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Nonlinear model of vibration in rotor-bearings system.
Part II. Calculation results

The results of simulation research related to the description of the most striking and not yet fully

=xplained phenomena occurring in the oil film of slide bearings, namely, the oil whirls and whips have
cen presented. The calculations were made on the example of a laboratory rotor, based upon two
apports with flexible external fixing of the bearing shells, and a 200 MW steam turbine rotor as well.

The respective initial phases of the oil vibrations development have been determined in details and an
sitempt has been made to classify the orbits and to find out a practical diagnostic discriminant.

Nomenclature

vibration amplitude of the disk centre
(half of the longest distance of two
points of the trajectory) [m],

stiffness coeflicients of the oil film
[N-m™']

damping coefficients of the oil film
[N-sm~1],

frequency [Hz],

synchronous frequency corresponding

to the rotational speed of the rotor
n [Hz]; frn = n/60,

oil vibration frequencies of the system

corresponding to critical velocities
* *

ny, and nj, [HZ],

number of rotation markers (number

of points along the trajectory

corresponding to the position

of the unbalance vector for

7 = 0°,360°, 720°),

disk mass of the two-support

rotor [kg],

rotational speed of the rotor [rpm],
speed of the oil "whip” [rpm],
formal stability threshold of the

dn
%

AR

:L’, y7

X,V

Ai,k,
A11, A2z

}

®,,, ®9

360
o2,
H720

w

g*
Opr

j

force due to unbalance of the
rotating disk [N],

unbalance radius [m],

absolute radial clearance of the
bearing [m],

dimensional [m] and non-dimen-
sional system of coordinates

= AR, Y =y AR,
stiffnesses of the external fixing

of bearing shells in general;
stiffnesses: horizontal and

vertically, respectively [Nm™1],

phase angles of the disk centres in
general; phase angles for the
position of the unbalance vector,

for T = 0°,360°, 720°, respectively

[in degrees] (definition of angles
is given in Fig. 1c),

angle determining the position
of the unbalance vector

[in degrees]; 7 = wt,

trajectory period [in degrees],
period of registering the results
("sampling” period) [in degrees],
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70 J. Kicinski

system [rpm], O —  period of the force exciting
Mgy s Ny, —  critical velocities of the system vibration of the system [in degrees],
[rpm], w -~ angular velocity of the rotor [rad s™1].

1. Preliminary remarks

In part I there has been presented a complex nonlinear theoretical model of
rotor-bearing-supports system with the applied computer program NLDW-01.
There have also been given some examples of experimental verification of the mo-
del in the area of the hydrodynamic instability occurrence (small oil vibrations).
The experimental tests were performed at a special large-sized test rig. There has
been obtained a qualitatively complete set of the theoretical and experimental
results, and taking also into consideration the unavoidable technological errors,
in particular, regarding to the shape of the bearing lubrication gap, a satisfactory
quantitative consistence as well.

On account of operational safety of the test rig and its technical capabilities
the verification of the model was impossible within the area of the acquiring large
oil vibrations, that is, in the range of the so-called oil ”whip”. However, it can be
assumed that a model providing verified data relevant to stable operation of the
system and small oil vibrations will also be a reliable instrument for the analysis
of other factors.

Let us follow the way of systematic simulation investigation of the develop-
ment stages of the specific oil vibrations generated entirely by the hydrodynamic
slide bearings. Thereby it will be possible to explain the hydrodynamic instability
mechanism being originated in the rotor-bearing-supports system. The simulation
investigation will be carried out both on the example of a simple, two-support
rotor being the model of rotor used for experimental investigation, and on the
example of a large fluid-flow machine (200 MW turbine).

2. Simulation investigation on the example of two-support rotor

Let us concentrate our attention on the development of oil whirls and whip on
the example of a two-support rotor shown in Fig. 1a. Let its theoretical projection
be the thirteen-mass system given in Fig. 1b (10 finite beam elements, 2 point
elements modelling the lubrication film, and 2 point elements modelling the effect
of the external fixing of the bearing shells).

