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Editorial

These Special Issues of the Transact,ions of Fluid-Flou Machi,nerg, Nos. 113
and 114 contain selected papers from the International Conference on Turb,ines
of Larqe Output devoted ło co--errrorate 100ih Birthday Anniversary of Prof.
Robert Szewalski. The conference was held in Gdańsk, Poland on September
22-24,2003.

The Conference is a continuation of previous conferences held at the Insti-
: lte of Fluid-Flow Machinery PAS in former years dedicated to technology of
sieam turbines. Series of conferences bearing the same name took place in the
-,,ears 1962, 1965, 1968, 1993. In 1997 organised has been a conference on steam
:irbines and related topics, but with a slightiy amended title - Problems of Fluźd,
:łow Mach,inery, At present at the Institute of Fluid Flow Machinery there are
_-onduced research of fundamental character encompassing both the issues related
:,: steam turbines and fundamentals of power engineering.

Organisers of the present conference have returned to the traditional name)
_.e. Conference on Turbi,nes of Large Output to mark the respect to the memoTy
.: Professor Robert Szewalski (1903-1993), the founder and a director of the In-
::_:ute of Fluid-Flow Machinery for several years, and initiator of the conference
series devoted to the problems of steam turbines.

The Editors ale very grateful to the referees of the papers presented in this
_ssue of the Transactźons of Flui,d-Flow Machi,nery: J, Badur, W. Batko, E. S.
Blrrka, J.T, Cieśliński, P. Doerffer, A. Gardzilewicz, B, Grochal, J. Kiciński, G.
Iiosnan, T. Król, J.Krzyżanowski, J, Mikielewicz, A. Neyman, W. Ostachowicz,
R. Puzyrewski, R Rządkowski, J. Swirydczuk, M. Trela, T. Uhl andZ. Walczyk,

We appreciate cordially the manifested authors interest in our conference.
Special thanks are conveyed to Ms 'Maya' Bagińska, for her fruitful editorial help
:=]ated to directing the papers to reviewers and correspondence with the authors
: _ _,lrtributions.

Prof. Jarosław M,iki,elewtcz
Editor-in-Chief

Dr Ed,warcl Śltwl"lrl
Managing Editor
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JAN KICIŃSKI-

Coupled forms of vibrations in rotating machinery

Institute of Fluid Flow Machinery of the Polish Academy of Sciences, Fiszera
14 , 80-952 Gdańsk, Po]a,nd
University of Warmia and Mazury, Olsztyn, Po]a"nd

Abstract
The paper contains a study of mutual interactions, which occur between lateral, torsional

arrd axial vibrations in multi-supported rotors operating in the non-linear range. The methods
of modelling of the selected defects have been presented (e.g. rotor cracks and bearings mis-
alignmeuts). These defects have been regarded as the factors generating the coupled forms of
vibrations. In the paper a part of work devoted to the influence of circumferential location of
the crack and kinetostatic and dynamic rotor deflection line on the system dynamical response
has been presented. Applicability ofcoupled and phase vibration spectra analysis in diagnostics
of such kind of defects has been indicated. Coupled forms of vibration are generally a result
of different kinds of couplings taking place in the system and interactions between construction
arrd material imperfections. Presented here as example can be rotor cracks and misalignment
of the rotor line.

Keywords: Vibrations; Rotating machinery; Slide beałings; Computer ałralysis

1 Introductory remarks

The problems linked to the dynamics of rotating machinery and the analysis
of various forms of vibrations are the topic of resealch in several scientific centres
both in Poland and abroad. Despite such numerous information on that topic
there are still many unresolved problems. That regards the analysis of nonlinear
and coupled bending, axial and torsional vibrations in particular. Analysis of that
type of phenomena requires application of very advanced models and computer
codes. The problem becomes particularly difficult in the case of large power

*Bmail address: kic@imp.gda,pl



214 J. Kiciński

engineering objects, such as turbosets of large power. The coupled form
vibrations are usually a result of different kinds of couplings present in the
as well as interactions connected with structural and material imperfections-
importance here are rotor cracks and rotor line misalignments. Modelling of
kind of imperfections and the following analysis of their influence on the
operation is definitely one of contemporary challenges in that branch of sci

[1-13].
The main objective of this paper and accepted thesis are presented in FĘ

MAIN OBJECTIVE
STUDY OF MUTUAL INTERACTIONS BETWEEN
LATERAL, AXIAL Al[D TORSIONAL VIBRA
IN LARGE MULTISUPPORTED ROTORS

THEsIs
COUPLED NON - LINEAR VIBRATIONS MIGHT
BE A DETERMINA}IT OF ABNORMAL
DYNAMICAL STATES, FOR EXAMPLE DEFECTS
SUCH AS CRACK§

WIIY NON - LINEAR VIBRATIONS ARE SO IMPORTANT ?

