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JOZEF RYBCZYŃSKI-

Diagnosing turbine set bearing dislocation defects
based on cascade rundown characteristics

The Szewa]ski Institute of F]uid-F]ow Machinery, Rotor Dynamics and Slide Bearings Dept.,
Fiszera 14, 80-952 Gdańsk

Abstract
The article presents results of the vibration analysis of the rundown process of a large-power
:urbine set at the presence of the bearing ]ateral dislocation defect. Numerical calculations were
:arried-out, with the aid of a package of MESWIR codes, on a model turbine set in which the
bearings had been dislocated by the maximum permissible range with respect to the kinetostatic
:atenary of rotors. The resu]ts are presented in the form of cascade diagrams of the re]ative
:nd absolute vibrations of an examined bearing set vs. rotational speed during the machine
::ndown, The research makes it possible to formulate a system of diagnostic relations connected
;^-lth the bearing lateral dislocation defect, which can make the knowledge basis for a diagnostic
-i-steln, It has been found that the dislocations of certain bearings in certain directions may
::łke vibrations go beyond permissible regimes during machine rundown, even in cases when the
,_crations have been within the limits at nominal operating conditions. Determined were most
,-:jnerable location points and dislocation directions of the bearings, along with accompanying
,i 3ptoms.

§eywords: Machine diagnostics; Mechanical vibrations; Fluid-flow machine

Introduction
3_: and Tesponsible fluid-flow machines, in particular large-power turbine sets,
_.:ally consist of a number of rotors linked together by couples. The system of
+,:afts formed in this way has to be supported in a number of slide bearings, so it
:: statically undeterminable from the mechanical point of view. For such a ma-
*_ne to operate safely the bearings have to be set in a precisely defined manner

'E-mail address: ryb@imp.gda.pl
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with respect to eaclr otlrer, i.e. particular shafts should create a line defined in the
design state. apploxirnately similar to catenary, Desired shape of a shaft ]ine is
fbrmed b1, appropriate positioning of particular bearings irr relation to a geodesic
line, i.e straig}rt, horizorrtal reference 1ine. Urravoidable in practice deviations of
bealing locations with respect to their design location can result from assembly
errol,s. t}rermal dilatations of bearing pedestals and fourrdation, ground settle-
ment. and possible failures. Moving any bearing in the turbine set from its basic
location. determined by the design shaft catenary, changes operating conditiorrs
ilr other slide bearings, thus also altering the operating conditions of the entire
nrachine. The static load of the shafts and bearings is clranged, which leads to
t}re change in the dynamic status of the rnachine. As a consequence) vibrations of
bearings and rotors can be generatecl [1-5]. This lesults in cha.nge rundown char-
actcristics of t}re ntachine. That is why bearirrg vibrations) among othcr sources,
carr deliver infolnration on the plesence of bearirrg lateral dislocation defect in
tlre turbirre set.

The rnotivations for examining the effect of bearing dislocation defect on
turbine set rundown vibration characteristics originated from the earlier research
activities in the subject, which resulted in determining permissible displacenrents
of bearings in the 13K215 turbine set from the point of vier,v of the acceptable
status of the turbine set. Exceeding the permissible bearirrg dislocations leads to
inevitab]e stop of the machine, as its technical condition makes further operation
inpossible |2, 6-8]. The reason for making decision about this type of detailed
analysis of the impact of bearing dislocation on turbine set characteristics in
tl,ansient states is the following.

Let us assume that an arbitrary bearing in the nrulti-shaft fluid-flow machine
lras bcen dislocated frorrr the designed optirnal kinetostatic catenary. A possible
reason can be t}re f'ailrrre of beirring, its pedestaI, or 1bundation, as we]I tls therrnal
di]atations of those e]ements, Displacing any bearing in the machine in operatiott
canrlot exceed permissible values; otherwise it results in immediate rrrachine stop,
Tlrerefore let us assune that the current displacenient is eqrral to the maxima]
Pelmissible dislocation, which 1eads to machine stop with resultant rundown, The
knorvledge on possible vibrations, to be recorded during the rundown process, is
of high importance, The operating staff should know whether those vibrations
are likely to exceed permissible values at certain speeds during the rundown,
t-hich may happen even if the vibrations have been within permissible ranges at
trotninal rotationa] speed.

