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Steady motions of a dynamically and statically unbalanced rotor, mounted in elastic bearings with cubic non-linearity, are
considered, assuming the presence of resistance forces of a varying nature and that the rotor possesses four degrees of freedom.
The possible types of steady motions are analysed, the conditions for the onset of self-excited vibrations are obtained and the
basic characteristics of self-excited vibration modes derived. © 2002 Elsevier Science Ltd. All rights reserved.

It has been shown [1-8] that a rigid rotor rotating in elastic bearings, when the rotation frequency
increases without limit, possesses a self-centring property similar to that of a flexible Laval shaft.
However, these studies as a rule do not discuss the possibility of the onset of instability, self-excited
vibrations, etc. In this paper the behaviour of a rigid body in elastic bearings will be investigated in detail.

1. EQUATIONS OF MOTION OF ROTORS

Consider a statically and dynamically unbalanced absolutely rigid rotor of mass M and length L, mounted
vertically in two stationary elastic bearings, in such a way that its centre of mass is the same distance
from each bearing. The rotor possesses dynamic symmetry, its moment of inertia about the axis of
symmetry is 4, and its equatorial moments of inertia are equal to B.

By static imbalance e we mean the displacement of the centre of mass from the axis of rotation of
the motor, and by dynamic imblance § we mean the angle between the axis of dynamic symmetry and
the axis of rotation of the rotor. The angle between the plane passing through the axis of rotation and
the centre of mass and the plane that contains the angle § will be denoted by €.

As regards the bearings, it is assumed that their pliability has central symmetry and the reactions of
the bearings have only radial components. We shall consider the case of a rigid characteristic of the
restoring force, containing a cubic term

P,=-S;(ay+a, |5, "), j=12 (1.1)

where §; is the vector of displacement of the appropriate bearing from the equilibrium position, and
ay and a, are positive real constants characterizing the elasticity of the bearings.

The rotor is set in motion by a motor of unlimited power, capable of maintaining a constant angular
velocity of rotation ®. When investigating the steady motions of the rotor it is assumed that the rotor
is subject to external friction forces R} proportional to the absolute velocity of motion of the centre of
the bearing, internal friction force R} proportional to the relative velocity of motion of the centre
of the bearing, which arise in the bearings because of the oily film partly carried by the rotor [9], as
well as resistance force R} proportional to the velocity of radial displacement of the centre of the bearing,
which arise in the rigid rotor owing to deformation of the ball bearings in the rolling bearing [5]:

R’ =i $
(i=~-1).

It is assumed that the displacement of the rotor along the axis of rotation can be ignored, and as
generalized coordinates we choose the coordinates of the axis of symmetry of the rotor, which coincide
with those of the centres of the bearings in their plane of motion. This definition of the position of a
rotor in space was first introduce in [10, 11]. Under these assumptions the rotor is a mechanical system
with four degrees of freedom.

j» Ry=-[,S;-i0S,), R =-1,58,/S;, j=1.2 (1.2)
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Applying the law of motion of the centre of mass and the equation of moments, we obtain a system
of equations of motion for a statically and dynamically unbalanced rotor in complex variables S; and
S

M o e ., -
7(51 +8)+ 1 (S +5) +1,(8) +8;) —iwfi, (S + S,) +

S
+p,,,(|s, ISII |S2|m]+ao(sl+S2)+a,(|S, P Si+15, I 5,) = Mew? exp(iox)
1 2
. ---Lz---L2-- . I?
I 2
+i, (m——m J “°(s2 S|+—(|52|252"|Sl| S =
18,1 1851

=(B- A)w’LS exp(i(wt —€))

The superscript 1 corresponds to the bearing occupying the lower position when the angular velocity
vector is directed upward.

To the forced vibrations of the rotor generated by its static and dynamic imbalance there correspond
direct synchronous precessions of the rotor, in the form

S; = R; exp(iot)exp(ip;), j=1,2 (1.4)

where Rj and ; are real constants characterizing the amplitudes and phases of the bearings respectively,
R =0

! We will call the precessions symmetric if the bearings describe circles of the same radius in their planes
of motion. Depending on the speciﬁc surface swept out in space by the rotor’s axis of rotation, we
distinguish three types of precession: cylindrical, conical and hyperboloid.

Cylindrical precession is characterized by equality of the amplitudes (R, = Rz) and phases (¢; = @,).
In conical precession the phases either differ by &, when the apex of the cone is situated between the
bearings, or coincide, when the apex is outside the bearings and the rotor axis describes a truncated
cone. In precession of the hyperboloid type, the relationships between the phases and amplitudes are
arbitrary.

