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Abstract: it is well known that old design high-power gengrg machines were on duty for
more than 35-40 years and will successfully cotimperation after proper renovations and
overhauls. this paper considers vibrational charastics of the old continuously operated 110
mw turbounit with steam turbines and electric gatmr rotating system running at nominal
speed of 3000 rpm. vibration and technological peters were systematically monitored in the
course of 5 years after installation of conditionnitoring and diagnostics system, which is
based on measurements of rotor relative vibratisplacement. it is demonstrated that
application of optimized vibration monitoring anthghostic system and several vibration data
formats is effective in evaluation of overhaul dtyathrough vibration severity of rotor system
and identification of causes of these vibratiohs. iesearch focus in the reported research work
is placed on inspection of mechanical effect oizmntal rotor-to-stator rubbing in upper part of
journal bearing. the validity of the results isified during overhauls and renovations, and can
reduce the possibility of bearing failures.

Keywords: turbounit, journal bearings vibration, diagnostiagor-to-stator rubs

Nomenclature

{B} right hand vector [Ny ] matrix of shape functions
[C] damping matrix NE total number of finite
C mean radial clearance element
€ eccentricity {P} vector of nodal pressure
[G] gyroscopic matrix p pressure of liquid
[H] matrix of total system of Pa ambient pressure
equations Rp radius of journal bearing
h film thickness RRr radius of journal
{F} load vector of rotor
. . Re Reynolds number
[J] Jacobi matrix S circumferential coordinate
[K] stiffness matrix of rotor )t() . longitudinal axe of journal
. . earing

Ky, Kg  circumferential turbulence Uy, Us  velocity components
coefficients
[M ]I I i V  volume of defects

mass matrix \Y displacement of journal in the Y
[NV] matrix of shape functions direction
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W displacement of journal in the Y {&}  vector of nodal accelerations
dlrectlor] o . \} attitude angle
1 liquid viscosity )
_ Subscripts

OR journal angle B bearing
@g  bearing angle def defects
QR journal angular velocity R journal ) o

] ) ) \'% displacement in the Y direction
0 circumferential coordinate w displacement in the Z direction
{q} vector of nodal displacements
{q} vector of nodal velocities

Introduction

Rotating machinery is dominated in power generatiogustry. Stationary technical
condition monitoring, protection and diagnostictepss (MDS) of the machinery, which are
installed not only in new critical machines, butdld design high power generating machines
during renovation processes, improve machine efiicy. Vibration data bases and data formats
mostly are simple and contain limited informatiem & diagnostician in old design machines in
comparison with possibilities of modern MDS. Roteelative vibration displacement
measurement with contactless proximity probes ew area in diagnostics [ turbounits
higher efficiency is achieved by tightening opergtclearances between elements, including
journal bearings. Reduced clearances lead to gtatmtor rubs. If rotor misalignment is
significant, despite that most common types of rafesblade tip and seal rubs [2], the bearings
rubs are dominated. These rubs are known as falllanrubs and partial rubs. The partial rub —
when the rotor maintains contact with the beariag pnly during the small portion of the rotor
cycle is encountered more frequently in compariséth full annular rubs. The repetitive
contact rotor with the stator causes more signifigenpacting and severe vibrations during
rubbing. After the rub (impact) the rotor orbitiig characterized by the free lateral vibration
with frequency equal to one or combination of ratatural frequencies. Most probably it is the
lowest natural frequency in the lateral mode. Boirf the diagnostic practice point of view it is
not only difficult to identify location of rubbinghenomenon in operating turbounit, but it is
impossible to determine causalities of rubs. Thia icrucial problem for old design turbounits
with prolonged continuous operation without mod&BS. The main solution is to replace
bearing housings, absolute vibration measuremeasrfenmed with seismic transducers that are
acceptable for monitoring of rotors with rollingeatent bearings by the relative or absolute
vibration displacement measurements of the rotoith ywroximity probes [3, 4]. Early
experiences on steam turbines and generators wshécted to the measurement of bearings
housings absolute vibration using only seismicgdarcers [5]. As diagnostics practice revealed
the journal bearing housings vibration measuremauitis seismic transducers can serve to
identify approximately the rubbing start moment,t mot exact location of this event.
Theoretical modeling and experimental researchuiatly are conducted with laboratory
equipment and tested with machines in situ [7]. Buhstall modern MDS in old design rotors,
especially to locate proximity probes inside thariregs or as near as possible at the bearings,
sometimes is challenging and depends on rotor dedipe rotors with relative vibration
displacement measurement of journal bearings ssenséal for proper diagnostics of many
malfunctions and especially of the rubbing. Thipgrareports new research data concerned
with evaluation of the overhauls and changes inhimecdynamics between two overhauls of
high power turbines rotating system with rubbingauarnal bearings. Turbounit rotating system
condition monitoring and diagnostics was accomplishy means of newly installed MDS. The
objective is improvement of accuracy of diagnosttsigh power old design turbounit, more
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precise evaluation of vibration severity and idcdtion of rubbing causes in the upper part of
the bearing.