VIBRATIONS SPECTRA CONSTITUTE A BASIC§
FOR DIAGNO§TICS OF, ROTATING MACIIINERY

Figure ],. The main objective and thesis accepted in this paper.

Spatial trajectories of vibrations of the line of rotors calculated for the gen-

erator's cracked rotor Ą :30Vo and circumferential location of crack ap:270o
(coordinates in [m]).
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2 Theoretical model

Presented in the work results have been obtained using a model together
ntnh the suite of computer codes NLDW-70, which have been described in detail
m 

-1&13]. The code enables analysis of vibrations of the rotor-bearings-support
ry§[€m in the nonlinear lange) i.e. calculates non-elliptic trajectories of selected
mde displacements for arbitrarily varying in time (but periodical) forces and
,eerternal moments as well as a given system configuration (discs, dampers, journal
md axial bearings, sealings, foundation, rotor imperfections of the crack and
misalignment type) and enables construction of the vibration spectrum - Fig. 2.

Experimental verification of the assumed model forms a separate issue, which
furas been presented in [11, 13]. Presentation of the results of verification would fall
foł beyond the volumetric framework of the present paper. It is worth emphasis
furre that conducted also has been model verification on the real objects, that is
pf,yiel engineering turbosets of 200 MW power [14].

Due to the fact that the coupled forms of vibrations induced by the rotor crack
ere the topic of the present work, in the following body of the text presented will
bę the assumed FEM model of the element with a crack.

jj
]

d,ł

D*

cłr

CĘ

pi - rotor clecks

Ę - rot6r eiśalignment
T"; - torsion dampers

T.i _ extemal .od dffip§§ (mounłed on
ih€bearing bgslr)

Ul - labyriath seąl§

wi _ axial f6fce§

ę1 - łiaetostatic rotor defleclion mgle
gd - dynatic .ator deflection angle

Figure 2. Calcu]ational capabilities of a code NLDW-7O for nonlinear rotor dynamics with im-
perfections.
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Ai - axial bes.iEgs
Bi - joMa| beiling§
Di - di§ł§
Fi - exicmal lsteral forces

Ę - exteąal lor§ioual moment§
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MODEL OF THE CRACK OPENING AIID CLO§URE

}= r (,p(cot),cr(rot))

Figure 3. Assumed a two - position (full open,
full closed) model of crack behaviour.

THE,BREATHING" PRocESs oF THE cMcl(
9=9.+rp.(rot)

Cr=o +ot

9<0. cLosEDcnłct
FOR a{

Figure 4. Explanation of the "breathing"
cess of the crack for one selected
cumferential location dp : 0 (see

9). ęo - dynamic rotor deflection
gle, ę* - kinetostatic rotor
angle.

@ zy,ł;
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2.L Model of the crack opening and closure

For the further consideration accepted has been a very well known
FEM element with crack of Knott [6] and Ostachowicz [5] Fatigue crack of
shaft during its rotation undergoes periodical closure and opening, which in
Ieads to the change of the system stiffness. Assumed has been a two-positi
model of the crack behaviour - full opening or full closure. The instance of
opening and closure is determined based on real rotor deformation - Fig. 3

Fig. 4. Theoretical analysis conducted on the basis of a reliable reference
in the case of defects of the rotor crack type, regarded as a well tuned and
model of the real object without cracks, is often the only possible way of acqui
information about the behaviour of a system with a cracked rotor.