Let the shells of the slide bearings of mass 15 kg each be fixed within flexible
elements of horizontal stiffness Ay = 0.2 x 108 N/m and vertical stiffness Azp =
1.2 %185 W m (the cross-coupled stiffness A1z and A9y of fixing, as well as its
damping A; ; will be neglected).

Let us use for the investigation a slide bearing with two lubrication grooves
of angular span 20° each on the bearing shell parting plane, with cylindrical
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£. 1. Model of the rotor-bearing-supports system a) adopted for the simulation investigation and the
«=eme of its discretization, b) definition of phase angles with reference to the disk centre, c) 1 — trajectory
the disk centre.



2 : J. Kicinski

clearance of absolute value AR = 90 x 107°% m (relative clearance AR/R =
1.8%0), journal diameter D = 0.1 m and breadth of a bearing shell L = 0.05 m
L/D = 0.5, lubricated with machine oil Z-26 supplied at temperature T, = 30°C
(characteristic of oil: viscosity at temperature 30°C: p 0.08 Pas, at temperature
50°C: p = 0.03 Pas.)

Let us also assume that the system is subject to an external force, a force
resulting entirely from unbalance of the rotating plate, and let the unbalance
radius be # = 50 - 107%m, (#/AR = 0.55).

In the considerations the material damping effect of the shaft will be neglected
which means, that the damping appearing in the system will originate entirely
from the slide bearing oil film (the material damping of the shaft, as well as the
material damping of the external fixing is an order of magnitude smaller than the
oil film damping).

Let us use a coordinate system and denotations as in Fig. 1c, and the definitior
of the non-dimensional time 7 = wt. This implies that the exciting force perioc
(in degrees) resulting from unbalance of the rotating disk is always 6,, = 360°
According to the assumed system of coordinates, the value 7 = 0° = 360° = 720
corresponds to the horizontal direction of the unbalance vector action g, = m#fw’
(on the right on axis z). Let us assume the registration period of the calculatior
results related to the trajectory of some chosen points of the system equal tc
a double period of the exciting force, namely, 8, = 20,,, while in the case o
the vibrations spectral analysis it is assumed that 6,, = 1108,, (otherwise 6,
indicates the ”"sampling” time).

Let us also adopt the definition of the phase angles according to Fig. 1c, where
2 B30 &720 denote angles describing the position of the disk centre O, fo
horizontal direction of the unbalance vector action determined by angles 77, 360
and 720°.

From the simulation calculations based on the NLDW-01 program given i1
Part I of the paper it follows that the adopted system has two critical velocities
ny, = 2120 rpm and nf, = 2540 rpm, and a stability threshold ng = 3650 rpu
(Fig. 5).

Let us now analyze the behaviour of the system after exceeding the stabilit;
threshold (n > ng4), i.e. in the region of the oil whirls. Figs. 2 and 3 illustrate
the trajectories of some selected nodes of the system, where node 2 indicates the
absolute vibrations of the bearing shell centre O, node 2-3 shows the relativ
vibrations of the journal O, and the bearing bush O, (oil film vibrations), nod
8 represents the absolute vibrations of the disk centre O,, (Fig. 1b).

Fig. 2a registers the moment of the generation of the oil whirl and its furthe
development (Figs. 2b.c).

It is characteristic that the oil whirl starts with a slow ”split” of the trajector;
of period §* = 6, into two slightly different trajectories. One of them decrease
significantly as the rotational speed n rises forming a characteristic ”half-loop”
Now the period of the entire trajectory approximately amounts to 8~ = 26,,. Th
oil whirls develop in the direction from the big "half-loop” to the smaller one, tha
is, contrary to what is sometimes accepted. The development of the whirls take
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0. 8 of Fig. 1b). Disk trajectories in transit phase e), f), g), h), i). ”Sampling” period Opr = T720° (two
1ccessive revolutions of the rotor.

lace under conditions of a sudden change of the value of the phase angles ®,,

‘oes not necessarily mean some danger for the operation of the whole system.
“heir amplitude rises in the initial period in an insignificant way. For this reason
hie vibration can undoubtedly be qualified for the so-called small oil vibrations.

he above also implies that a precise determination of their occurrence (and the-
=fore also the stability threshold of the system) is difficult. The phenomenon of
he gradual ”split” of the trajectory can occur within a considerable interval of
he rotational speed of the rotor.