2. A STATICALLY AND DYNAMICALLY UNBALANCED ROTOR

Consider a rotor with two imbalances (e # 0, 8 # 0). The dimensionless form of the equations of motion
of the rotor is

55455 U, (5 +5,) + (5 + 5,) — i (s, +s2)+p.m(|s, |—+lsz | )+sl +95, +

151 Isy |
+c( s I? si+ls, 12 §)= Q? exp(iQ2t)
5y = 5 —IQAMS; = §))+ 1 k(1 = AX(Sy — §)) + k(1 = A)(S; — §;) — iQu k(1 =A)(s; —5))+ (2.1)

k(1 - )(lszll——'-“l s J*’k(l"}‘-)(-‘z -5 +cllsy P sp—1s P §)=
5 5

= d(1 - M)Q? exp(i(Qt - £))

where we have introduced the following dimensionless variables and parameters

S A 2i1 2, 211
T=Wyt, s;=—, A==, =te o=t = hn
T 2 B M Mo, " M, " Mo,
22)
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The dots represent differentiation with respect to dimensionless time T.

Note that it is always true that k(1 - &) > 0. If the rotor is a dynamically prolate body, then A < 1
and so k > 0; if it is dynamically oblate, then A > 1 and k < 0.

Let us consider direct synchronous hyperboloid precessions (HPs) of the rotor. Symmetric HPs (R,
= R, = R) of a statically and dynamically unbalanced rotor can only exist in a system with external
friction, when the constructive parameter € is equal to /2. Otherwise, only asymmetric modes exist.
Symmetric and asymmetric precessions of the rotor do not depend in form on the resistance forces R’
and R".

It is convenient to change from Q and R, correspondmg to the rotation frequency and precession
amplitude, to their squares x = Q% andy = R Then the symmetric HPs will be defined as follows:

b
5 =1[ : & ) 23)

(1+cy-x)? (k(l+cy)—x)2
l+cy—x
k(]+cy)—x’

g, =-tgp, =d P =—¢,

The limiting value of the amplitude R.. and phase @, .. for sufficiently large rotation frequencies are
determined from the relations

1
y. =R, = 5\/1 +d*, g, . =d (2.4)

The limiting values of the minimum radius of the hyperboloid of revolution r = R cos ¢, and the angle
between the axis of rotation of the rotor and the vertical, B = 2Rsin@,/L(L = L/(2¢), will be r,, = 1/
and B.. = §, corresponding to the phenomenon of self-centring of the rotor. Rotation occurs in which
the rotor’s centre of mass remains stationary and the axis of dynamic symmetry occupies the equilibrium
position — the most favourable case.

If the rotor is a dynamically prolate body (A < 1 and k& > (), the resonance set of the system consists
of the straight lines

l+cy-x=0 (2.5)
k(1 +cy)-x=0 (2.6)

which are skeletal for the modified amplitude-frequency characteristic (AFC) of a symmetric HP in
the (x, y) plane; these lines are represented by the inclined dashed lines in Fig. 1 (the horizontal dashed
line corresponds to the limiting value y..). In this situation, precessions of cylindrical type resonate near
the set (2.5) and those of conical type, near the set (2.6).

Given a fixed value of the rotation frequency, one, three or five different symmetric HP modes may
exist. By investigating the stability of the modes in the linear approximation and verifying the necessary
condition for stability, it can be shown that, for a system without resistance, there are certain values of
k (k < /3 and k > 3) such that the arcs AB and CD (Fig. 1) represent unstable symmetric HPs.

If the rotor is dynamically oblate (A > 1 and & < 0), the resonance set is a single straight line, near
which a cylindrical precession will resonate. Under these conditions an arc of the AFC with the mean
value of the amplitude will correspond to unstable motions for any values of the parameters.
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We shall also consider asymmetric HPs, which develop when the axis of dynamic symmetry lies in
the same plane as the axis of rotation (¢ = 0). Note that when there are no external friction forces HPs
degenerate into conical precessions, and the rotor axis may describe either a truncated cone or a cone
with its apex between the bearings. It has been established by analytical means that asymmetric modes,
like symmetric modes, possess the self-centring property (branch 1 in Fig. 2). Further analysis of
asymmetric precessions will be based on computer simulation.

