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1. Introduction

Complex rotary systems (CRS), such as “flexible
rotor on sliding bearings connected through gearbox”, are
used in many technological systems of industry and ener-
getics. Their reliability is crucial for quality and productiv-
ity of various technological processes, as well as safety. An
axial compressor (Fig. 1) from a chemical industry plant
[1, 2] can be presented as a typical example of such sys-
tem.
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Fig. 1 Scheme of GTT3 compressor. EMG — electric mo-
tor-generator, CC — centrifugal compressor, 7TAC —
turbine-axial compressor, 1, 2,..., 14 — sliding bear-
ings

Present complex rotary systems have longer, more
flexible rotors and operate in high speeds, having very
small allowed clearances (especially in case of labyrinth or
dry sealing). Exploitation speed higher than the first criti-
cal and lower (in most cases) than the second critical speed
is the typical feature of such rotary systems. Therefore
some extreme situations can appear during exploitation of
CRS in cases of specific conditions: high amplitude com-
ponents of subharmonic vibrations may by generated, rub-
bing of rotor and housing elements caused by increased
eccentricity of shafts may appear, etc. All those situations
negatively affect reliability of complex rotary systems ex-
ploitation. In the most cases, such situations are caused by
several defects [2-5].

Similarly rubbing of rotors has to be considered
as the secondary phenomenon, resulting from other de-
fects. However it has specific features and is highly dan-
gerous. That makes this phenomenon very important object

for research together with other typical sources of subhar-
monic and superharmonic vibrations.

2. Significance of the subharmonic vibrations

Influence of subharmonic vibrations on dynamics
of complex rotary systems has been analysed in various
aspects [2-5], however this area still is under intensive re-
search [6-10]. It is established [2-4] that the influence of
subharmonic vibrations may be described as “positive”.
Those vibrations cause reduction of amplitudes of the
resonance vibrations during transitional processes of rotary
systems (running up and running down when the first reso-
nance frequency is passed). However in the most cases this
influence is “negative”, especially if high amplitude sub-
harmonic vibrations may be generated for longer periods
of time. Those vibrations can cause rubbing, fatigue and
cracking of rotors elements. In this case reliability of such
rotary system would be reduced significantly and fracture
could lead to serious breakdowns.

Therefore two opposite trends are faced. On one
hand, the situation of intensive subharmonic vibrations of
significant amplitudes leads to reducing of amplitude of
the first resonance vibrations. This phenomenon can im-
prove dynamical situation of a vibrating rotor in specific
period of time. On another hand, significant subharmonic
vibrations (many subharmonic components of considerable
amplitudes) can lead to an intensive fatigue of rotary sys-
tem which (under additional influence of the first reso-
nance vibrations) may cause cracking of the rotor and
breakage of its elements. In the most practical cases, reduc-
tion of the second tendency is more important. Therefore
sources of generation of high amplitudes subharmonic vi-
brations should be eliminated or reduced.

There are known various sources of subharmonic
vibrations the frequencies of which are lower (1/2X, 1/3X,
1/4X) than the frequency of the first form vibrations (con-
sidering rotor as a flexible element). In the most cases [2,
4, 11] those vibrations are caused by:

1) variable rigidity of rotor elements in different
directions of their cross-sections;

2) unsatisfactorily provided mounting of rotors on
sliding bearings (when rotors are eccentric in the respect of
bearing axes);

3) trends of gradual degradation of mounting
quality during exploitation of a CRS;

4) significant thermal deformations of machines
bodies what can cause robbing of rotors and body elements
in different directions;

5) peculiarities of technological processes (e.g.
pulsation of gas flows, etc.).



One of the most important causes is the first one,
because it is determined by inappropriate design or manu-
facturing quality of a rotor. Therefore this source of vibra-
tions can appear at the very beginning of machines exploi-
tation and can not be controlled technologically. The rest
of causes of subharmonic vibrations develop gradually
during exploitation of a CRS and their influence may be
controlled in a certain level.