2.2 Nonlinear model. General equation of motion

The connections between main substructures of the large rotating machine,
that means between journal bearings and labyrinth seals, rotor line with discs,
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t 3_D Rsol& qudol
r 2_D §!ry qudon
r 2_D coldufun q!.do!
t }D Notild.n qul&n of h.fu8 bŃ
r con&dł ąudo! for 6. c.ńid an.-(DĘ!fury)
r fubrbua ąldm

FoIJI\DATIoN lvlTH Bf,ARINcs sUPPoRTs

FEM - §p.tirl crlculrtioD
(ABAQUS, ADINA....,..,)

iigure 5. Connections between main substruc-
tures of large rotating machine. Figure 6. Algorithm of nonlinear calculation,

:lutches and imperfections and foundation constitute a very difficult task. Arises
:.ere a equation, how to combine all these substructures into one cohelent mathe-
natical system? In the presented model the connections procedure is performed
-r1, 

means of stiffness and damping coefficients of journal bearing (which are highly
ron-Iinear) and dynamic influence coefficient matrix of foundation - Fig. 5. As
a result we obtain the general equation of motion for the entire system - Fig. 5
.r-hich is nonlinear too, because the global matrices of damping and stiffness are
:unctions of generalized motion parameters q, Q and time t. How to so]ve such

-t of equations? The only possible way is the iterative procedure, where in each
lime step the global matrices of damping D and stiffness K are modified so as to

=ufficient convergence and accuracy of calculation is achieved.

3 Investigations on the basis of a large power engi-
machine

of our analysis be a turboset of 200 MW power schematically
7. This machine has seven 2 - lobe bearings with ]_+4 siphon

neerrng

Let the topic
presented in Fig.

Mq+-D(q,ilĄ+ K(it,ri,Ą = P(t)
cererrl non - [n€.r qurfon of nodon for th. .rtr. lyrl.n

DYNAMIC INFLmNCE coEFFIcnNT MATRD(
(FrequeDcy Re§poD3€ FunctioD! - FRF)
Ifu,. (@) = [ c@ - @' !ąą. + j@DaJ't

RoToR uNE WTi [PERFEcnoNs
G'. -crck§ &-misalip€nb)

JoURNAL aEARlxGs Ato LABYR|NTH sEALs
qL@unq oF DWIE q^ilcffin6

cł=fd{) dł=fa(q)

FOUNOAT|ONS W|TH SUPPORTS

MRoWrcN oF DfNAlR chmAcfffircs
G-.6Bt o_.con.t
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Figure 7. A scheme of a line of rotors in a turboset of 200 MW power.

HYBRID LUBRlcATloN
STĄRTUP CONDITION

n=300 rev/min

O 
"'o ps

3-D PRE§SURE DlsTRlBUTloN

Figure 8. Examples of hybrid lubrication for start up conditions calculated for bearing no 6
accepted object. Analysed case: hydrostatic pressure in ]ower bush is greater
hydrodynamic one (too large siphon pressure).

pockets. The selected examples of hybrid lubrication in bearing no 6 calcu
for start up condition is presented in Fig. 8. Let's pass to the main subject
discussion. Let's assume that in the middle part of the generator (hence at the
location of biggest kinetostatic deflections) the crack in the shaft Ę occurred_

t*"**ul /---=\,/' \\\,/

" 
l loae deoa,t,c '

D=0.45 m

ffi
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PocKETS

ffiffi
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'p= 
0"

!'g:re 9. Calculated cases of circumferential location of crack with respect to the plane of
action of excitation forces Ą (from residual imbalance) and Fz (from magnetic field
in generator).

-i:'s consider the case of a crack of the 30% depth with respect to the shaft
::ąmeter arbitrarily located with respect to the plane of action of external exci-
--l;ion forces.

Let's specify the cases of circumferential location of the crack, i.e. a, : 0o,
jł:'. 180o and270" - Fis. 9. In those locations synchronous excitation forces are
ff:ing there on the turboset, which result from the residual imbalance (in Fig. 9
:,=noted as Ą) as well as asynchronous forces rotating with the speed twice larger
;;an the nominal speed excited by the influence of the magnetic field in the gen-
+r:tor (in Fig. 9 denoted by Fz).

Interesting here will be the ans,wer to a question whether the rotor crack
ł;i its circumferential location will have a significant influence on the dynamical
nate of the object and whether such type of rotor imperfection will be capable
:i inducing coupled forms of vibrations of such a large object?

The results of calculations in the form of spatial trajectories of dynamic
'''Placements of selected nodes along the line of rotors have been presented in
!:g. 10+12.