Diagnostics approach and testing methodology

Object of research

The rotating system of 110 MW power turbounit af@@rpm rotation speed with three
steam turbines, electric generator, and exciter equipped with new stationary condition
monitoring and diagnostic system BNC 3500 (USA)sitated in Fig. 1. The modern MDS was
installed after 25 years of the continuous openatibthe machine. Primary stationary condition
monitoring system was based only on bearings hgasiabsolute vibration velocities
measurements,,s values without diagnostics. Vibration displacememasurements of the
rotors relative to the bearings had not been pexédrearlier.

1GV 26V 3GV 4GV 5GV 6GV 7GV 8GV 9GH 10GH
1GH 2GA 3GH 4GH5GH 6GH 7GH

ARSP1, 2

Fig. 1. Turbounit scheme: high DSR, middle VSR and low M8Bssure steam turbine rotors, generator
and exciter rotors (GR, ZR); 1, 3-10 journal begsin2-thrust tilting pad bearing; 1XY,...,8XY-non-
contacting sensors; EC1, SP1,..., SP3, ARSP1,2,1KAdisplacement transducers; RSG - rotation speed
sensors; FK - Keyphasor; 1GV, 2GA...,10GH - seistn@insducers (V vertical, H horizontal and A axial)

Diagnostics methodology

Turbounit vibration measurements and analysis efrésults were carried out before and
after two overhauls and conducted periodically miyigontinuous 5-year operation term until to
now. The rotors relative vibration displacement sutgaments were provided close as possible
to the all eight bearingsdost frequently occurring breakdowns in high- powsabounit rotor
systems are journal bearing failures during rurangd coast-down. These damages caused by
uneven thermal deformations of massive cases asdnassive rotors at run-up, bent rotors,
unbalance of the rotors, high vibration levels dgrtoast-down at resonances, lateral or/and
angular misalignment between rotors and couplimijsor steam induced whip/whirl self-
excited vibration, etc. If rotor-to-stator rubbiongcurs the vibrations may become excessive and
may cause a serious damage to rotor elements drtéeaatastrophic sudden failure of the
machine. The proximity probes as non-contactingssenmeasured shaft dynamic motion —
vibration displacement peak-to-peak magnitigle (AC signal) and shaft position in the
bearing (gap) relative to the probe mounting lacat{DC signal). The vibration magnitude

Sip-pymax = 2S, .« is the higher value of the peak-to-peak displace#nmeasured in two
selected orthogonal measurement directions. Thesumed values are interpreted in main

vibration data formats that are effective in diaglies and identification of the rubs in journal
bearings and allow determination of casualties uifbmg phenomenon. Because there are
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considerable inconsistencies between bearing hgsisibsolute vibration and shafts relative
vibration values the diagnostics was based on meamnts of rotor relative vibration
displacements and analysis of results [6].

Long-term diagnostics results

The condition monitoring and diagnostics of turbibuwas performed continuously
between two overhauls and temporal variation oftiet vibration displacements of eight
bearing shafts during operation at maximum loadiegpresented in Fig.2. Vibration
displacements monitoring results indicate that fmessure rotor MSR"5bearing had severe
vibration displacement values since the first oaettup to the second.
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Fig. 2. Maximum values of relative vibration displacemestg, of the rotor bearing shafts under
maximum loading at continuous operation: 1 — 20if&e( first overhaul), 98 MW; 2 — 2007, 99 MW, 3 —
2008; 106 MW and 4 — 2009 (before second overh&aQp,MW