Although it is practically impossible to eliminate
all subharmonic vibrations, conditions of machines cle-
ments mounting and adjustment should ensure that ampli-
tudes of those vibrations would be as low as possible.

In the most cases, subharmonic resonances of fre-
quencies equal to one half of frequency of the rotor first
form vibrations are registered. However other significant
amplitude subharmonic vibrations can also appear in cer-
tain cases [2, 4].

3. Object of the research

Dynamical characteristics of chemical plant com-
pressor GTT3 (Fig. 1) are analysed. Rotor of the turbine-
axial compressor (TAC) of this machine is mounted on
hydrodynamic bearings. The specific feature of this turbine
design and exploitation is that measurements of machines
vibrations are practically feasible only on rotor supports 11
and 12. Characteristics of the machines rotor: working
speed is approximately (it is slightly changing due to tech-
nological needs) 5040 r/min (84 Hz), the first critical speed
is 3276 r/min (54.6 Hz), mass of the rotor is 2500 kg. The
general view of TAC rotor in opened body is presented in
Fig. 2. This rotor may be formally divided into two zones
of gas turbine and axial compressor. Rigidity of the rotors
elements is the same in different directions.

Fig. 2 General view of the TAC rotor. /7, 12 — places of
supports (bearings)

Generally, vibrations of the compressor are not
high and correspond to norms of the ISO 10816-1, when its
assemblage is made appropriately and conditions of exploi-
tation are acceptable. Influence of various components of
vibrations is insignificant. However there are specific
problems of experimental research of such machines, re-
lated with precise determination of vibration sources.
Those difficulties are related with the variety of defects
what could possibly appear during exploitation: defects of
bearings, oil supply systems, sealants, etc. Different parts
of this complex machine (Fig. 1) are connected through
gear reducer (rigid and semirigid couplings are used).
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Therefore there may be additional components of vibra-
tions caused by defects of the reducer or even other parts
of the machine (compressor or electric motor). Thus it is
quite complicated to achieve the main task of condition
monitoring — to determinate causes of increased vibrations
and predict reliability of such machine.

Analytical dynamical model of this machine has
been composed and numerical modelling of machines dy-
namics, applying the methods of finite elements has been
made aiming to model dynamical situations in the presence
of various defects. Such models allow modelling of defects
development and helps in foreseeing of machines reliabil-
ity [2, 6, 12, 13].

4. Modelling of rotor dynamics

Rubbing of rotor to the machine body is one of
the common defects of such machines. Well known scien-
tists (A. Muszynska, R.F. Benlty, F. Chu and W. Lu, T.H.
Patel and A.K. Darpe [2, 6-8], etc.) have made significant
efforts and reached important results in modelling of rub
phenomena. In the most cases partial or constant rub is
modelled by introducing non linear forces of excitation
that are generated by impacts of rotor to other elements of
the machine. Therefore stiffness of a rotor and tangential
forces of friction between the rotor and elements of ma-
chine body are changing. Radial force of rubbing can be
expressed [6-8]

F ={O (for e( &) )
(e—8)k, (for e>5)
F, = uF, @)

here F, is radial forces of rubbing (impacting), F; is tangen-
tial force (forces of friction), e is radial displacement of the
rotor, J is the gap between the rotor and other elements, £;
is stiffness of machines body and yu is coefficient of fric-
tion. Values of those forces are included into the right side
of generalised dynamical Eq. (3). Certain values of tangen-
tial and radial forces are placed for those rotor elements
which could have impacts with certain elements of ma-
chine body. Therefore changes of rotor elements stiffness
are modelled during its rotation (this corresponds to the
appearance of some virtual temporal supports of the rotor
while it is rubbing).