When the rotational speed is continuing to rise, the "half loop” disappears and
he trajectory takes the shape of a ”little shoe” pulsating rather rapidly (Figs.
d.e,f,g,h,i). The vibration amplitude also rises significantly. At n = 3925 rpm,
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Fig. 3. Vibration trajectories of some selected nodes of the system (Fig. 1b) just before the stat
boundary a), b), c¢) and after exceeding it in the zone of whirls and oil ”"whips”. ”Sampling” pe-
fpr = 720° : node 2 — absolute vibrations of the bearing shell, node 2-3 — relative vibrations of
journal and the bearing shell (the oil film), node 8 — vibrations of the disk centre.
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0 be defined as the "whip” velocity nyp, there is initiated the process of a clear
livergence of points determining the position of the disk centre O,, (or any other
10de) for 7 = 0% and 7 = 720° (Fig. 2e). This indicates already the ambiguity of
he very trajectory (which in the numerical calculations can be explained as insta-
bility of the solution). The process can easily be observed when the registration
period @), is much bigger than 720°. Fig. 4 illustrates a trajectory corresponding
‘0 110 successive revolutions of the rotor (6,, = 39600°). It is evident that before
reaching the ”oil whip” velocity ny (Fig. 4a), the whirl trajectory is clear and
completely univocal, while in the case of n > mny it is getting more and more
‘haotic (Fig. 4b, and particularly Fig. 4c). As the spectrum analysis indicates,
‘he above chaos in the trajectory, however, is not a total one, but rather a "de-
ermined one”. It can be assumed that the attaining of the ”whip” velocity n;
by the system concludes the range of the occurrence of the small oil vibrations
oil whirls). At higher rotational speeds of the rotor the system passes on to the
bhase of large, dangerous oil vibrations defined as 7oil whip”. At "sampling” pe-
riod 8, = 720°, the points on the trajectory corresponding to the position of the
1nbalance vector 7 = 0% and 7 = 720° diverge more and more, and the trajectory
<es the shape of a curve which becomes more and more open. (Figs. 3j,k,l,m,n,0).
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“ig. 4. Trajectories of the disk centre before reaching the "whip” velocity n; (within the zone of small
il vibrations) — a) and after exceeding it — b), c). The "sampling” period 0, = 39600° (110 successive
-evolutions).

Fig. 5 illustrates the characteristic of the amplitude centre of the disk A,
inderstood as a half of the greatest distance between two trajectory points, while
ig. 6 shows the phase angles ®,, defined according to Fig. lc. It is possible to
listinguish here four characteristic zones:

Zone I — a region of a stable operation of the system — 0 < n < ngr Some similar trajec—
ories correspond to it, like the ones shown in Figs. 3a,b,c. Points determining the
bosition of an arbitrary node of the system on the trajectory for 7 = 0°, 360° and
20° overlap accurately. Thus, the orbits indicate only one marker of rotations
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Fig. 5. Vibration amplitude of the disk centre (of node No. 8 — Fig. 1b), before reaching the stabili:
boundary ngr (zone I) and after exceeding it (zones II, III and IV — see description in the text).

k* = 1. The trajectory period 6* corresponds exactly to the exciting force 6,,,.
In this way we have :

B, =3, =03"=¢7® k=1 §=9,. (1

Zone II — a zone of small oil vibrations (oil whirls) — ngr < n < np The trajectorie
possess a characteristic "half - loop” shape similar to the ones presented in Fig:
2a,b,c and Figs. 3d,e,f. The system has, in fact, exceeded the stability boundar
ngr, but the trajectories although of a different shape and period 6*, are sti
stable. There takes place a clear division of the phase angles for 7 = 0° and 36(
(Fig. 6), which causes that the orbit shows the existence of two markers k*. Thu:
we have :