The investigations consisted in calculating static and dynamic states of a
large-power turbine set, with bearing lateral dislocation defect simulated using
a set of N{ESWIR series computer codes. Introducirrg t}re defect to the basic
nloclel of t}re machine consisted in dislocatirrg particular bearings by the rnax-
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_nral permissible range, a prioli calculated taking simultaneously into account
:he vibration and bearing load criteria [7, B]. The calculated vibrations of the
rearing centles in the turbine set during its rundown were shown in the form

-,l vibration cascade diagrams, prepared individually for each bearing and for

=ach state of possible limiting displacements. Basing on the cascade diagrams
:le collective diagrams of maximal amplitudes of the vibrations vs. rotational
speed were created. Detailed observations concerning the effect of dislocation of
particular bearings on the dynamic state of the turbine set have been collected in
Tabies. The cascade diagrams and the maximum vibration diagrams made the
:asis for a detailed analysis of the relations between the dislocations of particular
-rearings 

and the rundown characteristics of the turbine set, and then for further
:onclusions of more general nature.

It is noteworthy that the relations between bearing dislocations and the dy-
::amic and kinetostatic state of the machine, expressed by bearing vibrations
and loads, make in fact a set of relations 1inking the defects and their symptoms.
Therefore the rundown characteristics can be considered diagnostic relations, and
_ncluded to the diagnostic knowledge basis for the examined machine. Moreover,
.ome of these relations can be generalised to be used for a class of similar ma-
:irines.

2 The range and object of investigations

2.I Research goals

The object of investigations was a 13K215 turbine set, in operation in one of
Polish powel plants. Turbine sets, consisting of 200 MW turbines and generators,
are in common use in Polish power engineering. A general diagram of such a
:urbine set, presenting the system of shafts and locations of bearings, is given in
Fig. 1. The turbine set is a four-body machine, whose rotors are supported in
seven slide bearings, Four shaft sections are linked together using three couples.
\oteworthy are the locations of two pairs of bearings, namely bearings Nos. 3

and 4 between MP and LP turbines, and bearings Nos. 5 and 6 between LP
:urbine and generator. Each two bearings constituting those pairs are located
close to each other and are supported by a common pedestal. This factor will be
:aken into account during the discussion of the obtained results.

The investigations focused on analysing the dynamic state of the turbine set
at the presence of the bearing lateral dislocation defect in unsteady conditions.
.n particular during machine start-up and rundown periods. In real execution.
due to the method of operation of the main tool used for the calculations, the
start-up and rundown plocesses were modelled by series of steady states gen-
erated with proper step within t}re entire range of the rotational speed of the
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Figure 1. I1]ustration of the rotor 1ine srrpported in slide bearings in the 13K215 turbine set.

machine. Therefore tlre results may contain some miscalculations, as the factor
connected with shaft acceleration in the equations of a shaft movement has not
been taken into consideration. However the errors are very sma1l because the an-
gular acceleration of the shaft of the heavy machine like a turbine set during its
l'un down is relatively small. Thus time intervals of the vibration phenomena are
l-er1' short in comparison to the intervals of time necessary fbr significant change
of rotationa1 speed.

\laxima1 permissible dislocations of all seven bearings in four directions: rig}it,
left. up and down, determined in earlier research activities, were assumed as
tlre defect in the investigations [7, B]. Analysed were machine responses to 28
e)enrentary defects simuiated in the above manner. The symptoms of each defect
li'ele relative and absolute vibrations of all bearings in vertical and horizontal
illections.

2.2 Machine state evaluation criteria

Large and responsible fluid-flow machines are operated using extremely severe
plocedures oriented on avoiding possible threat of any failure. A1l parameters
determining the thermal or dynamical state of t}re turbine set must be kept
ri'_ihin permissible limits, The dynamical status is characterised by dislocation
allplitudes of the relative vibrations of the bearing journals and the absolute
bearing vibration velocities [2, 3, 9, 10]. The range of permissib]e vibrations
is standardised for a given type of machine. For the purpose of the present
ii-,-,:'k it \\'as assumed that the qualification criterion that allows considering the
\1-c,:i status of the entire turbine set acceptable is simultaneous fulfilment of the
:c,_,,r-ing three conditions for a1l seven turbine set bearings:

o permissible relative journal-bushing vibrations, limited bv the amplitudes
ol p-p dislocations in two mutually perpendicular directions: s ( sgr :
'-fj5 pm,
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o permissible absolute bearing vibrations, limited by RMS vibration velocities
in horizontal and vertical directions: uRMS ś uRMSg, : 7,5 mm/s,

o permissible bearing 1oad, limited by the average pressure on the bearing
shel1 surface,. p < p6op :2 MPa.

The limiting values were taken from 1SO standards: for relative vibration dis-
_ocations - from ISO 7919-2, and for absolute RMS vibration velocities - from ISO
_0816-2. These values correspond to the warning states. The limiting pressule
:istributions on the bearing shell surface were patterned on the values calculated
;,r, the turbine designers for the constructions of large slide bearings.

