INSTITUTE OF FLUID-FLOW MACHINERY
POLISH ACADEMY OF SCIENCES

TRANSACTIONS
OF THE INSTITUTE OF
FLUID-FLOW MACHINERY

108

GDANSK 2001



TRANSACTIONS OF THE INSTITUTE OF FLUID-FLOW
MACHINERY Appears since 1960

Aims and Scope
Transactions of the Institute of Fluid-Flow Machinery have primarily been establi-
shed to publish papers from four disciplines represented at the Institute of Fluid-Flow
Machinery of Polish Academy of Sciences, such as:

e Liquid flows in hydraulic machinery including exploitation problems,

e Gas and liquid flows with heat transport, particularly two-phase flows,

e Various aspects of development of plasma and laser engineering,

e Solid mechanics, machine mechanics including exploitation problems.
The periodical, where originally were published papers describing the research con-
ducted at the Institute, has now appeared to be the place for publication of works
by authors both from Poland and abroad. A traditional scope of topics has been
preserved.
Only original and written in English works are published, which represent both the-
oretical and applied sciences. All papers are reviewed by two independent referees.

EDITORIAL COMMITTEE

Jaroslaw’Mikielewicz(Editor-in—Chief), Zbigniew Bilicki, Jan Kicinski,
Edward Sliwicki (Managing Editor)

EDITORIAL BOARD

Zbigniew Bilicki, Brunon Grochal, Jan Kiciniski, Jaroslaw Mikielewicz
(Chairman), Jerzy Mizeraczyk, Wiestaw Ostachowicz, Wojciech Pietrasz-
kiewicz, Zenon Zakrzewski

INTERNATIONAL ADVISORY BOARD

M. P. Cartmell, University of Glasgow, Glasgow, Scotland, UK

G. P. Celata, ENEA, Rome, Italy

J.-S. Chang, McMaster University, Hamilton, Canada

L. Kullmann, Technische Universitiat Budapest, Budapest, Hungary
R. T. Lahey Jr., Rensselaer Polytechnic Institute (RPI), Troy, USA
A. Lichtarowicz, Nottingham, UK

H.-B. Matthias, Technische Universitat Wien, Wien, Austria

U. Mueller, Forschungszentrum Karlsruhe, Karlsruhe, Germany

T. Ohkubo, Oita University, Oita, Japan

N. V. Sabotinov, Institute of Solid State Physics, Sofia, Bulgaria

V. E. Verijenko, University of Natal, Durban, South Africa

D. Weichert, Rhein.- Westf. Techn. Hochschule Aachen, Aachen, Germany



EDITORIAL AND PUBLISHING OFFICE

IFFM Publishers (Wydawnictwo IMP), Institute of Fluid Flow Machi-
nery, Fiszera 14, 80-952 Gdansk, Poland, Tel.: +48(58)3411271 ext. 141,
Fax: +48(58)3416144, E-mail: esli@imp.gda.pl

© Copyright by Institute of Fluid-Flow Machinery, Polish Academy of Scien-
ces, Gdansk

Financial support of publication of this journal is provided by the State Com-
mittee for Scientific Research, Warsaw, Poland

Terms of subscription

Subscription order and payment should be directly sent to the Publishing
Office

Warunki prenumeraty w Polsce

Wydawnictwo ukazuje sie przecietnie dwa lub trzy razy w roku. Cena nu-
meru wynosi 20,- zt 4+ 5,- z} koszty wysylki. Zaméwienia z okresleniem okresu
prenumeraty, nazwiskiem i adresem odbiorcy nalezy kierowaé bezposrednio
do Wydawcy (Wydawnictwo IMP, Instytut Maszyn Przepltywowych PAN, ul.
Gen. Fiszera 14, 80-952 Gdansk). Osiagalne sa rowniez wydania poprzednie.
Prenumerata jest rowniez realizowana przez jednostki kolportazowe RUCH
S.A. wiadciwe dla miejsca zamieszkania lub siedziby prenumeratora. W takim
przypadku dostawa nastepuje w uzgodniony sposéb.

ISSN 0079-3205



TRANSACTIONS OF THE INSTITUTE OF FLUID-FLOW MACHINERY
No. 108, 2001, 47-58

JAN KICINSKI, ALEKSANDRA MARKIEWICZ-KICINSKA!

Coupled non-linear vibrations in multi-supported rotors founded
on slide bearings

The paper contains a study of mutual interactions, which occur between lateral, torsional and axial
vibrations in multi-supported rotors operating in the non-linear range. The object of investigations is a
rotor founded on three slide bearings.