) =07 and @30 =2 ¢ =24,. (2

Zone III — a tramsition zome — n, < n < 2nf, The ”o0il whip” speed m; has besc
exceeded in the system, the trajectories become unstable (Figs. 4b, and Fig:
2e,f,g,h,i,j; Figs. 3g,h,i), observed there are high amplitude oscillations and
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“iz. 6. Phase angles of the disk centre according to their definition of Fig. 1c. Meaning of zones I-IV and
‘enotations as in Fig. 5.

sudden increment of the phase angles magnitude (Figs. 5 and 6). There is initiated
the f divisi d al joining of angles ®° and ®72° ev h riod
fie process of division and also rejoining of angles ¢, and ®/°° even when perio
#" "shrinks” in itself, which indicates the existence of two or three markers k*.
Thus, we have :

®) = &7 and @30 pr=2 ¢ =20, (3a)

30 3360 70 px — 3 @* < 26,,. (3b)

Zone IV — a zone of intensive oil vibrations (developed oil *whip”) — n > 2ny, The
trajectories have a chaotic shape (Fig. 4c), the points for 7 = 0° and 720° are
distinctly separated (Figs. 3j,k,l,m,n,0), which suggests the existence of three
markers £* on the orbits (at ”sampling” period 6, = 720°). Thus:

BOTPI0 GTTFF g 7 gosrgl (4)

From the carried out simulation investigation it is possible to draw a conclu-
sion concerning the operational conditions of the system by appropriate classifi-
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cation of the orbits. The number of markers £* and the characteristic shape of the
orbits associated with the number as shown in Fig. 7, seems to be a convenient
discriminant of the dynamic state.

[ II

7=0"=360°=720°

8"=8, g*-=26, 8"« 28, 8*>za,

Fig. 7. Classification of arbits corresponds to zones I-IV of Figs. 5 and 6, and interpretation of ths
rotation marker k*.

Much practical information is provided by the spectral analysis of the com-
ponent trajectories shown in Fig. 3. To account for an assumed resolution of the
analysis, Af = 1Hz, the registration period of the results was assumed to be
pr = 396000° (which corresponds to 110 successive revolutions of the rotor). The
calculated results performed using the fast Fourier transform (FFT) are presented
in Fig. 8.

When the stability boundary has been exceeded (Fig. 8c,d) it is possible tc
notice a characteristic subharmonic spectral line of frequency fF = 0.5f,. The
spectral line, in relation to the whole spectrum structure, indicates the influence
of the oil film properties of the bearings, and in this way also the share of the
self-excited vibrations in the image of the entire system vibrations. As the rota-
tional speed of the rotor rises, its amplitude increases approaching asymptotically
the first critical frequency of the system f};, where the relationship f} = 0.5f,
is retained (hence sometimes is also used the term ”half-frequency vibrations”)
After exceeding the ”"whip” velocity ny, there appears the second subharmonic
spectral line f, tending asymptotically towards the other critical frequency o
the system f},. The first spectral line f; stabilizes its position without exceeding
the frequency (Figs. 8g,h,i,j), though the synchronous frequency f, increases. The
above takes place when f, > 2ff (n > 2n},), that is, in the region of large oi
vibrations (oil ”whip”).

The performed spectral analysis shows an interesting possibility of the subhar-
monic spectral line f to split into two spectral lines f2; and f; (in more comples
cases there is even likely to occur a disintegration into several spectral lines). The
spectral line becomes dominant within the entire structure of the spectrum, which
means, that the slide bearings, in principle, generate energy necessary to maintain
vibrations of the whole system.
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It is worthwhile pointing out that in spite of the operation of the system ur
der conditions of great instability (oil whip”) and unstable trajectories (Fig. 4
similar to chaotic ones, the main characteristic subharmonic spectral line app:
ars distinctly on the background of some undefined ”noise” (Figs. 8g,h,i,j). Thu:
it can be assumed that the trajectories under oil "whip” conditions adopt t!
nature of the so-called determined chaos.
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Fig. 9. Variation in time of the stiffness ¢; , and the damping d; ;. coefficients of the oil film. a, b — z<=
of small oil vibrations (oil whirls), ¢, d — zone of large oil vibrations (oil ”whips”).