Ax - hońzontal permissible displacement

Ay - veńical permissible displacement

:igure 2. Scheme of kinetostatic catenary of the turbine set against the geodesic line, and the
interpretation of the ranges of permissible bearing dislocations. In the upper left-hand
cornel - the iilustration of the minimum area of bearing No, 5 permissible dislocations
with respect to the kinetostatic line.

On the basis of the above assumptions, the ranges of permissible dislocations
:f the turbine set bearings were determined. The methodology and results of
:hese calculations were presented in [7, B] , among other references. The concept

21,
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of determining permissible bearing dislocations is illustrated in Fig. 2. It is note-
rvorih5' that the perrnissible displacements Az, Ag refer ro the basic positions
of the bearings along the catenary kinetostatic line, which is displaced by b wiih
fespect to ihe geodetic line in bearing 1ocations. The part of those resu}ts rvhich
lł'as used in the present article has been collected in Table 1 presenting permissible
dislocations of aI1 seven bearirrgs in fortr directions separately taking into account
the permissibie vibration and permissible bearing load criteria. The last colurnn
pt-esents the values of the permissible dislocations r,vith regard to the two criteria
taken into account simultaneously. In each row, it is the lowest value from the
irvo previous columns (calculated with regard to two separate criteria, vibration
anc1 load) as it is the actual limit value, which guaraniees save operatiorr of the
ent ire nrachine.

The ranges of the permissib}e bearing dislocations can be presented in the
demonstrative diagranls) all example of which is shown in Fig. 2. The points
corresponding to the maximum permissible bearing displacenrents in four direc-
tions are rnarked on the coordinate axes ancl linked together by 1ines. One can
assume that the area linrited by the lines represents the mirrima} Iange of permis-
sib]e bearing dislocation. Eac}r limiting point on the axis is accompanied by the
denotation of the calculation case (for instance 0000P1, according to Table 1),
along with the number of the bearing, in rvhich the permissibJe parameters were
exceeded (for instance B2) and the criterion which was exceeded: D - permissible
vibrations, or Q perrnissible bearing load.

2.3 constructing diagnostic relations connected with the bearing
dislocation defect

Due to the structure of the casual relations, the obtained results can be treated
as diagnostic relations connected r,vith the lateral bearing dislocation defect. In
the examined case the defects were bearing dislocations having the maximurrt
Permissible l'alues. The syrnptons of those def'ects have more complex structure.
They are presented as rrrndown vibration characteristics of the turbirie set in the
cascade diagrarns of bearing vibrations,

Ploximate results of t}re investigatiorrs łrad the form of direct diagnostic rela-
tions of dcfect -) symptom type. From the poirrt of view of diagnostic systems,
these re]ations are of rather limited applicability. Of better use ale diagnostic
relations, which are their inversions, as the operation of diagnostic and expert
systems consists in lbrnrulating diagnosis on the type of defect on the basis of
observed syrnptoms. At the same time, experiments, simulations, and observa-
tions only deliver, as a rule, relations of defect ) symptom type. Obtaining
diagnostic relations of symptom -) defect requires reversing the machine model.
In case of one-value and one-to-one relations the process of reversing the mode1
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-:-ble 1. Permissible bearing dis]ocations due to two criteria taken into account separately and
together

jan be automated with the aid of relevant methods and algorithms [11, 12]. As
-he present stage of development of those methods, such automation seems prac-
:_cally impossible in the examined case, in which the symptoms have the form
-,f complicated vibration spectrum distributions, changing with changes of lota-
tional speed of the rotor. What is only possible is visua] comparison of changes in
vibration patteln against the basic case, using the cascade diagrams. The work

_\ () Case mark
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repolted in the present article aimed at, among other goals) creating a set of di-
agnostic relations of symptom - defect type on the basis of the cascade diagrams
and on the basis of the rnaxima1 vibration diagrams prepared from the cascade
diagrams.

2.4 Methodology of calculations

The calculations were carried out using a set of MtrSWIR series computer code
system developed and used in IFFM, Gdańsk, for non-linear analysis of rotors

[13, 14, 15]. Three codes of the system were used for simulation calculations.
They were:

o KI1\WIN-60 calculations of kinetostatics of a rotor supported in siide
bearings, assuming a diathermic model of oil film in the bearings,

o KINWIN-I-LEW - calculations of kinetostatics of a rotor, assuming isother-
mal model of oil fiIm in the bearings and taking into account the presence
of pressure pockets on bushing surface,

o ]§LDW-75-LtrW - calculations of rotor dynamics; among others the results
describe motions of particular nodes of the rotor-bearings system, thus mak-
ing the database for preparing cascade diagrams.