Presented have been the methods of modelling of the rotor cracks and bearings misalignment. These
defects have been regarded as the factors generating the coupled forms of vibrations. In the work presented
has been a part of work devoted to the influence of location of the angle of rotor crack on the system
dynamical response. Applicability of phase vibration spectra analysis in diagnostics of such kind of defects
has been indicated.

The paper presents the analysis of non-linear vibrations of real rotors carried out using a 3D heat
transfer model of journal bearings. The method is adequate to describe the oil film properties and
enables the use of the equations of motion for the entire system and thereby the description of instability
behaviour of such objects.

In the work indicated are the capabilities of computer analysis in optimisation and diagnostics of
technical objects such as power industry turbosystems. In the work presented is also a general discussion
on the constraints emerging from modelling and mathematical description of different ob jects, not only
of he power industry type.

1. Introductory remarks

Problems linked with the dynamics of rotating machinery are subject of inve-
“zations in several domestic and foreign research centres [1-10]. Despite abun-
“ant information on this topic, there are still numerous problems to be solved.
s regards primarily to the analysis of non-linear vibrations and also coupled

ms of lateral, axial and torsional vibrations. Analysis of this type of pheno-
mena requires application of very advanced models and computer software. The
~roblems becomes outmost difficult in the case of large power industry objects
=uch as turbogenerators of large power. Coupled forms of vibration are generally
» result of different kinds of couplings taking place in the system and interactions
wetween construction and material imperfections. Presented here as example can
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A, - axial bearings P, - rotor cracks Uj - labyrinth seals

B, - journal bearings R; - rotor misalignment W, - axial forces

D, - disks T,; - torsion dampers @y, - kinetostatic rotor deflection angle
F; - external lateral forces T,; - external rod dampers (mounted on (4 - dynamic rotor deflection angle
M,; - external torsional moments the bearing bush)

Fig. 1. Calculational capabilities of computer software from NLDW-70 suite for the analysis of rotor
non-linear dynamics with imperfectionslike rotor cracks and misalignment.

be rotor cracks and misalignment of the rotor line. Modelling of such kind of
imperfections and subsequently analysis of their influence on system operation
represents undoubtedly one of contemporary challenges in this branch of science.
Presented in this work problems provide an expressive example on the capability
of proposed methods.

Obviously, the problems connected to non-linear analysis and influence of
various kinds of imperfections do not explore contemporary problems of rotor
dynamics by far, they are however the topic of interest of many research centres
all over the world.

2. Research tools

At IFFM PASci in Gdansk developed have been models and computer co-
des named NLDW - 70, which enable analysis in the non-linear range of lateral,
axial and torsional vibrations in the systems of rotor-bearings type with account
of imperfections such as rotor cracks and line of shafts misalignment — Fig. 1.
Development of the model of the rotor-bearings-supports system using finite ele-
ment method with 12 degrees of freedom and assumption of the model of cracks
with account of the influence of actual shape of rotor line deflection ¢ and loca-
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tion of cracks tay, and also model of misalignment inclusive of separated planes
+a,, enables unique possibilities for the analysis of coupled lateral, axial and
torsional vibrations rendered by imperfections such as cracks, misalignment or
external excitations. Appearance of the cracks induce additional energy of elastic
deformation, which is mathematically captured by adequately modified flexibility
matrices. Assumed has been a two-position model of crack behaviour i.e. fully
open or fully closed. Such model is widely used in the literature. A novelty in the
assumed programme is that the process of closure and opening control is depen-
dent both on the shape of kinetostatic line ) and also instantaneous ,dynamic”
shape of line of rotors ¢4 rendered by external forces. Hence, during the shaft ro-
tation, the opening or closure time of the crack is dependent on the actual shape
of the line of rotors

© = Pk + Pq-

Misaligned shaft sectors influence the element displacements in the direction
of z axis by the distance @ and in the direction of y axis by the distance b and
rotation by the angle &, with respect to a vertical plane, Fig. 1. Making use of
flexibility formulation of finite element method, the relations for additional ben-
ding and torsional moments can be derived, which exist in the system and in such
way it is possible to construct adequately modified flexibility matrix of analysed
element. A subsequent step is to develop a transformation matrix together with
a matrix of stiffness for the finite element.

Above model enables modelling of not only misalignment alone, but also the
degree of surface separation, for example in the case of couplings, by the angle
Fo

Problems of kinetostatics are solved based on a 3D model of heat transfer in
bearings (so called elasto-diathermal model). NLDW - 70 code at each time step
of iteration loop solves a non-linear equation of motion for the entire system and
modifies at the same time the coefficients of stiffness and damping of oil film (as
well as labyrinth sealings), and also modifies the matrices of stiffness reflecting the
influence of cracks and misalignments. Such process is continued until adequate
accuracy of calculations has been attained.