Fig. 3 reveals that the most sensitive to the logftiom the vibration intensity point of
view are DSR %' and VSR % bearings when loading varies from maximum valu2 M up
to free run (FR) when tested before scheduled seowarhaul (2009). The"2and ¥ bearing
vibration values indicate significant changes ifbration displacement amplitudes and in
phases.
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Fig. 3. Maximum values of relative vibration displacemept;§2 Swmx = Sp-pmay Of the eight bearing
shafts measured before 2009 scheduled major oveahaarying loading from 102 MW up to FR: 1 —
2009 03 20, 102 MW; 2 — 2009 04 15, 86 MW; 3- 29 MW 4 - 2009 04 16, FR

Rubbing of rotor against a stationary part

Rub is a dangerous contact between a rotating tattbrgary part and leads to direct
damage to the contacting parts. Rub is the secgneffect that is caused by some other
malfunction, which produces a combination of averagd dynamic shaft centerline position
that exceeds the available clearance between ttog emd the stator. The average shaft
centerline plot (ASCP) indicates changes in theaye position of the shaft centerline in two
dimensions and is constructed from the DC parthef\tibration signals. The extreme ASCP
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(static) can be caused by excessive radial loadsehess and external or internal misalignment
caused by a warped casing, steam piping straimdition deformations and looseness, uneven
thermal growth or out of position by internal parts

Extreme dynamic shaft position can be induced Igi kibrations, due to excessive
unbalance, rotor bow, or instability (rub, oil-stedluid-induced instability, resonance). When
the rotor moves away from the bearing, the spriiffpess of the rotor will decrease, producing
a change (increase) in vibration response. Rubysexl simultaneous, nonlinear changes in
both the force and the dynamic stiffness. The mipldorces (radial and tangential friction)
suddenly appear and disappear: the radial force iacthe direction of the rotor center to
strongly accelerate the rotor away from the conpaint; the tangential friction force appears
which is proportional to the instantaneous magmitafithe radial force and the coefficient of
friction at the sliding interface. The tangentidttion force acts opposite to the surface velocity
of the shatft. It produces a torque on the rotor, andhe same time, tries to accelerate the rotor
centerline in the reverse precession direction.thisrreason, partial radial rub produces reverse
components in the full spectrum. A side effecthaf tangential friction force is that it acts as an
agent to transfer the kinetic energy of rotationradial vibration energy [1]. This process
produces a self-excited vibrations that are largeamplitude than would be possible without
the energy transfer. Partial radial rub producel&excited, large amplitude, subsynchronous
vibration at subharmonics (1/2X, 1/3X,1/4X, etagduencies. This self-excited vibration is
always associated with a modified natural frequemdythe rotor system. During the
experimental testing of the turbounit the main a&tton data formats were designed to identify
the rubbing event.

Like most malfunctions, diagnosis of rub involvearrelation of different types of
vibration and data of technological parameterss Important to correlate the steady state and
transient vibration data formats: average shaftaréne plots (ASCP), direct orbit and time
base plots; full spectrum, including cascade andewall plots, 1X Bode and polar plots,
vibration signal trends. The result of rub effeidsa complex rotor dynamic response that
produces a wide variety of symptoms.

Trend plot The trend plot of vibration displacement magnituchd phase presented in Fig. 4
and acquired at repeated shutdowns and run-ups anddee severe vibrations occurred at
rotation speeds ~2750-2900 rpm and rotor systesn fiatural frequency measured as 1390-
1341 rpm. The experimental testing revealed thaddem increase in direct vibration
displacement amplitude occurred at ~2789 rpm agated in Fig. 4. The rotor system has a
natural frequency at a subharmonic (~1398 rpmhefrbtor operating speed (at ~2789 rpm),
than, after one cycle of this subsynchronous fribeation 1/2X, the rub impulse will recur.
Rotation speed 2789 rpm (synchronous 1X=46.48 ldquiency) vibration played a role by
increasing the lateral velocity of the rotor at thement of contact. The experimental testing
verified that the rub induced instability in theab@g occurred at run-up (with steam) and at
shutdown (without steam).

ASCP — average shaft centerline plot

The ASCP indicates changes in the average posiiothe shaft centerline in two
dimensions and is constructed from the DC signbthetwo sensors. The ASCP of the middle
pressure rotor with damaged (Fig. 5) and new (fiy.3° bearing accented the initial
information in evaluation of changes occurred ia Hearing during 5 years exploitation after
first overhaul. The 8 bearing’s shaft abnormal shift centerline positiegistered just after
overhaul at 2005 as shown in Fig. 6 (left). Thenmar ASCP for hydrodynamic fluid film
bearing measured after overhaul at 2009 as illiestran Fig. 6 (right). The ASCP data format
served as initial indicator for prediction of threevitable damage that will take place in tffe 3
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bearing in the future. The inaccessible large rigeatent between DSR and VSR rotors was
made during first overhaul of machine at 2005 tzatsed rubbing in the bearing, Fig. 5.