Fig. 9 illustrates some exemplary values of the stiffness coefficients ¢; ;. a:
the oil film damping d;; calculated for the case of small (a,b) and large (c,d)
vibrations. The way of their determination is the substance of the model present
in Part I. As it follows from the enclosed examples the variations of their values
time are so great that accepting a constant value of coefficients for the calculatic
(which is right in the case of linear models) must lead not only to quantitat;
but also qualitative differences.

3. Simulation investigation on the example of 200 MW turbine

Let us analyze on the basis of program NLDW-01 the forced vibrations caus
by a hypothetical disk unbalance in the mid-pressure part of the 200 MW turbis
of 13K215 type produced by the ABB concern.

A scheme of the turbine and the adopted method of discretization are illustr
ted in Fig. 10. Let the magnitude of the unbalance force ¢, (Fig. 10b) results frc
the assumed mass of unbalance, approximately equal to the mass of one bla
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1. = 3.38 kg). The vibration amplitude A,, of respective rotor nodes depending
n the rotational velocity 7 is shown in Fig. 11. It should be noted that the high
=vel of vibrations takes place not only in the mid-pressure part but also even
igher in the high-pressure section of the turbine. In Fig. 12 one can see the
rajectories of the journal centre of bearing No. 1 with respect to three chosen ro-
:tional velocities of the rotor. Let us notice that at nominal speed n = 3000 rpm,
te trajectory takes a typical shape for the oil whirl (a characteristic half-loop),
hile in the vibration spectrum there appears a subharmonic spectral line f* of
equency 0.5f, (Figs. 12b,c). Thus, the bearing operates within the zone of small
I vibrations. At velocity n = 3250 rpm it is possible to notice already an evident
nstable trajectory, and the bearing has attained the ”oil whip” velocity 7. The
irbine, increasing gradually the rotational speed, can then enter the stage of
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arge, dangerous oil vibrations (oil ”whip”).

I'ig. 13 presents the trajectories of some selected nodes of the turbine rotor
denotations of nodes are in agreement with Fig. 10) at rotational speed (nominal
ne) n = 3000 rpm. So, it is evident that not only bearing No. 1 (Fig. 12b), but
Al the other bearings and parts of the turbine rotor operate under conditions
of small oil vibrations. All the vibration spectra reveal the existence of some
pectral lines f; = 0.5f,. And so, the slide bearings excite some vibrations, cha-
acteristic for oil whirls, of the entire turbine. It is a curious conclusion resulting
rom the performed simulation investigation. From Figs. 12 and 13 it also follows
hat the operation of the turbine under conditions of small oil vibrations is not
sarticularly dangerous. The trajectories become stable and their amplitudes rise
nsignificantly (compare Figs. 12a and 12b).

Fig. 14 shows a cascade diagram of the vibration spectra made on the base of
imulation calculations for bearing No. 1. The subharmonic line 0.5X consisting
f a set of spectral lines ff = 0.5f,, has quite unexpectedly its own ”echo”
n the form of lines 1.5X, 2.5X, 3.5X. This information can become useful in
he interpretation of the cascade diagrams prepared for the simulation of other
han unbalance and hydrodynamic instability of bearings defects in the turbine
peration.

t. Final remarks

The simulation investigation carried out both on a simple two-support rotor
nd on a large fluid-low machine throws some new light on the mechanism of
ceneration and development of oil vibrations often referred to as whirls and oil

hips. Summing up the obtained results it is possible to make the following
tatements:

o The oil whirls are generated in the process of slow trajectory ”splitting” into
two loops of which one is decreasing with the rise of velocity until complete
fading. The trajectory remains stable, whereas its amplitude rise is mode-
rate. The spectral analysis indicates the existence of a subharmonic spectral
line with the frequency f* = 0.5f,,, which means that the oil film in the be-
arings generates vibrations of frequency equivalent (approximately) to the
half of the synchronous one. This stage of the system self-excited vibrations
can be defined as small oil vibrations (or half-frequency vibrations).