Depending on the frequency of rotation and the external resistance force, an odd number of
asymmetric modes — from one to nine may exists. As the external resistance force is increased, the
possible number of solutions decreases to one. Figure 2 illustrates the dependence of the squared
amplitude of the first bearing on the squared rotation frequency when up to nine modes may exist. If
the only forces acting on the system are external friction forces R, the even branches are always unstable,
while the odd branches may be either stable or unstable. At rotation frequencies for which there is
instability of odd branches, stable self-excited vibrations may develop.

The internal friction forces R’ and resistance forces R” do not have a stabilizing effect on unstable
modes; moreover, the region of stable modes contracts strongly. Beginning at a certain rotation
frequency, all modes become unstable except the one with the maximum amplitude of the first bearing.

3. ADYNAMICALLY UNBALANCED ROTOR

Now suppose the rotor has only dynamic imbalance (e = 0, 6 # 0), The dimensionless equations of motion
for such a rotor differ formally from Eqs (2.1) in that the right-hand sides of the equations are now
respectively zero and '/2(1 - M)Q? exp(iQt). The dimensionless variables and parameters are defined
as in Section 2, except for the variable s; and the parameter c; now s; = Sj/(2L3), ¢ = 4L~ 8%ay/ay.

Among the steady motions of a dynamically unbalanced rotor correspondmg to direct synchronous
precessions, symmetric conical precessions may exist, when the centre of mass of the rotor is stationary,
and also asymmetric HPs, associated with the motion of the centre of mass, which degenerate into conical
precessions when there are no viscous friction forces. If the system is not subject to viscous friction
forces (1, = 0), then, beside the aforementioned motions, symmetric HPs will also exist, as well as
motions in which the amplitude of one of the bearings is zero. Under these conditions, just as in the
case of a totally unbalanced rotor, the modes arc independent in form of the internal friction forces
R’ and resistance forces R”.
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We shall now consider the motions of most interest in greater detail.
Symmetric conical precessions (SCPs), when the centre of mass of the rotor is stationary (s; = —s,
= —5), are defined by the relations

1 ukx/;
k(1 +ey)—x) +ulk’x =—x, tgo=——re ¥ 3.1
VNG ey) - +ulix = 2x. tgo o (3.1)

If the rotor is a dynamically prolate body (A < 1, k > 0), the modified AFC in the (x, y) plane, shown
in Fig. 3, has a skeletal straight line (2.6), represented by the dashed line in Fig. 3. The limiting value
of the amplitude at large values of the rotation frequency is R.. = Y.

The limiting value (at large values of the rotation frequency) of half the aperture angle of the cone
swept out in space by the rotor’s axis of rotation will be equal to §, implying self-centring of the rotor.
The rotor will rotate in such a way that its axis of dynamic symmetry tends to occupy an equilibrium
position.

Depending on the parameters of the system, one or three different SCP modes may exist for different
angular velocities. When investigating stability in the first approximation, the characteristic equation
of a linear system may be expressed in the form MN = 0, where M and N are polynomials of degree
four in the characteristic number p

M =mop* +mp’ +myp? +myp+my, N=nop* +mp* +nyp? +nyp+n, (3.2)

Using the Hurwitz criterion, we conclude that the conditions for stability for a dynamically prolate rotor
reduce to the inequalities

my>0, my>0, ny>0, n,>0, AY>0, AV >0 (3.3)

where AD A{Y are the principal diagonal minors of order three of the Hurwitz determinants for the
polynomials M and N.

The coefficients m, and n, are the products of the roots of the respective polynomials, and the sets
my = 0 and ny = 0 are bifurcational for the system and determine the stability boundary of SCPs. In
the (x, y) plane, these sets are hyperbolae (Fig. 3). Bifurcations at the boundary m, = 0 correspond to
the appearance or disappearance of SCPs, when the centre of mass of the rotor remains stationary;
bifurcations at the boundary n, = 0 correspond to the appearance or disappearance of asymmetric
precessions due to motion of the centre of mass. Instability of this kind may be classed with the
phenomenon of spatial instability of forced vibrations, which has been investigated for quasi-linear
systems [2].