These codes were started sequentially in the above order, in a controlled loop.
Due to huge number of calculations to be carried out, with the resulting need for
preparation of correspondingly high number of data files and processing a similar
number of files with calculation results, the entire process had to be automated.
The ca]culation control and file management were made with aid of auxiliary
codes written in FOR|RAN programming language. Processing of measurement
results, their further analysis, and preparation of cascade diagrams and maximum
vibration diagrams were carried out using scripts written in MATLAB environ-
meni [16, 17]. The basic calculations were made on the 256-processor "holk"
computer cluster, of high calculating power, in use at the TASK Computer Net-
work in Gdańsk.

The algorithm of calculations was the following: to the model turbine set.
defined in the basic case [5], a defect was introduced in the form of bearing
dislocation by the scale equa1 to maximum permissible dis]ocation taken from
Table 1 [7, B]. With the aid of a code written in the FORTRAN environment,
the calculations were started for a series of rotation speed values ranging from
1000 rev/min to 3000 rev/min and differing by a 5O-rev/min step. Thus, 41
elementary cases differing by rotational speed values were calculated for each of
28 bearing dislocation defects.
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Since the performed ana]ysis was of compalable nature) it was necessalv to
::epare a refelence case fol analysing the effects of the bearing dislocation defect
:, the machine rundown characteristics [14] . The basic case was represented
'.' a defect-free numerical model of the turbine set, in which al1 bearing cen-

.:':s WeIe located along tłre kinetostatic catenary. This case was prepared and
:,-:red using the data recorded by the diagnostic system DT200 working on the
- 1l{215-type turbine set operating in the Kozienice Power Plant. The data were
:.:orded for the turbine set in continuous operation at nominal rotational speed
] :,]aI to 3000 rev/min., real power equal to 217,25 MW, reactive power equal

;3.75 MW and phase factor costp : 0.94 |1B]. Tuning of the mode1 consisted
:_ selecting second-rate characteristics and parameters of the machine to get the
r.-iic case calculations as close as possible to the measured parameters of the real

__achine [14].

3 Analysis of the results

].1 Presentation of the results

-:-e effect of maximum permissible bearing dislocations on the pattern of tur-
-::e set vibrations during its rundown was analysed with respect to all possible

:_dividual dislocations. In practice, this analysis was of significant value mainly
: bearings Nos. 3-6. Bearings Nos. 7, 2, and 7 are distant from each other
.:,d from ot}rer bearings. Moreover, they are located in separate cases and they
-'-oport relatively long and slender shafts. As a result, the ranges of permissible
,_=]ocations of those bearings were so large that in operationai practice such dis_
.:ations can perhaps happen during a failure, but almost never due to thermal
,:-d/or assemb}y effects. At the same time the ranges of permissible dis]ocations
: bearings 3-6 were at the realistic ievel of about 2 mm in horizontal direction

1:_d even fractions of millimetres in vertical direction.
The effect of the bearing dislocation defect on the machine vibration pattern

:- unsteady and transient conditions can be assessed in the most comprehensive
--rv using cascade diagrams. The frequency distribution of vibration amplitudes,
-__orvn in these diagrams, facilitates formulating conclusions on possible origins
: the vibrations and applicable methods of their eliminations, Making use of the
_des used for drawing spectrum diagrams [16] and diagnostic cards [17], addi-

-.:,tral codes were plepared for automatic generation of the cascade diagrams from
-_.e results of calculations performed by the NLDW code. Each defect symptom
:'as PTesented on an individual cascade diagram, therefore the set of symptoms
,rlsisted of 784 cascade diagrams. In practice, each diagram comprised a set of

=1 amplitude spectrum diagrams, which were the diagrams of vibration ampli-
'ldes vs. frequency for digitised values of rotational speed within the range from

25
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1000 to 3000 rev/min with 5O-rev/min resolution. The flgure pTepared for each
bearing includes four cascade diagrams preseniing:

o relative journal-bushing vibrations in horizontal direction,

o relative journal-busliing vibrations in vertical direction,

o absolute bearing vibrations in horizontal direction,

o absolute bearing vibrations in vertical direction.

The interpretation of such a big number of causal relations in order to create
a system of diagnostic re]ations is extremely laborious, In order to simplify this
work, from the cascade diagrams prepared were maximum spectrum amplitude
diagrams as a function of the rotational speed. These diagrams lose the infor-
mation on vibration frequency, but a1low a preliminary assessment whether the
vibrations recorded during the rundown are kept within the standards. Addition-
ally the diagrams allow the selection of cases of certain significance for further
detailed analysis performed with the aid of the cascade diagrams.

