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Abstract—The article presents the results of studying the effect of forces associated with secondary damping
coefficients (gyroscopic forces) on the development of asynchronous rolling of the rotor over a water-lubri-
cated bearing. The damping forces act against the background of other exciting forces in the rotor—supports
system, in particular, the exciting forces of contact interaction between the rotor and bearing. The article con-
siders a rotor resting on supports rubbing against the bearing and the occurrence of self-excited vibration in
the form of asynchronous roll-over. The rotor supports are made in the form of plain-type water-lubricated
bearings. The plain-type bearing’s lubrication stiffness and damping forces are determined using the well-
known algorithms taking into account the physical properties of water serving as lubrication of the bearing.
The bearing sliding pair is composed of refractory materials. The lubrication layer in such bearings is thinner
than that used in oil-lubricated bearings with white metal lining, and there is no white metal layer in water-
lubricated bearings. In case of possible deviations from normal operation of the installation, the rotating rotor
comes into direct contact with the liner’s rigid body. Unsteady vibrations are modeled using a specially devel-
oped software package for calculating the vibration of rotors that rub against the turbine (pump) stator ele-
ments. The stiffness of the bearing liner with the stator support structure is specified by a dependence in the
force—deformation coordinate axes. In modeling the effect of damping forces, the time moment correspond-
ing to the onset of asynchronous rolling-over with growing vibration amplitudes is used as the assessment cri-
terion. With a longer period of time taken for the rolling-over to develop, it becomes possible to take the nec-
essary measures in response to actuation of the equipment set safety system, which require certain time for
implementing them. It is shown that the gyroscopic damping components facilitate the developing rolling of
the rotor over the bearing. If measures taken to decrease these components in the damping devices and bear-
ings are met with success, the onset of asynchronous rolling-over with the growing amplitudes occurs after a
longer period of time.
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Forced outages of turbines for carrying out repair
works and even catastrophic destructions of installa-
tions for different purposes often resulted from rub-
bing and subsequent rolling of the rotor over the stator.
Such an emergency mode development scenario is
recognized by many researchers [1—4]. Examples of
the consequences from development of asynchronous
rolling of a rotor over the stator are given in [5, 6—8].

One important issue relating to the problem of
reducing dangerous consequences from rolling of a
rotor over the stator is the period of time (so-called
Abtime) taken for the turbine set protection system to
come into action and the rolling-over development
time to the point at which the vibration amplitudes
reach dangerous levels for the strength of elements
(studs connecting the turbine upper and lower casings,
bearings, and rotor). These turbine components take
the main forces that arise when the rotor rolls over the
stator. The equipment set protection system takes a
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certain period of time to come into action. The results
from modeling the process through which a rotor rolls
over the stator shows that the time taken to reach the
mode characterized by high forces with which the
rotor acts on the stator elements as it rolls over the sta-
tor is noticeably shorter than the Abtime [7]. The pos-
sibility of an almost instantaneously developing mode
in which a rotor rolls over the stator was for the first
time pointed out by E.L. Poznyak in [3], who also
introduced the notions of synchronous and asynchro-
nous rolling-over, which are used in this study. The
authors of [1, 2] presented the results from numerical
simulation and experimental investigations aimed at
studying the development of hazardous vibration aris-
ing during asynchronous rolling of the rotor over the
stator for the model rotor detuned from the resonance
by 7—8%.

A search of methods for increasing the time taken
for the rotor to reach a mode in which it permanently
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Fig. 1. Schematic presentation of the contact between the
rotor and yielding support. P is the point of contact
between the rotor and support; O is the bearing bore cen-
ter; Oy is the rotor section center; O, is the position of the
rotor mass center; ® is the rotor angular rotation speed;
Nis the support reaction force; 7T is the sliding friction

force; R = Maw?e is the force due to the rotor imbalance;
¢ is the abrupt loss of balancing; M is the rotor mass; r is
the rotor radius; u is the rotor section center displacement
in the radial direction; 1 is the rotor turning angle at the
moment in which the abrupt loss of balancing occurs; 0 is
the precession angle; F| and F; are the forces acting from

the sides of rotor supports.

rolls over the stator after a few initial rubbings and,
generally, methods for suppressing asynchronous roll-
ing-over and forcing the asynchronous rolling-over to
change to a less dangerous mode is considered to be of
much importance, because the Abtime values differ
very significantly for different protection systems.