If one considers a rotor with two imbalances, without taking resistance forces into consideration, the
AFC of a symmetric HP will have two resonance zones, corresponding to resonances of cylindrical and
conical precessions. When the rotor is considered as a system with four degrees of freedom, but
possessing only dynamic imbalance, a region of spatial instability will also develop near the resonance
set (2.5) for cylindrical precessions of a rotor with two imbalances. A redistribution of vibrations occurs,
and the arc of the AFC where SCPs are unstable (n, < 0) will correspond to HPs or, in some cases, to
other stable modes. )

The sets m,; = 0 and ny = 0 do not depend on the internal friction forces R' and resistance forces
R", and if the only forces acting on the rotor are those of external resistance, all modes except those
within the hyperbolae m, = 0, ny = 0 are stable.

If the rotor is dynamically oblate, the modified AFC increases monotonically and approaches the
limiting value y., = RZ = Yj6. The phenomenon of spatial instability may also be observed in a
dynamically oblate rotor.

Asymmetric HPS, unlike SCPs, do not always exist. The system of differential equations of a
dynamically unbalanced rotor is such that, if a mode with amplitudes (R, R,) exists, then a mode with
amplitudes (R,, R,) will also exist. Depending on the parameters of the system and the rotation frequency,
the theoretically possible number of pairs of solutions may vary from one to four. Under these conditions,
if there are only external resistance forces, it may be shown by numerical means that asymmetric HPs
may be either stable or unstable in the spatial instability region of SCPs. For rotation frequencies such
that asymmetrlc HPS are unstable, one obtains in the (R, R) plane of eight-dimensional phase space
“looping” curves in a bounded region, similar to strange attractors.

Due to the internal friction forces R/, as well as the resistance forces R”, SCPs of the rotor which
are stable when there are only external friction forces R® will become unstable from some angular velocity
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of rotation on, which excludes the self-centring effect. It has been established numerically that the modes
arising in that case are associated with motion of the centre of mass and are self-excited vibrations.

When the rotor is subject to external and internal resistance forces, the modes thus obtained may
be sought approximately in the form

s; = R; exp(iQT)exp(i@;) + r; exp(i€2;T) 34

where R; and @; are the amplitudes and phases, respectively, of the forced vibrations at velocity Q, and
r; and Q, the amplitude and frequency, respectively, of self-excited vibrations [13].

If the centre of mass of the rotor describes a circle, the solution may be sought as the superposition
of two motions: an SCP (R; = R; = R and exp(i@,) = ~ exp(i¢,) = exp (i¢)) and symmetric self-excited
vibrations (r; = r, =r). :

Applying the harmonic balance method, we obtain approximate equations for the quantities R, r,
'Qb o

r(1+c(rX+RH-QH=0, r(Q,(u, +1;)-Qu,)=0
RO = A)((k(1 + c(R* +2r?)) = Q%) sin @ + 1 kQ cos 9) = 0 (3.5)

(1= A)RKk(1+ c(R* +2r%)) = Q%) cos @ — P kQRsin@ — % Q%) =0

Equations (3.5) yield the amplitudes of self-excited vibrations and forced vibrations as functions of
the rotation frequency and determine the boundary of soft excitation of self-excited vibrations

Q, =(1+p, /W1 +2cR? (3.6)

Note that as the rotation frequency is increased, the amplitude of self-excited vibrations also increases,
possible leading in the final analysis to failure of the bearings and breakdown of the rotor.

If the rotor is a system with two degrees of freedom, self-excited vibrations must be sought in the
form (3.4), when s; = —s; = —s. Such modes exist only for a dynamically prolate rotor (A < 1 and
k > 0). Although, formally speaking, this form of the solution satisfies the system of differential equations
of a dynamically unbalanced rotor with four degrees of freedom, numerical integration leads to modes
associated with motion of the centre of mass.

4. A STATICALLY UNBALANCE ROTOR

Among the steady motions of a statically unbalanced rotor (¢ #0, 8 = 0) corresponding to direct
synchronous precessions, cylindrical precessions may exist and, in the case of a dynamically prolate rotor
(» < 1, k > 0), asymmetric hyperboloid precessions. If there are no external resistance forces, a
dynamically prolate rotor may develop symmetric hyperboloid precessions, as well as asymmetric
precessions of conical type, when one of the bearings is stationary. The possible types of precession
may be investigated along the same lines as our investigation of the analogous modes of a dynamically
unbalanced rotor. We merely note that the self-centring property is characteristic for cylindrical
precessions; for a dynamically prolate rotor, the phenomenon of spatial instability may arise, and the
corresponding modes are associated with swinging of the rotor’s axis of rotation. Internal friction forces
R’ and resistance forces R™ exclude the phenomenon of self-centring in the rotor, and the self-excited
vibrations that appear constitute a plane-paralle] motion.
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