As it is not possible to present all prepared diagrams only a set of se}ected
examples is shown here to illustrate the conclusions formulated and to discuss
the diagnostic relations in the further part of the article. The diagrams show the
vibrations of bearings Nos. 5 and 6, as resulting from the dislocation of bearings
lttros. 4, 5, and 6 to the 1eft. The corresponding results calculated for bearings No.
4 and 6 in the basic case are included for comparison. The maximum vibration
anrplitudes vs. rotational speed are given in Figs. 3-6, out of which Fig. 3 refers
to the basic case, and Figs. 4, 5, 6 to the dis]ocations of bearing Nos. 4, 5, and
7, respectively. The cascade diagrams are shown in Figs. 7-14. Each of them
presents a set of four diagrams:

o Figs. 7 and B refer to the basic case and present vibrations of bearings Nos.
5 and 6, respectively,

o Figs. 9 and 10 illustrate the effect of bearing No. 4 dislocation to the left
on the vibrations in bearings Nos. 5 and 6,

r Figs. 11 and 12 iliustrate the effect of bearing No. 5 dislocation to the left
on the vibrations in bearings Nos. 5 and 6,

o Figs. 13 and 14 illustrate the effect of bearing No. 7 dislocation to the teft
on the vibrations in bearings Nos. 5 and 6.

A conrparison analysis of similar diagrams for all bearings and a11 cases of
dislocation. between each other and with the basic case, allowed making observa-
tions collected in Tables 2-5, and formulating conclusions. Tab]e 2 presents the
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:.stribution of identified turbine set lesonances in particular shaft line segments
:-:]d bealing centles for the basic case. Table 3 indicates the range to which the
.i:,slocation is observed in each of seven turbine set bearings. Table 4 is considered
le main result of the present analysis. It col1ects the relations between bearing
i:slocations and vibration amplitudes in the form opposite to that shown in Table

:.e. it shows how the dislocation of particular bearings affects the vibrations of
:_ examined bearing and what type of effect it is. It should be understood that

"_--. dis}ocations of the bearings not included in the table have negligible effect on
- 

-= r-ibration pattern of the bearing. Also the vibration types that were omitted
- :le table do not reveal significant differences with respect to the basic case.

- "', _e 5 is a selection of the cases in which the permissible bearing vibrations u,ere
. =eded. It shows directions of those dislocations and the location and type of
,':ations generated by them. As well as that, it presents the range of rotational

: -:nds. in which the permissible vibrations wele exceeded,

'- 
.-'-= 2. Location of resonance vibrations in the turbine set and resonance revolutions for the

basic case. The machine without defects, bearings along kinetostatic catenary.

No, of

IotoI

section

Location of

vibrations in

the turbine set

Rotor section

resonance

n [rev/min]

Reflection of

resonances of adjacent

rotors n |rev/min]

1 HP part, bearings 1 - 2 1 160 1950, 2040

2 IP part, bearings 2 - 3 L450, 1950 2040

3 LP part, bearings 4 - 5 2040

4 generator, bearings 6 - 7 2200,2800

-:.ole 3. trffect of bearing dislocation on the vibration pattern observed in other bearings cluring
turbine set rundown.

No. of dislocated
bearing

Sign frcant changes
n bearing

Slight changes
in bearins

1 1,2, 3 Ą

2 1,3 n/1
2,3 Ą

4 1,3 2, 4,5
5 4,5 6
h 5 4,6
7 5 6,4
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Table 4. Relations between vibration pattern of bearings in column 1 and dis]ocations of bear_
ings in column 2 during turbine set rundown - obtained from nraxima] vibration dia-
grams and from cascade diagrams,

Bearing
No,

Directions of bearing
dislocations:

Effect of bearing dislocations (listed in column 2) on the
vibration patteln observed in bearing ]isted in colurnn 1

1 right, 2 1eft

left, 2 right

1 down, 2 up
1 left, 2 right

2up

3 left
3 right

- increase of vibrations within the range of n : 1300 -
2000; strong resonance at n: 1700; decay of resonance
at n: 1i60 and n:2040
- increase of resonance at n:2040; decay of resonance at
n : 1160; compiete disappearance of vibrations at n >
2200

- increase of relative horizonta] vibrations
- stabilizes vibrations in the entire range of rotational
Speeds

- strong resonance Il2X at n :2200; resonance 1X for
rł: 1160

- stabilizes vibrations at the entire range of n
- generates vibrations 2X within the range of n : 1300 -
_2600