The ASCP reveals a dramatic shift centerline pmsitit shutdown from 3000 rpm up
to 2900 rpm (without rub), from 2900 rpm up to ~87ABubbing, Fig. 4) and from ~2750 rpm
up to 2469 rpm (without rub), Fig. 7. The centaxlibehavior is abnormal at run-up as at
shutdown mode for fluid film "8 bearing.
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Damaged bearing

Fig. 5. Abnormal ASCP of the damagetf Bearing measured at shutdown and run-up befeerhaul
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Fig. 6. ASCP with the new % bearing after overhauls in 2005 and 2009
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Fig. 7. The damaged™bearing rotor orbit/time base plot at 2758 rpmimtyishut down

Shaft kinetic orbit  In diagnostics practice it is difficult to veyithat vibration frequency
1/2X is an exact integer ratio by using only vibmatsignal spectrum, because of the limited
resolution of the spectrum. To avoid such uncetyaéndirect orbit with keyphasor dot display
should be used to verify the integer relationshiig, 7. Because of its ease of interpretation
and extensive information content, the orbit, wileyphasor mark, is probably the most
powerful single plot format available to the ma&ryndiagnostician [1]. The Keyphasor mark
on the orbit indicates the direction of increasiimge, the direction of precession — from blank
to dot sequence. If the frequency is constatn, th@nKeyphasor dots on direct orbits will
remain locked in place through subsequent vibratigeie. If the keyphasor dots move along
the path of the orbit, than the frequency is notnéeger ratio. The two stationary sets of locked
keyphasor dots on the direct orbit indicate exatdX%22.98 Hz frequency self-excited
vibration when rotor running speed is 2758 rpm (4%;97 Hz), Fig.7. The rubs as indicated in
Fig. 4 result in very high vibration displacements, 9. Sippmacl76 pm and Sy,
pma=190 UM,Sppma260 pum at 2758 rpm, Fig. 7. This complicated shaybé demonstrates
the path of the shaft centerline for eight shafbhetions.

Fluid-steam induced instability produces subsynousn vibration that is sometimes
misdiagnosed as a rub, but fluid-steam inducedniily produces self-excited vibration at a
non-integer ratio (such as 0,475X,...) of frequenc@sbit breathes in fluid (steam) induced
instability [1].

Modeling and simulation of journal bearing

Modeling and simulation of damaged journal beasias provided including two rotors
DSR and VSR supported by oil-film bearings and dioigp These general assumptions were
made: the material of the rotors and coupling iast; shear forces are evaluated; the
deflection of the rotor is produced by the dispfaeat of points of the center line; the axial
motion of the rotors is neglected; the semi cogdiare treated as rigid. Finite element method
(FEM) formulation has been chosen to study the choaand hydrodynamic processes of the
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rotating system. The rotor dynamics is simulated~Eyv when finite element consists of two
nodes and five degrees of freedom (DOF) at eack (lid. 8 a). The first and second DOF are
displacements along y and z axes and the last D& are angles about X, Y and Z axes.
Journal bearing hydrodynamics is simulated by FEMenvthe isoparametric nine-node finite
elements are used (Fig. 8 b).

Ze |
Wi § Wag
N vz\/‘ B:V
{ .
o 1) L%
=i} L‘C L
a
6
7 5
8 4
1 2 3
b

Fig. 8.Finite elements: a — rotor FEM; b — journal beaftM

Solution of dynamic equilibrium equations
The system of equations of motion of the rotatipgfesm can be written in the form:

M(a)fa}-+ (] +[clalia) + [ (a)fal = {F(a.a.t). @)

Solution _of hydrodynamics equationsOil pressure distribution is obtained by Reynolds

equation [8]
3 3
o |, ofh p|_
ox\ u “ox) os\ u " os

oh 0 0
§+&(hux)+£(hus)