Generally, damping forces play a positive role and
facilitate suppression of a developing asynchronous
rolling-over [5, 6]. However, as far as the damping
matrix secondary coefficients are concerned, the
forces determined by them (gyroscopic forces [9]) act
in the rotor section center motion plane direction per-
pendicular to the speed components (for example, on
the horizontal and vertical vibration directions). It
should also be noted that the direction in which the
damping force components act, as well as their values,
change periodically depending on the rotor center
position in its motion trajectory; i.e., these compo-
nents act both tangentially with respect to the rotor
motion trajectory (opposite to the speed direction)
and in the direction perpendicular to the trajectory.
The former ones retard the motion of the rotor and
facilitate the development of its backward precession.
Their action is similar to the action of friction forces
arising when the rotor rubs against the stator. The

effect of force components perpendicular to the rotor
motion trajectory is considered in [7].

The damping forces appearing in the equations
describing the vibration of a symmetrical rotor resting
on two supports [6, 10] can be expressed by

-q = Bu, (1)

where B = {bll le} is the matrix of dynamic damping
coefficients (zé.gfzin the bearing lubrication layer of
plain bearings); & = Zl} is the rotor (rotor journal)
speed vector), and 1 anc21 2 are the horizontal and ver-
tical vibration directions.

It is of interest to separate the following forces from
the damping components:

=Gy, = bpotiy, —qy = bythy. (2)

Forces (2) are called gyroscopic forces [9]. This
name has been adopted in connection with deep elab-
oration of the theory of gyros, in which these forces

were considered. The components {b“ bO } of the
22

damping coefficient matrix are related to dissipative
forces. Figure 1 represents the moment at which the
rotor comes into contact with the bearing and shows
the gyroscopic forces acting on it. The study objective
is to determine the influence of damping force com-
ponents (2) under the conditions of a developing roll-
ing-over in which the rotor experiences the action of
not only damping forces but also the forces of contact
interaction between the rotor and bearing that excite
the asynchronous rolling-over [5—7].

A model of the rotor—supports system is presented
in [5, 10]. The criterion used to estimate the effect the
damping force secondary components b, (i # j) have
on the development of asynchronous rolling of the
rotor over the bearing is based on the time for which
asynchronous rolling-over with the growing vibration
amplitudes develops. Measures taken to increase the
time for which asynchronous rolling-over develops (to
slow it down) are a positive factor from the viewpoint
of limiting the consequences resulting from rolling the
rotor over the stator (which are sometimes cata-
strophic in nature) [5, 6, 10, 11] because it opens up
the possibility for the equipment set safety system to
perform operations on closing the stop valves and dis-
connecting the generator from the network under the
conditions of a developing emergency situation. This
also facilitates deceleration of the rotor as it comes into
contact and its escape from the resonance zone.

To model the effect of damping force components
on the development of rolling-over, a symmetrical
rotor with water-lubricated support plain bearings was
selected. The bearings’ sliding pair is composed of
refractory metals. The lubrication layer in such bear-
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ings is thinner than that in white metal-lined oil-lubri-
cated bearings, in particular, due to the difference
between the dynamic viscosity coefficients of oil and
water (which differ from each by 30—40 times). In view
of this circumstance, the risk of rubbing in water-
lubricated bearings is considerably higher due to a
smaller lubrication film thickness and due to the rotor
coming in direct contact with the liner body when rub-
bing occurs.

The white metal layer used in oil-lubricated plain
bearings creates insignificant resistance to rubbing
within the limits of its thickness, and the hazard of
rubbing increases only when the rotor comes into con-
tact with the liner body. Therefore, the gap in bearings
with a white metal lining is commensurable with the
gap between the rotor and stator in the turbine flow
path as far as the hazard of rolling-over to occur is con-
cerned. A small gap between the bearing’s rigid body
and journal and the increased sliding friction coeffi-
cient as compared with that in bearings with a white
metal lining are factors that facilitate the occurrence of
rotor rolling over the stator. For example, for plain
bearings with an oil lubrication system and a white
metal lining, the sliding friction coefficient for rubbing
% = 0.06—0.07, whereas the value of iy for water-lubri-
cated bearings may be higher by a factor of two or
more. According to the data of [12], under the condi-
tions of liquid lubrication, ¥ = 0.001—-0.005; in case of
small gaps and high-viscous lubrication, ¥ = 0.01—
0.03; under the conditions of boundary lubrication,
x = 0.1-0.2. A water film decreases friction only
slightly, and the sliding friction coefficient for rubbing
depends completely on how accurately the bearing’s
friction pair surfaces have been processed. The condi-
tion of contact surface after a few rubbings can only
change for the worse; i.e., the coefficient j can
increase taking into account the “rubbing history.”

The evolvement of the rolling-over mode was mod-
eled using the developed software package aimed at cal-
culating the vibration of rotors involving their rubbing
against the turbine (pump) stator elements. The algo-
rithm for numerically simulating the development of
the rotor’s rolling over the bearing is given in [5, 6, 10].

The initial equations describing the rotor vibration
taking into account gyroscopic forces are given by

3
Miiyy + bty + byytiy + kyytt) + kngty = 0; 3
midyg + byyiy + bty + Kyuy + Kty
+ NcosO —T5sinb = 0;
4

+ NsinO + TcosO = 0.