The rotor of centrifugal compressor and the adja-
cent gear shaft of the reducer (Fig. 1) have been divided
into 18 elements and analysed as a system of flexible ro-
tors on four permanent supports. Each element has 4 de-
grees of freedom. The general equation characterizing
forced vibrations of the modelled rotor is described in ear-
lier woks [1, 13]

(M+M')U+(0G+C)U+KU=F A3)
here M is the matrix of rotor masses; M’ is the matrix of
masses characterizing rotation of the rotor cross-sections
around the axes of a coordinate system; G is gyroscopic
matrix; C is damping matrix; K is stiffness matrix; U is the
matrix of rotor elements displacements; F is the matrix of
forces affecting the rotor (forces of excitation); @ is angu-
lar velocity of the rotor. M matrix represents the masses of



beam elements and matrix M’ allows evaluating the rota-
tion of their cross-sections. The structure of matrix F de-
pends on the type of exciting forces [7, 13] and includes F,
and F, elements in the case of rub analysis. Elements of F
are functions of time. Solution of the dynamical equation is
obtained applying small steps of time in order to avoid
divergence of points where calculated variables are discon-
tinuous.

Such model allows formation of machines ampli-
tude - frequency characteristics (Fig. 3) the changes of
which correspond to changes of the machines conditions of
operation (appearance of certain defects of chosen rotors
elements). Results of the modelling bring valuable infor-
mation concerning vibrations of internal elements of the
rotor what complements experimental data of vibrations of
rotor supports.

However, the comparison of obtained results with
experimental data (Figs. 4 and 6) shows insufficient coin-
cidence of those results, though reliability of the modelling
method is proved [7, 8] with some simplified experimental
rotary systems.
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Fig. 3 Modelled amplitude — frequency characteristic of the
11th support vibrations. Solid line — machine is
working in good conditions. Dashed line — rubbing
occurs

Results of the modelling and their adequacy to
exploitation conditions of a real rotary system strongly
depend on the validity of initial parameters of the numeri-
cal model and their adequacy to physical parameters of a
machine. The possibility of alternations of various parame-
ters and presence of various (more or less significant) de-
fects makes it really complicated task to ensure this ade-
quacy.

Therefore a comprehensive experimental analysis
of such real CRS and its exploitation conditions is needed.
The most significant defects and presumptive locations of
those defects should be evaluated as well as real physical
parameters of machine elements (e.g. location and direc-
tion of possible rubbing, type of contact, etc.).

5. Experimental research of rotor to stator rubbing

Tendencies of degradation of the compressor ro-
tor conditions at exploitation show up in certain duration of
time. Specific components of vibrations appear and rise as
well as general level of vibrations, becoming significant to
machines reliability. Fig. 4 presents spectrum of turbine
rotor 11th support (Fig. 1) vibrations.

The method of vibrations measurements applying
proximity sensors and analysing orbits of the rotor ele-
ments is used in many cases of diagnostics [2, 5, 7]. How-
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ever, in some practical cases there no possibilities to use
this methods and vibration are measured applying seismic
sensors. This method does not require specific installa-
tions, but has some specific limitations.

Turbine vibrations
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Fig. 4 Spectrum of the compressors 11th support vibrations
when duration of the machine exploitation is similar
to its typical interservice period

Experimental results present dynamical situation
of the CRS when duration of the machine exploitation is
similar to its typical interservice period. The second type
of subharmonic vibrations (component of 27.3 Hz ) can be
seen as well as significant components of rotors rotation
frequency 84 and 110 Hz. Rubbing of labyrinth sealing
caused by thermal deformations of machine body is the
possibly cause of the last component of vibrations. In this
case, increased component of the rotation frequency is also
caused by rubbing.