2 1up

1 and 2 horizontally

1 right, 2 left
1 ]eft, 2 light
2 and 3 vertically

, strong relative horizontal vibrations I l2X, 3 times as big
as 1X within the range of n:2500 - -2800; vibrations
exceed permissible leve]s within the range of n : 2300 -
2700

- suppresses resonance at n:1160; intensifies resonance
within the range of n : 1500 - -2000; decreases vibra-
tions at n>2400
- generaLes lesonance at n : 1900

- generates resonance at n:1700
- reduces vibrations within the entire range of rotational
speed

1, 2, 3 horizontally

1 right, 1 and 2 left
2 right, 3 left
1 down, 2 up
1up

4 1eft and up

§upplesses vibrations at n:1160; generates or inten-
sifies vibrations within the range of n : 1500 - 2000;
significantly reduces vibrations aŁ n ź 2400

- genelates Tesonance at n:7700
- suppresses vibrations in a1l directions

significantlv intensifies resonance at n: 1160

- generates strong relative horizonta1 vibrations 1/2X
within the range of n :250O * 2800
- generates increased vibrations in the vicinity of n:1400
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jontinuation of Tab, 4

] 4 horizontally
5 and 7 right, 6 left
2, 4, 6 right, 3, 5, 7 left
5 left, 6 right

5 right

- cancels resonance at n :2400
- generates stronger vibrations at n > 2500
- reduces vibrations and cancels resonance at n: 2000
- changes in horizonta] vibrations; suppresses resonance
aŁ n : 2040; generates resonance at n : 1750 and at
n:2300
- generates strong vibrations; at n>2700 makes permissi-
ble relative horizontal and vertical vibrations llsx, 1l2X,
2/3X to be exceeded

5 and 7 right, 6 left

5 and 7 left, 6 right
5 right

5 ]eft, 6 right

6 left, 7 right

2 right, 3 left
3 left
3 down

4 right

4 left

- increase of vibrations at n > 2500; cancels resonance at
n:2000
- slightiy reduces amplitude of vibrations
- generates strong vibrations; at n > 27O0 makes per-
missible relative horizontal and vertical vibrations 1/3X,
1l2X,2l3X to be exceeded
* changes in horizontal vibrations; suppresses lesonance
at n:2040; generates resonance at n :1750 and n :
2300

- increase of vibrations within the range of n ż 2500; aŁ
n:2650 generates resonances of aII types of vibrations
- suppresses resonance for n :2040
- generates resonance at rz: 1500
- increases absolute vertical vibrations of the bushing at
n:2040
- fesonance decay at n : 2040 and appearance at rz :
1450 for relative vertical and horizonta] vibratiorrs
- generates relative and absolute vibrations for n : 2300-
3000

4 and 5 horizontally

5 right

6 left, 7 right

- cance]s resonance for n :2200 and for n : 2800; in-
duces relative vibrations at n:2600
- increases relative vibrations for n } 2600 and induces
resonance at n:2950 with frequencies 1/3X and 2l3X
- Iesonance decay at n :2200 and intensification at n :
2B00

4 ]eft
5 right

increased amplitude of re]ative vibrations at n: 2800
- generates slight absolute and relative horizontal and ver-
tical, ll2X and 2/3X vibrations at n ) 2800
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Tab]e 5. Reason and place where
turbine set rundown, at

the permissible bearing
the presence of defect of

vibrations were exceeded during the
rotor line dislocation.

No. of bearing and
dislocation direction

No. of bearing and nature
of vibrations which were ex-
ceeded in that bearing

Range of dangerous rotationa]
speed

No. 1 upward No. 2, rela[ive horizontal n : 2300 - 2700 rev/min
No. 2 upward No, 1, relative horizontal n : 2100 - 2400 rev/miIr
No. 4 right No. 2, relative horizontal n 2550 rev/min
No. 5 right No. 4 and No. 5, relative

horizontal and vertical
n 2700 rev/nrin

No. 6 leit No. 4, relative, exceeded in
direction of bisector of the
coordinate svstem

n >2500 rev/min

3.2 Turbine set rundown characteristics for the basic case

Below presented are the characteristics of the basic case) prepared under an
assumption that the machine does not leveal defects, These make the reference
material for further comparison study.

The distribution curves along the rotational speed axis, rr) shown in the max-
imum vibration diagrams (Fig, 3), can be interpreted as the superposition of
various types of vibration:

. monotonic increase in vibration amplitude relating to the increased rota-
tional speed; the nature of those culves reveals that these vibrations were
genelated by unbalance forces,

. resonance Curves with 1ocal maximums, corresponding to the mode Shapes
of particular shaft 1ine segments; these vibrations are of lesonance nature,

o uniform vibration increase after certain rotational speed has been exceeded;
these vibrations are connected with the instability of the oil film in the
bearings.