, ()

where s is circumferential coordinate=Rz6 (Fig. 9); x lies on the surface and is parallel to
longitudinal axis of journal bearingh(x,s,t) is the lubricating film thicknessJ,, U, are

velocity components in the x and s directidn§,=%RR(¢)R—2y}); Ky, K< axial and
circumferential turbulence coefficients

in laminar dynamic: k, =112, k,=%/12;
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. . 1 1
in turbulent dynamic: k, = ; =———: (3
Y * 12+ 0014R%%%4 T ° 124 00139R° ®)
Reynolds number is equak= pUc/u.
Z)
Rs(¢) Re
Bearing ]
housi
ousing o) | »
C
oW\ ] -
Y
Fluid
film - Journal
)
a
ii-zz;d ‘f\_/ Bearing
housing
b
Fig. 9. Geometry of the journal bearing
The film thickness can be written in the fo(Fig. 8)
h=Rg(ps)- Relpr)-veody ) - wsin(y), 4)

where y = arctarfw/v).

The sliding surface of the bearing has defectsasamted in Fig. 9 b and Fig. 10.
The derivatives of the film thickness can be wnitte

%h=_'Cos{y/)—WSin(l//)—WSinz(l//)_ (5)

WWcos () + (Wu+ wv)sin(y )cody )
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Fig. 10.Geometry of the sliding surface of the journal begr

Oil pressure distribution in the journal bearingigained from total system of equations

[H(@}P}={B(a.a)}, 7

with boundary conditions

P(x=0,5)= p,, P(x=b,s)= p,,

P(x,s=0)=p,, P(x,5=2*Rg)=p,,  (8)

In an implicit time integration scheme, equilibriohthe system (1) is considered to obtain the
solution at time + At . The nonlinear system is solved using the NewtapfRon method. The
system of equations (1) and (7) are solved by usémgtion process.

The selection of an appropriate time st&p is very important to the accuracy of
simulation and analysis. Since the time integraioheme employed is implicit, its stability is
unaffected by the size of the time step. In an ioitplunconditionally stable time integration
scheme At should be small enough that the response in allemowhich significantly
contribute to the total structural response is uated with high accuracy. The time step of

107°s was selected for use in the integration process.

Two steel rotors with coupling rotating at 3000 r@md supported at the four journal
bearings are considered. The defects are chazadebly the volume. The volume of defects is
equal to:
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NE111

> [ [ [det[3,])d¢dnds =0,378107 m?.

Vier =
k=11-11

The sliding surface of VSR%ournal bearing with geometry defects is illustchtn Fig. 11.

Fig. 11.The 39 journal bearing surface with geometry defects:séding cylinder; b — evolvent of
cylinder
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Simulated pressure (vertical axis) distributiontbe 3% journal bearing surface in the different
time are given in Fig. 12.

Fig. 12.Pressure (Pa) distribution on tH&jBurnal bearing surface:
a- =0 degrees; b -y = 200degrees

Conclusions

Some conclusions can be formulated on the basheafeported research work:
1. The partial radial rub in the“3bearing led to damaged upper part Babbitt metathef
bearing. The rubs occurred at rotational speedsetofs: at run-up started at ~2758 rpm, which
is twice as large as the first balance resonaneedsp1379 rpm of turbounit rotating system
(1/2X subharmonics frequency). The rubbing continup to 2900 rpm at run-up, reoccurs at
the shutdown mode and continues during ~150 rpatiostal speed interval.

564

© VIBROENGINEERING JOURNAL OF VIBROENGINEERING ~ DECEMBER2010.VOLUME 12,1SSUE4.ISSN1392-8716



591.DIAGNOSTICS PROCEDURE FOR IDENTIFICATION OF RUBS ROTOR BEARINGS
V. BARZDAITISY, M. BOGDEVICIUS?, R. DIDZIOKAS®

2. The rubbing in the 8 bearing was induced by large initial vertical rigrament of two
rotors (DSR and VSR) when connected with couplingird) the first overhaul. Radial gap
between shaft and bearing was reduced in uppergbdhe bearing and during all period of
operation the "8 baring was only partially loaded.

3. For old design long-time-used machines afteovation and installation of MDS with
sensors for measurement of rotors relative vibnatisplacements (without seismic transducer
measuring absolute vibration parameters) the rgpbtiagnostics is effective with the main data
formats: vibration displacement direct and syncbren1X trend plots, ASCP, direct orbit and
full spectrum plots.

4. Simulations with the developed rotating systaumarical model enabled evaluation of the
extent of damage on the journal bearing.
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