Spectrum of the machines 11™ support vibrations
after the breakdown of several turbine blades (as a possible
result of rubbing) is presented in Fig. 5. Abnormally in-
creased component of rotor rotation frequency is caused by
significant unbalance of the broken turbine. Exploitation of
the CRS is impossible in such conditions.
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Fig. 5 Spectrum of the compressors 11th support vibrations
after failure of some rotor blades

Such emergency situation could be foreseen ana-
lysing subharmonic vibrations of the machine, because it
had been forming gradually in certain duration of time.
Presumptively this situation was preceded by impacting of
the CRS rotor blades to machines body that should be no-
ticeable on the spectrum of vibrations as some increased
subharmonic components. Accordingly rotor to stator rub-
bing was preceded by increased eccentricity of the rotor in
bearings.

Fig. 6 presents spectrum of the 11th support vi-
brations in the case of rotor and stator blades partial rub-



bing. Very complex spectrum with multiple components of
frequency of rotation as well as natural frequency (27.3,
54.6, 218 Hz, etc. and 42, 84, 252 Hz, etc.) can be noticed.
There are also other subharmonic and super-harmonic, as
well as chaotic components. Exploitation conditions of the
CRS are unacceptable. Results of such machine failures
(traces of rubbing) are presented in Fig. 7.

Turbine vibrations

)5 54.6 Hz 218 Hz
‘é 2
£ 42 Hz
g 15
< 1
NIRRT
o

0 50 100 150 200 250 300 350 400 450 500
Frequency, Hz

Fig. 6 Spectrum of the compressors 11th support vibrations
in case of intensive rubbing

Fig. 7 Traces of rubbing between rotor and stator blades:
a - traces of rubbing between rotor and blades of sta-
tor, b - traces on rotor blades left by broken blades

Identification of the primary defects of the rotary
system is very important aim of diagnostics, because, as it

was mentioned, rubbing of rotors has to be considered as
the secondary phenomenon, resulting from other defects.
In this case, rubbing was caused by the poor quality of the
machine assemblage. However those primary defects were
relatively insignificant and were not detected during condi-
tion monitoring of the machine.

Such experimental research of the rubbing cases
allows determination of rotor elements that can be contact-
ing with other elements of the machine and are affected by
additional forces. This research also showed that rubbing
appeared in the both — radial and axial direction that should
be evaluated in further modelling of the machines dynam-
ics. Only those complicated adaptations of the numerical
model can lead to satisfactory adequacy of modelled re-
sults and real conditions of machines exploitation, helping
determine its defects and foresee the reliability.

6. Conclusions

Certain actions should be initiated in order to
avoid extreme situation of rotary system exploitation and
in order to increase reliability of a CRS.

1. To determinate and eliminate possible causes
of generation of subharmonic vibrations of significant am-
plitudes. Numerical modelling of machines dynamical
situations can be applied, however it is quite complicated
because of complexity of the problem and thorough under-
standing of machines properties is needed.

2.To provide comprehensive analysis of CRS
structure and elements as well as conditions of its exploita-
tion, determining possible locations and elements of rotor
to stator rubbing, type (direction, duration, etc.) of contact
and generation of additional forces.

Improved knowledge of machines dynamics
should allow adapting of dynamical model and evaluation
of real conditions of machine exploitation.
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DALIES EKSTREMALIU SITUACIU,
SUSIDARANCIU SUDETINGU ROTORINIU SISTEMU
EKSPLOATACIJOS METU, ANALIZE

Reziumé

Sudétingos rotorinés sistemos (SRS) yra eksploa-
tuojamos chemijos pramonés, energetikos imonése. Ju dar-
bo patikimumo uztikrinimas yra vienas i§ svarbiausiy te-
chninés priezitiros uzdaviniy, nes dél §iy masiny remonto ir
prastovy patiriama didziuliy nuostoliy.

SRS bikle labai padeda nustatyti masinos virpe-
siy diagnostika. Taciau dél tokiy sistemy kompleksisSkumo,
ivairiy defekty tikimybés ne visada galima tiksliai nustatyti
virpesiy Saltinius. Papildoma priemoné, leidzianti tiksliau
nustatyti sistemos defektus yra jos dinaminés buklés skai-
tinis modeliavimas.