The rate of increase of the forced vibrations connected with the rotational
speed increase differs for particular bearings and vibration directions. This can
be interpreted as a lesult of different unbalance distribution along the rotor 1ine

and different characteristics of bearing supports. Good examples of this type of
forced vibrations are seen in relative vibration diagrams for bearing No. 7, as
they are not obscured by the rotor vibration resonance curves. Such a flat curve
testifies to good balancing of the generator rotor, especially in the direct vicinity
of bearing No. 7.
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Table 2 presents the locations of all lesonances) which can be found in the
::ra,ximum vibration diagrams (Fig. 3) and cascade diagrams (Figs. 7 and B) for
,ire basic case. The resonance velocities are 1inked in the Table with particular
segments of the shaft line taking into account the resonance structure in the
-,-ibration pattern of the bearings supporting the examined segment. The 1ast
:olumn presents t}re vibration frequencies, which are transmitted to the rotor
:egment of interest from the adjacent rotor. The resonance speeds indicated in
Table 2 preselve, in general, their values after the bearing has been dislocated,
..ithough they reveal limited shift with respect to the basic case. On the other
:_and, in numerous cases the bearing dislocations make some resonances decay
_,.rrd other resonances appear. This testifies to some differences introduced to the
:_ature of the phenomenon. They are undoubtedly connected with certain changes
_:r the vibrating structure due to relativeiy strong deformation of the shaft, or
_:}ange of support (oil fiIm) stiffness. These remarks concern both the relative
.-nd absolute vibrations, although for the journal-bushing absolute vibrations
.:]ey are more pronounced. In the basic case, the vibrations synchronised with the
:evolutions are a]most exclusively recorded. Higher harmonics and sub-harmonics
:e negligibly small.

3,3 Interpretation of the relations between machine rundown
characteristics and bearing dislocations

llre analysis of the maximum vibration curves) complemented by corresponding
, 
"scade diagrams prepared for start-up or rundown of the turbine set with bearing

__splaced by maximum permissible ranges, and their further comparison with
-_nilar culves for the basic case allowed preparing the setting-up shown in Table
=. These data make the set of diagnostic relations of symptom -) defect type,
-pposite to those directly obtained from the calculations. From this table, and
:om the complementing Tables 3 and 5 one can make the following generalisations
,f the obtained diagnostic relations.

The bearings that are the most vulnerable for changes in the vibration pat-
:ern due to bearing dislocation are bearings Nos. 3 and 5, This means that
-irose bearings reveal the highest threat of vibration development due to bearing
:islocation during the machine start-up or rundown. Bearing No. 7 is resistant
-.l dislocations of ali bearings, from the point of view of the vibration develop-
:lent, This means that the dislocation of any bearing in the turbine set does not
rtroduce changes to the vibration pattern of bearing No. 7 obtained from its
:,asic case. It is noteworthy that dislocating one bearing provokes, as a rule, the
:iggest changes in the vibration pattern of one of adjacent) or even more distant,
- earings to the moved one, and not in this bearing itself. Only in the cases of

22

_ earings l{os. 1 and 3, significant changeq erved in the vibration patterns
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after their dislocation.
The following general conclusions concerning the effect of bearing dislocation

on the vibrations of particular bearings can be formulated:

o vibrations in bearing No. 1 are affected by dislocations of bearings Nos.
1-4, but only the effect of bearing lrlos. 1, 2, and 4 dislocations can be
considered significant,

o vibrations in bearin8 No. 2 are significantly affected by dislocations of
bearings Nos. 1 and 3.

o Vibrations in bearing No. 3 are significantly affected by dislocations of
bearings Nos. 1-3, Of lower significance is the effect of bearing No, 4
dislocation.

o Vibrations in bearing No. 4 are significantly affected only by horizontal
dislocations of the bearings, Out of them, the effect of bearing No. 5

dislocation is the largest, that of bearing No. 6 is sma]ler, and those of
bearings Nos. 1, 2, 3, and 4 are very limited.

o vibrations in bearing No. 5 are significantly affected by dislocations of bear-
ings Nos. 5, 6, and 7, while the effects of bearing No. 3 and 4 dislocations
are limited.

o vibrations in bearings Nos. 6 and 7 are visibly affected only by dislocation
of bearing }tro. 5.

