conductivity equation, etc.
(fig. 3) The stiffness and damping coefficients can be defined as:

oW, ow, oW, oW,
‘=5 > Cn = ) Cp =" > oy = )
ox dy dy ox
oW, aw, oW, ow,
dn:_.’ 2 =73 > d12:_.’ 20 7L
ox dy dy ox

where W,, W, are the components of oil film reaction and a dot over the symbol indicates the time
derivative.
The 3D Reynolds equation in the following form is the main equation describing the prop-

erties of bearings [2]:
o (dp o (dp oh 0B\ oh
— | —A|l+—|=—A|=-U,| ——— |+— |,
ax(ax j+az(az ) {{ax 8xj+8r}

where: p — oil pressure, & — oil film thickness, p — the lubricant viscosity, U; — linear velocity of
bearing journal, T — time, A, B — functions of the viscosity and the local film thickness.

The dependence of stiffness and damping coefficients of oil film on the instantaneous posi-
tion and transverse velocity of the vibrating bearing journal is the essence of slide bearing’s non-
linearity. That’s why the stiffness and damping coefficients, instantaneous positions of bearing
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Fig. 3. The slide bearing as a mechanical system: the stiffness and damping coefficients,
thermal flux, the algorithm of the slide bearing’s properties’ calculation

journals and instantaneous shape of the shaft line are being calculated iteratively for each time-step,
and for each time step the appropriate matrices are being actualized. Carrying out the calculations
for a number of subsequent revolutions of the shaft gives a result the time history of vibrations.

2. The example simulations of defects

The model described above allows to simulate the following defects:
— imbalance
— rotor misalignment
— load modification
— transverse crack
— support stiffness loss
— displacements of bearings (misalignment, skewness)

— thermo-elastic deformations of the bearing shells
— hydrodynamic instability
— modification of bearing properties (e.g. caused by the altered lubrication conditions).

First, one have to build a so-called “base-case” — the model and the response of the healthy
rotor. It is the reference model for
results of further calculations
when the defects would be simu-
lated.

Let’s take as an example,
the 200 MW turbo-set. Fig. 4 pre-

sents the FE mesh of its model. . |
The length of the rotor is about 28 il i i”!'“l'!h |
m. 2R i w1 TRRAREE ' .”'ml PEENINEERE =

The dynamic state of the
object is presented in the form of
so-called  “diagnostic  cards”,
which show the orbits and spectra
of the bearings’ vibrations. Fol-
lowing figures present the diag-
nostic cards for the example de-
fects. The fig. 5 presents the diag-

Fig. 4. The FE mesh of the turbo-set
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left — the base case, right — the misalignment of the bearing No.5

nostic card of the base case (healthy rotor) of the turbo-set and the case of the misalignment of the
bearing No.5 [3, 4]. As we can see, such misalignment (0.4 mm into the right) didn’t change the
vibration state of the machine significantly.

The following examples will testify, how the response of the system can depend on the po-
sition and orientation of the defect in the machine. The crack in the shaft will be the example defect
of the machine. The model of the crack in the MESWIR system is built with the use of simple bi-
nary model by Knott [1, 5, 6].Geometry of the element with a crack is presented in Fig. 6.

The stiffness of the element with the crack is modified for the additional flexibilities in-
duced by a crack and calculated from following relation:

K.=TAL+Ly"T,
where: K, — the stiffness matrix of the element, L — the flexibility matrix of intact element, L, — the
matrix of additional flexibility induced by the crack, T — the matrix of transformation, 7; — trans-
posed matrix of transformation, —1 — index denoting the matrix inversion.

The way of the crack incorporation into the program allows to model the influence of the
rotor spinning, the kinetostatic deflection of the shaft and the presence of the lateral-axial-torsional
vibrations’ couplings. The fig. 7 presents the two example cases of the crack in the generator: close
to the bearing and in the midspan.

We can observe the rise of sub-harmonic components of 1/3 X, which usually testify the
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Fig. 6: A scheme of beam element with a crack
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Fig. 7. Diagnostic cards for the example cases of the crack in the rotor:
left — crack close to the bearing No. 6, right — crack in the midspan

hydrodynamic instability of the bearings. It is also interesting that the influence of the crack on the
absolute vibrations of the bush is stronger than the influence on the relative vibrations (journal-to-
bush).

3. Closing remarks

The paper shown only a very few examples of building the diagnostic relations in a way of
computer simulations. If a proper model of the machine is built, such a relations can be utilized in
the intelligent supervisory system in the power plant (as they were invented). They can also be util-
ized in the design process of the new machinery (units) or at the modernization. They can bring us
an information how can we affect the dynamic state of the machine at its exploitation.
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