Details regarding the above models and computer codes have been presented
in [5-6], [8-10]. In these works presented have also been information regarding
experimental verification of developed research tools. This verification was refer-
red both to laboratory objects and real ones (turbogenerators of 200 MW power).
Developed research tools have been made reliable to the sufficient extent.

For the apparent reasons there is not any possibility for presentation of more
specific details, both with respect to models itself and their verification. Non-linear
analysis using such research tools as NLDW - 70 code enables advanced applica-
tions in diagnostics of industrial objects such as turbogenerators of large power.
It has been made possible due to the fact that modelling of various kinds of de-
fects in operations of such objects has become possible, and subsequent analysis
of their symptoms on the basis of non-elliptic shapes of trajectories and vibration
spectra. Non-elliptic and non-sinusoidal distributions of dynamical displacements
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Fig. 2. Considered object — three-supported rotor with the crack P;. Schematic of MES discretisation.

of selected nodes of the system suppress various kinds of defects, and their analysis
by means of vibrational spectra enables development of catalogues of diagnostic
relations.

3. Subject and aim of investigations

Let the object of the analysis be a three-supported rotor founded on slide be-
arings, Fig. 2. Such rotor can be found in the vibro-acoustic laboratory at IFFM
PASci in Gdansk. Based on the results of measurements conducted on this ro-
tor, performed has been experimental verification of developed earlier theoretical
models [6, 8, 9]. Let’s assume now, that on our rotor, in the places of discs D
and D», there are acting forces F; and F induced by a specified discs imbalance.
Let the forces be displaced in phase by 180°, which reinforces the system excited
vibrations. Coefficients of support stiffness and damping C,, and D, , have
been experimentally measured.

The aim of investigations was to determine the influence of inappropriate stiff
coupling assembly (coupling both shafts) on the system dynamical properties.
There can be imagined a situation, where due to non-uniform clamping bolts fi-
xing there appear in the coupling a slot, which apparently changes the stiffness
of the line of rotors. Let’s try to model such situation using a model of a cracked
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Fig. 3. Analysed cases of crack location angle cay, with respect to the plane of acting of external excitation
Fy and Fs.

rotor. The slot can be regarded as a closing and opening crack dependent upon
the angle of line of shaft deflection ¢ and its location oy. Fig. 1 and Fig. 2 present
localisation of the coupling and a crack denoted by a symbol P;.

There arises a question whether the angle of crack location (slot) with respect
to the plane, where forces F} and Fy are acting has an important influence of the
system dynamical properties?. Or whether such influence comes from the depth
of the crack defined by the indicator w, (Fig. 1)?. An answer to these questions
is the objective of the present work.

4. Results of calculations

Calculations using a NLDW-70 code have been conducted for different rotor
rotational velocities n, different indicators of crack depth w, and four angles of
crack location oy, as illustrated in Fig. 3. In effect obtained has been a vast
material, of which selected parts will be presented below. Results will refer only
to one rotational velocity n = 2853 rev/min (resonance velocity) and one value
of crack indicator w, = 0.3, which means a value of P = 30%. In order to
enable direct comparisons, firstly conducted have been calculations for a rotor
without cracks (wp = 0, P; = 0%). Results of calculations in the form of so called
diagnostic card are presented in Fig. 4, and in the form of spatial trajectories
of line of rotors vibrations in Fig. 5. This case will be regarded as a base case
reference). After a preliminary analysis of obtained results it turned out that
Tom amongst four locations of cracks oy presented in Fig. 3 a least favourable
location can be recognised (largest amplitudes of vibrations) as well as most
favourable one (lowest amplitudes of vibrations). These are the cases for o, =
20° and ap = 270° respectively. We will confine our attention to present only
these cases. Results of calculations have been presented in Fig. 6+9. As can be
seen the influence of location of crack o, turned out to be surprisingly large.
“mplitudes of absolute vibrations of rotor and bearing bush are over 3 times
greater for a, = 90° than for op = 270°. On the other hand, comparing Fig. 8
wnd 9 with the base case, i.e. without crack — Figs. 4 and 5 we can conclude that at
ne advantageous location of a crack slot even a crack as large as P; = 30% does
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Card code: w3000030 Object: 3-supporied rotor Date: 28-06-2000
Defect description: crack identifikation
Variable data: reference case P1=0%

ABSOLUTE VIBRATIONS OF BEARINGS RELATIVE VIBRATIONS SHAFT-BUSH
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Notation: A=displacement amplitude, V=velocity RMS, fi=angie of inclination of maximurn diagonal of orbi, m=maximum vaiue,
pp="peak to peak”; x,y=axes horiz. and perp., u,v=axes al an angle p¥4 to x,y; diagrams of vibr.: gray - d. X, black - dir. y.