Siame straipsnyje yra pateikiami SRS, kurioje
reiskiasi rotoriaus ir statoriaus kabinimasis ir suzadinami
subharmoniniai virpesiai, eksperimentiniy tyrimy ir skaiti-
nio modeliavimo duomenys. Realios SRS modeliavimas
(ypac kai vienu metu yra keli defektai) yra sudétingas uz-
davinys, todél butina tikslinti matematini modeli, panaudo-
jant eksperimentiniy tyrimy duomenis.
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ANALYSIS OF SOME EXTREME SITUATIONS IN
EXPLOITATION OF COMPLEX ROTARY SYSTEMS

Summary

Complex rotary systems (CRS) are widely used in
energetic, chemical industry. Their reliability is one of the
main tasks of plant engineering, because costs of mainte-
nance and production loses are really significant.

Vibrodiagnostics of such systems is one of the
main tools applied for the evaluation of machines condi-
tion. However complexity of those systems, probability of
various defects condition that reliable determination of
sources of vibrations is not always achievable. Therefore
additional mean for defects determination may be applied
— numerical modelling of systems dynamical condition.

This article presents data of experimental and
numerical research of a CRS, where the phenomenon of
rubbing occurs and subharmonic vibrations are generated.
Modelling of such realistic system is also a highly compli-
cated problem, therefore improvement of numerical model,
based on experimental data is needed.

P. Monymac, 3. FO3enac, K. FO3enac

NCCIIEJOBAHUE HEKOTOPBIX
OKCTPEMAJIBHBIX CIIYYAEB B OKCIUIYATALIMU
CJIOXHBIX POTOPHBIX CUCTEM

PezowMme

B xuMuyeckoil M 3HEPreTUYECKON MPOMBIIIIIEH-
HOCTH 3KCIUTyaTHUPYIOTCSI CJIOKHBIE POTOPHBIE CHCTEMBI
(CPC). Onna u3 TaBHBIX 3a/1a4 TEXHHYECKOTO Haa3opa —
00ecIeunTh HaJIe)KHOCTh ATUX CUCTEM, TaK KaK PEMOHTHI U
MIPOCTOU HECYT CYLIECTBEHHBIH yiepo.

OnHUM 13 Coco00B, MO3BOJISIOIINX OINPEAEITUTD
cocrostune CPC, sBiseTrcs BHOpPOJMArHOCTHKA MAIIHH.
OpHaKO KOMIUIEKCHOCTh TaKHX CHCTEM, BEPOSTHOCThH pa3-
HBIX J1e()EKTOB YacTO HE ITO3BOJISIOT TOYHO OIPEAEIHTH
BCE MCTOYHUKH BHOparuid. J[OMOJTHUTETBHBIM CPEACTBOM,
MO3BOJIAIOMNM 00JIee TOYHO ONPEAETHUTh Ae(PEeKTHl CHUCTE-
MBI, ABIISIETCSI YUCIICHHOE MOJICTTMPOBAHNE €€ COCTOSHHUSL.

B crarbe mpezacTaBieHbl JaHHBIE O HKCIIEPUMEH-
TaJIBHBIX HMCCIEAOBAHUAX M YHCIEHHOM MOJEIMPOBaHUU
CPC, B KOTOpBIX HaOMIOAAIOTCS 3a7ieBaHHE pOTOpa M CTa-
Topa M BO30YyKJaemble CyOrapMOHUYECKHE KOJICOaHMSI.
MopnenupoBanue peanbHoii CPC (ocobeHHO eciiu BO3HHU-
KalOT HECKOJBKO Je(EeKTOB OJHOBPEMEHHO) SIBISIETCS
CJIOKHOH 3ajayeid, Io3ToMy HEOOXO0ANMO YTOYHSTH MaTte-
MaTH4eCKyl0 MOJIeNlb, NPUMEHSS JaHHBIE AKCIIEPUMEH-
TAJIBHBIX UCCIICAOBAHUM.
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