o It is possible to distinguish a certain characteristic velocity n; (defined in the
paper as "whip” velocity). As soon as this velocity has been exceeded the
trajectories loose their stability, and their amplitude starts rising abruptly.
There is also possible a process of splitting the subharmonic spectral line
into two spectral lines (or more). The effect of the bearing properties upon
the operation of the system becomes more and more complicated, and at the
same time, dominant. This operating region can be described as a transient
phase between small and large oil vibrations.
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Fig. 14. Cascade diagram of vibration spectra of bearing ”1” (for component y(t)).

e When the double of primary critical velocity has been exceeded by the sys-
tem, the vibration amplitude of the system gradually stabilizes at a very
high level. The subharmonic spectral line, definitely dominant in the spec-
trum structure, also stabilize its position at the level of critical frequency.
The trajectories become chaotic (but determined). This stage of vibrations
can be described as large oil vibrations (oil "whip”).

o When the registration period of the results is equal to the double period of
the synchronous excitation functions (6,, = 26,,), the above development
phases of the self-excited oil vibrations can be identified on the basis of
the proposed orbit classification. A useful diagnostic factor here can be the
number of the rotation markers k* (Fig. 7).

o A significant unbalance of the rotor, also with respect to large turbine sets
can be responsible for situations when the slide bearings force some charac-
teristic oil vibrations, (very often small vibrations, that is whirls) involving
the entire machine (Fig. 13). The trajectories, in general, remain stable,
and their amplitude rises insignificantly in spite of the fact that the system
has really exceeded the stability threshold. Such a state in numerous cases
can be regarded as a normal situation fluid-flow machine operation.
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The results of the simulation investigation presented in the paper refer to
some selected problems of the rotor dynamics, that is, to the assessment of the
unbalance effect and the hydrodynamical instability of the bearings. Making simi-
lar tests for other simulated defects during the operation of a fluid-flow machine.
such as, for instance, crack of a rotor, change of the bearing shell fixing stiffness.
geometrical errors of the bearing seating in relation to the geodesic line, and sc
on, it is possible to obtain very useful catalogues of diagnostic relationships. Ob-
taining them through experimental measurements is often impossible.

The new, nonlinear, theoretical model presented in Part I of the paper and
the computer program NLDW-01, as well as the calculation examples included
in Part I indicate unusually large and also utilitarian potential of the compu-
ter simulation in the research of dynamical properties of both small and large
fluid-flow machines.

Manuscript received in July 1995
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Nieliniowy model drgahn w ukladzie wirnik-lozyska
Czes¢ II. Wyniki obliczent

Streszczenie

W pracy przedstawiono wyniki badan symulacyjnych odnoszace si¢ do opisu najbardziej frapujacych
ciagle nie wyjasnionych do konca zjawisk zachodzacych w filmie olejowym tozysk slizgowych, a mia-
owicie wiréw olejowych i bicia olejowego. Zjawiska te, okreslane tez terminem malych i duzych drgan
lejowych, wywoluja drgania samowzbudne calego uktadu wirnik-lozyska. Badania symulacyjne przepro-
radzone zostaly w oparciu o model teoretyczny i algorytm obliczen, przedstawione w czesci I pracy.

Obliczenia przeprowadzono na przykladzie laboratoryjnego wirnika dwupodporowego z podatnymi
twierdzeniami zewnetrznymi panwi, a takze na przyktadzie wirnika turbiny parowej o mocy 200 MW.
amieszczone zostaly wyniki obliczeri w postaci trajektorii wybranych punktéw uktadu po przekroczeniu
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granicy stabilnosci, przebiegéw amplitud 1 katéw fazowych, a takze w postaci widm drgan. Przeprowz
dzono obszerna dyskusje uzyskanych wynikéw. Okreslone zostaly szczegdélowo poszczegdlne fazy rozwoj:
drgan olejowych oraz podjeta zostala préba klasyfikacji orbit 1 wprowadzenia uzytecznego wyréznik
diagnostycznego.