Equations (3) describe the motion of a rotor in the
gap (without coming into contact with the bearing),
and equations (4) describe the same but with taking
into account the rotor’s coming in contact with the
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bearing. By alternately solving equations (3) and (4)
with checking the gap in the bearing, it becomes pos-
sible to model the vibration of the rotor, including its
rubbing against the bearing. Equations (3) and (4),
and the quantities appearing in them are described in
more detail in [5, 6, 10].

The detuning degree of the rotor—support system
from the resonance is 5%; the rotor journal radius is
0.106 m; the sliding friction coefficient (with water
used as lubricant and with the duly processed contact-
ing surfaces) is equal to 0.1, and the relative gap in the
bearing with the journal concentrically arranged in the
bearing is equal to 0.0028. The nonlinear stiffness
characteristic of the support together with the bearing
liner is represented by the deformation versus force
dependence taking into account the gap in the bearing.
The stiffness of the support together with the liner (the
damping in the support is not taken into account) is
equal to 0.362 x 108 kN/m. An abrupt loss of rotor bal-
ancing (separation of a mass equal to 0.025% of the
rotor mass at a radius of 1 m at the time moment T = 0)
is considered as a factor exciting rotor vibration involv-
ing its rubbing. Transient vibration triggered by the
abrupt loss of balancing starts from the equilibrium
position of the rotor journal in the bearing bore. It is
important to note that, as was shown in [5, 6, 11], the
further development of the asynchronous rolling-over
mode is governed by the dynamic properties of the
rotor—supports system and is little dependent on the
initial cause that led to the occurrence of vibration
with rubbing. Of the totality of forces acting on the
rotor, the model takes into account the forces due to
imbalance, the forces caused by contact interaction
when the rotor rubs against the stator, and damping
force components (1).

Figure 2 shows the results obtained from numeri-
cally simulating the development of rolling-over involv-
ing the rubbing of the rotor journal against the bearing

liner for b, = b,, = 0. With b,, = b,; # 0, the general
development pattern of the rolling-over mode changes
only slightly. An unsteady pattern of rubbings is
observed, which is due to some scatter of collision
parameters from revolution to revolution. The rotor
motion is accompanied by its collisions and rebounds
with transition to asynchronous rolling of the rotor over
the stator (see Fig. 2f). The dashed curve shows the cir-
cle representing the gap in the bearing within which the
rotor journal moves without rubbing. An increase of the
secondary components b; (i # /) entails reduction of the
time at which the rolling-over mode with the growing
vibration amplitudes starts to develop (Fig. 3).

The dependence shown in Fig. 3 is nonlinear in
nature, with the general trend toward decreasing the
selected parameter (the time to the moment at which
the rolling-over starts to develop) with increasing the
coefficients b; (i # j). The time taken for the rolling-
over to develop is by 12—15% longer if there are no
forces determined by the secondary coefficients in the
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Fig. 2. Rotor journal center motion trajectory when rubbing occurs after the abrupt loss of balancing at b, = by; = 0. 1, s:
(a) 0—0.07, (b) 0.07—0.1, (c) 0.1-0.13, (d) 0.13—0.16, (e) 0.16—0.19, and (f) 0.19—0.21.
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Fig. 3. Time to the moment at which asynchronous rolling
of the rotor over the bearing starts as a function of the gyro-
scopic forces governed by the damping matrix secondary
coefficients by (i # ).

damping matrix. It should be noted that the values of
damping matrix secondary coefficients b, (i # j) are
of the same order as those of the main coefficients b;
(i =1, 2). Such ratio between the main and secondary
damping coefficients corresponds, e.g., to the damp-
ing values in the lubrication film of plain cylindrical
bearings at the working rotor rotation frequency. In
segmental bearings, their design features are such that
the values of both secondary damping and secondary
stiffness coefficients are brought to almost zero.

CONCLUSIONS

(1) The damping forces governed by the gyroscopic
damping components facilitate the developing rolling
of the rotor over the bearing. Measures taken to
decrease their values in damping devices and bearings
result in a longer period of time to the moment at
which asynchronous rolling-over with growing ampli-
tudes starts to develop.

(2) Those who design bearings and damping
devices should try to decrease the values of damping
matrix secondary coefficients b; (i # j). Segmental
plain bearings with close-to-zero values of secondary
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damping and stiffness coefficients can serve as exam-
ples of such design solutions.

(3) When the secondary damping coefficients in the
considered rotor—bearings system are excluded, the
period of time to the moment at which asynchronous
rolling-over starts to develop increases by 12—15%. The
longer the period of time to the moment at which the
rolling-over starts to develop, the longer the time mar-
gin available for the equipment set safety system com-
ponents to come in action.
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