AnalYsing the above results we can conclude, that in the case of a large power
*ngineering machine, the crack in the generator's rotor and its circumferential lo-
:;,tion influence significantly the composition of system vibrations.

Some interesting information is supplied from the analysis of amplitude and
;iase spetra as well as analysis of coupled forms of vibrations induced by the
::ack in the generator.

In Fig. 13+15 presented are amplitude and phase spectra in the middle of the
{enerator, calculated for the base case without cracks, and the coupled forms of
łbrations calculated for the generator's crack P1 :30To with the circumferentia]
rcation of crack dp:0o.

Analysing the obtained results it can be concluded that in the case of a large
:,Dwer engineering object the composition of the dynamical state, induced by the
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Figure 10. Tbajectories of dynamical dis-
placements of the line of ro-
tors for the base case (with_
out cracks). Kinetostatic deflec-
tion of the rotor ałrd thermal
displacements of supports have
been neglected (coordinates in

[*]).

Figure 11. Spatial trajectories of
tions of the line of rotors
lated for the generator's c
rotor Ą -_ 30% and circumfer-
ential location of crack ap: f
(coordinates in [m]).

Figue 12. Spatial trajectories of vibra-
tions of the line of rotors calcu-
lated for the generator's cracked
rotor Pr : 30%o and circum-
ferential location of crack oo :
270o (coordinates in [m]).

cta.k is significantly moTe complex and hence more difficult in
Nęfucting the case fot a,p: 0" (the worst circumferential case), for
sy§t€m pa§sed the threshold of stable operation, then even for the remaining
d the crack location the identification of thę crack by me&ns of

ńre qrcctra is not unanimous. Some information, however, is provided
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fix - phasic lateral horizontal
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Ay - Latera} veńicel
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fiy - Phasic lateral veńical

Figure 13. Components of amplitude spectra
Ax, Ay arrd phase spectra fix and
fiy calculated in the middle of the
generator for the base case without
cracks.
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Figure 14. Components of amplitude spectra
Ax, Ay and phase spectra ffx and
fiy calculated at the location ofthe
generator's rotor crack (Ą = 30%)
for the circumferential crack loca-
tion co : 9".
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coupled vibration spectra. The longitudinal vibrations generated by the crack
can be of the same ordeT as the lateral vibrations (neglecting the case of ao - 0o;
even in locations somewhat distant to the crack. Characteristic are high values
of higher harmonics of torsional vibration spectra (2X and 3X).

I
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0§0

Ax - l.at€rgl hofizonta|

l00
,Ńl

0L
0 to0

l!{.l
0Bo

Ay - Latera| verlical

-0 60

Ar - LoĘitudlnal

lm
,[ł{

r!{l
l0

As - Torsional

Figure 15. Coupled spectra of lateral, longitudinal arrd torsional vibrations induced by the
in the generator. Calculations for Ą = 30% and dp :0o.

4 Concluding remarks

Presented in that section examples of calculations, referring to a large
engineering machine, cannot be regarded as a complete information source
the development of specific diagnostic relations.

It even was not the objective of presented considerations. For
of reliable relations of the type defect (for example crack) - symptom (changes
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the vibration spectrum), there should be conducted a much wider and systematic
investigations of a selected object.

However, obtained results permit to draw two important conclusions of a
general nature:

],, The composition of the system vibrations is often significantly influenced
(sometimes qualitatively) not only by the crack depth (which is an apparent
conclusion), but also by its circumferential location with respect to rotating
plane of action of external excitation forces.

2. Rotor imperfections of the crack type are capable of inducing coupled forms
of bending, longitudinal and torsional vibrations both in a small and large
rotating machine.

It results from the above that an efficient identification of defects of the rotor
crack type (or incorrect coupling assembly) is an extremely difrcult issue. The
results depend too strongly on the crack depth and the angle of its location with
respect to the plane of action of external forces. In practice, relative location
of cracks and excitation forces is not known, which significantly impedes the
analysis.

However, obtained results indicate the possibility of a better identification of
defects of the rotor crack type on the basis of phase spectra and spectral analysis
of coupled vibrations, that is also longitudinal and torsional vibrations in that
case, These vibrations are induced solely by cracks and hence they are easier to
be assigned to that defect. Longitudinal and torsiona] vibrations are not carrying
a synchronous lX component of excitations, always present in such case (even
without the crack).

Received 10 May 2003
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