The overwhelming majority of cases collected in Table 4 reveal stable op-
eration of bearings. In the vibration spectra shown in the cascade diagrams
dominating is the first harmonics. Only in few cases the operation of bearings is
highly instable, and strong sub-harmonic vibrations are dominating or at 1east
clearly recognisable. Sometimes the sub-harmonic 1/3X is several times as high
as the first harmonics. This effect may result form the instability of the oil film in
the bearings, Between two extreme states, several cases Tevea} slight instability.
In those cases the sub-harmorlics 1/3X and 7lZX have amplitudes comparable
with that representing the first harmonics. When the permissib}e bearing dislo-
cations are calculated taking into account the vibration criterion, the vibrations,
as a rule, cannot reveal amplitudes visibly larger than the assumed criterion val-
ues. Analysing a series of diagrams for different dislocations around the limiting
value calculated from the vibration criterion 1eads to a conc]usion that the in-
stability usually builds up rapidly in a bearing when the dislocation nears the
Iimiting value. The development of those vibrations is not in accordance with
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:lassical principles of the bearing instability development. Therefore one can ex-
rect that the vibrations observed in those cases are most of all connected with
:otor vibrations generated by the cambered shaft ]ine due to bearing dislocations.

Taking into account the entire range ofthe rotational speed ofthe rotor during
;he rundown, from the nominal speed to zero, the permissible bearing vibrations
ere only exceeded in five cases, namely when bearing 1§o. 1 is dislocated upward,
§o. 2 upward, lVo. 4 right, No. 5 right, and No. 6 ]eft. These cases have
:een collected in Tab. 5, together with accompanying rotational qpeed ranges for
rhich this effect took place. In each case the relative vibrations in the journal-
:ushing system are exceeded. In bearings Nos. 5 and 6 it takes place within the
:egime of high rotational speeds, including the nominal rotational speed, n:3000
rr'/min. Table 1 revea]s that only in two cases the vibrations were the criterion
:f significance for calculations of permissibie bearing dislocation. In 26 remaining
:ramined cases, the criterion was the pressure on the bushing surface. In those
:ases, the permissible bearing loads, which limited their maximum dislocations,
n,ere exceeded prior to the permissible vibrations. That means that in the ma-

'ority of cases the permissible bearing load criterion turned out more restrictive
:irat the permissible vibration criterion. This situation is unfavourab}e from the
roint of view of operational safety. Exceeding the permissible pressure criterions
ioes not generate, as a rule, vibrations that are sufficiently high to stop the ma-
:irine. At the same time, direct observation of pressure changes in the bearings
:o difficult and not used in practice. However, this does not create considerable
:irreat of rapid failure, as, on the one hand, the assumed design values of the
rermissible plessure are very low and can be significantly exceeded in practice.
Jn the other hand, Iong-lasting bearing overloads are usually connected with the
ise of oil and bushing temperature, which are monitored.

conclusions
o Dislocation of turbine set bearings changes the levels of relative and absolute

vibrations of the bearings during machine rundown; these changes depend
on the direction and range of the dislocation.

o For maximum permissible bearing dislocations, the pattern and range of
bearing vibrations during turbine set rundown depend on whether the lim-
iting vibrations were determined taking into account the vibration or the
bearing load criterion.

o when the bearing is dislocated by a lange corresponding to the permissible
bearing load, the vibration spectrum is dominated by the first harmonics
and the operation of the bearings is stable, while in cases of permissible

35
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bearing dislocations with respect to the vibration criterion the vibration
spectrum is dominated by sub-harmonic frequencies 1/3X, 1,12X, 2l3X,
and the operation of the bearings becomes unstable.

o During the rundown of the turbine set with dislocated bearings, the threat
of exceeding permissible relative vibrations of the journal-bushing system
is much higher than that of the exceeding the absolute bushing vibrations.

o cascade diagrams prepared for different bearing disiocations of a near per-
missible lange with respect to the vibration requirement allow a conclusion
that the instability symptoms, manifesting themselves by strong vibrations,
become, as a rule, reached rapidlv when the dislocation nears the limiting
value.

As far as the development of strong vibrations during start-up or rundown of
a machine rvith dislocated bearings is concerned, of highest susceptibility are
bearings Nos. 3 and 5, while bearing No. 7 reveals resistance to dislocations
of all bearings in the entire rotational speed lange.

The most pronounced changes in the vibration pattern ale) as a ruie,
recorded in the bearings adjacent or even more distant to the dislocated
bearing, and not in this bearing itself.

The obtained results allow one to prepare a set of diagnostic relations re-
ferring to machine start-up and/or rundown, which can be applied in diag-
nostic systems.

Received 15 May 2005
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