Fig. 4. Diagnostic card calculated for the case from Fig. 2 without rotor cracks — base case (reference).

not influence the extent of system vibrations. Figs. 10 and 11 present amplitude
and phase spectra calculated for three cases: without a crack (upper graphs), with
a crack for = 90° (middle graphs) and with a crack for a;, = 270° (lower graphs).
These spectra refer to the bearing bush No. 1 and only horizontal components Ax,
fix. It turns out that even such large increase of system vibrations for the least
favourable case (o, = 90°) does not render a qualitative change in the distribution
of amplitude vibration spectrum (Fig. 10). Important differences, however, can
be found when analysing phase spectra (Fig. 11). This means that phase spectra
are a better diagnostic determinant in the case of such defect. This conclusion
can be of significant practical importance, especially in the light of the fact that
amplitude spectra are regarded as traditional carriers of diagnostic information
in such cases. Appearance of the crack in the system generates coupled form
of lateral, axial and torsional vibrations. This is confirmed in Fig. 12. In the
system there appear axial vibrations with the spectrum structure of 2X and 4X
and torsional vibrations with the structure 2X (1X refers here to a frequency
corresponding to rotor rotational velocity of n = 2853 rev/min). Some surprise
can stem here from the fact, that in the vibration spectrum in the axial and
torsional vibrations the component 1X does not exist (contrary to other lateral
vibrations). This finding indicates towards another (apart form phase spectra)
possibility of identification of defect of the rotor crack type.
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w3000030 (1 :1)

x10°

Fig. 5. Trajectories of vibrations of selected nodes of the line of rotors for the base case (without cracks)
in comparison against a kinetostatic line of deflections.

Card code: w31p3031 Objeci: 3-supporied rotor Date: 28-06-2000
Defect description: crack identifikation
Variable data: crack position angle: alfap=980 , P1=30%

ABSOLUTE VIBRATIONS OF BEARINGS RELATIVE VIBRATIONS SHAFT-BUSH
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op="0eak fopeak”; x,y=axes horiz. and perp., uv=axes al an angle p¥4 (o x,y; diagrams of vibr.: gray - dir. x, black - dir. y.

Fig. 6. Diagnostic card calculated for the cracked rotor — angle of crack location ap = 909. Least favourable
case.
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w31p3031 (1 :1)

p——

Fig. 7. Trajectories of vibrations of cracked rotor for ap = 90°.

Card code: w31p3033 [Objecl: 3-supported rotor iDale: 28-06-2000
Defect description: crack identifikation
Variable data: crack position angle: alfap=270 , P1=30%
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Fig. 8. Diagnostic card calculated for the cracked rotor — angle of crack location ap = 270° — most
favourable case.
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w31p3033 (11 :1)
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Fig. 9. Trajectories of vibrations of cracked rotor for ap = 270°.
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Fig. 11. Phase spectra of vibrations calculated for the cases: base and with cracks for ap = 90° and ap =
2700 (respectively from the top).
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Fig. 12. Coupled spectra of lateral, axial and torsional vibrations induced by rotor cracks. Disk Da, ap =
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5. Concluding remarks

Presented in the work results confirm the fact, that efficient identification of
defects to the rotor crack type (or inappropriate coupling assembly) is an issue of
paramount difficulty. The results depend too strongly not only on the crack depth
(which is apparent), but also on the angle of its location with respect to the plane
of action of excitation forces (coming from for example residual imbalance). In
practice the relative setting of cracks and excitation forces is not known, which
dearly complicates the analysis.

However, obtained results indicate the possibility of better identification of
defects of the rotor crack type based on the analysis of phase spectra and spectral
analysis of axial and torsional vibrations. These vibrations are induced solely by
the rotor crack, and hence they can be more easily assigned to this defect.

Presented in the work results indicate on one hand interesting possibilities
of advanced computer analysis and complex computer software from the NLDW
— 70 suite of codes, and on the other hand the difficulty of their interpretation.
However, very often the computer analysis remains the sole source of information
about this kind of phenomena, as it is difficult to imagine that for the sake of
collection of appropriate data a real rotor from a large power industry object will
be damaged in the way to simulate its cracks.

Heceived 20 September 2000
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