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Abstract

The effect of partial rotor-to-stator rubbing is investigated both experimentally and analytically. It is found that due
to rubbing the measured vibration signal is distorted showing a flattened portion in the waveform. Spectral analysis
indicates that the synchronous component is generally attenuated as a result of rubbing-introduced-friction. It is also
indicated that light rubbing induced vibrations are characterized by harmonics at frequencies equal to 1x rev., 2x rev.,
and 3x rev. Whereas, severe rubbing is identified experimentally by a spectrum containing subharmonics at 1/3 and 2/3
of the rotational frequency. Because of the stiffening effect of rubbing on the rotor, the resonance frequency increases.
In general, the analytical results show good agreement with experimental data.
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1. Introduction

Rubs are typically introduced by contact between
rotating and stationary elements of a machine. Pre-
serving ample clearances prevents rubbing from be-
coming a serious problem. However, very often a
shaft is bent or lateral vibrations of a rotor become
excessive. This results in a reduction of clearances
and, as a consequence, rubbing takes place. Two ex-
treme cases of rotor rubs may usually take place. The
first case is the full annular rub which occurs when
the rotor maintains contact with a stator (e.g., a seal)
during a complete revolution. The second case is the
partial rub which takes place when the contact occurs
during a portion of the period of precession. Another
type of rub which deserves mentioning is the so-
called dry-whip or dry-friction backward whirl where
the rotor rolls around inside the stator clearance like a
planetary gear with an enormously high frequency.
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This latter case may occur, for example, when inducer
vanes of open impellers radially strike the stationary
shroud providing that the rotor flexibility allows this
type of orbiting.

Generally, full rub is preceded by a partial rub.
With partial rub onset, the rub point begins to act as a
new dry non-lubricated bearing supporting the rotor.
This new bearing introduces new physical phenom-
ena as it modifies the dynamic characteristics of the
system. These modifications are briefly in the form of
an increase in the average spring constant of the rotor
as well as an evolution of friction forces as a result of
the relative motion between the stator and the rubbing
rotor.

Vibrations generated by the running mechanism are
very complex and may lead to total destruction of the
machine in just few rotations. The rub-related vibra-
tions in turbo-machinery have been documented in
several publications [1-8]. As observed from the lit-
erature, a partial rotor/stator rub often causes a steady
subharmonic at a frequency equal to half of the rota-
tional speed. Bently [1], who examined the sub-
synchronous frequency resulting from rotor rub, indi-
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cated that half rotational speed motion is a general
consequence of a rotor running at a speed equal to
twice its natural frequency. He interpreted this ex-
perimental finding in terms of analytical results using
linear parametric excitation phenomena modeled by
the Mathieu equation [2]. Later, Childs [3, 4] ex-
plained the 1/2 speed frequency response results ob-
tained by Bently’s [1] rub condition using a linear
analysis based on the Jeffcott model. The study was
concerned with whirling motion which occurred in
rotors subjected to a rub caused by radial stiffness
variation. His linear parametric analysis showed that,
during rubbing condition, Coulomb damping signifi-
cantly widens the potential range of unstable speed.

Other investigators studied the non-synchronous
clearance effects. Ehrich and O'Connor [5] employed
nonlinear simulations to explain the 1/2 frequency
field data. Ehrich [6] employed nonlinear analysis and
simulations to explain the sum and difference fre-
quency phenomena, reported by his experimental in-
vestigations. Both rotor units examined by Ehrich
were supported by roller bearings.

In an attempt to describe the physical phenomenon
related to rotor rub, Musznska [7] presented experi-
mentally complex orbit patterns for a heavy rub condi-
tion. She also analyzed theoretically the light rub. The
rotor response presented in her study showed that
steady state subharmonic vibrations in the order of 1/2,
1/3, and 1/4 of the rotational frequency may exist as a
result of rotor transient free lateral vibrations. For the
case of light rubbing, Beatty [8] provided a reliable
detection method based on the relative harmonic fre-
quency strength.

Choi and Noah [9] investigated the rub problem as a
piecewise linear vibration problem and proposed an
algorithm to calculate the steady state solution using
the fast Fourier transform (FFT) technique. They
showed that subharmonics and super-harmonics could
be found due to rubbing. Crandall and lingener [10]
showed experimentally the reverse whirling of a flexi-
ble rotor and introduced a theory to explain backward
rolling and backward slipping in case of rubbing. Choi
[11] demonstrated a rubbing phenomenon which has
different forms with the increase and decrease of the
operating speed and explained the onset of backward
precession. Choi [12] also studied experimentally the
partial rotor-rub against a stationary element. He
showed several partial rubbing phenomena of super-
harmonics and sub-harmonics. Choi also calculated
the orbit patterns of the forward and backward whirl-

ing.

The objective of the present study is to carry out ex-
perimental and analytical investigations in order to
gain some insight into the diagnostics of rotor-stator
rub conditions. A setup was built to carry out experi-
ments on a rotor bearing system. The experimental
observations are used to propose a mathematical
model for rub identification. The analysis provides a
few modifications to the mathematical models pre-
sented by Childs [3, 4] and Musznska [7] for the same
problem. Modifications of rotor stiffhess caused by
contact with the rotor housing are introduced in terms
of a nonlinear function added to the equation of mo-
tion. Similarly, the frictional force developed as a re-
sult of the relative motion between rubbing elements is
expressed in a nonlinear form. Unlike Beatty's model
[8], which assumed a rigid casing, the housing in the
present analysis is treated as a flexible member.

2. Experimental work
2.1 Experimental apparatus

Shown in Fig. 1(a) is a schematic of the test rig
used in the present study. The rig consists of a heavy
rotor mounted centrally on a steel shaft having a
Young’s modulus of 200 GN/m’. The rotor has a
diameter of 70 mm, while the shaft has a uniform
diameter of 18 mm. Two antifriction ball bearings are
used to support the shaft. The span between the bear-
ings is adjusted to 540 mm. The rotor assembly is
driven by a D.C. motor capable of running the system
up to 6000 rpm. The shaft is connected to the motor
through a steel spring which acts as a flexible cou-
pling. Four rubber mounts are used to isolate the vi-
bration generated by the system from being transmit-
ted to the foundation. To carry out rub experiments, a
brass cantilever angle is bolted to the rotor casing. By
controlling the clearance between the cantilever and
the rotor, different conditions of rubbing are created.

An electrodynamic velocity pickup has been used
to measure the vibration of the stationary component.
The absolute displacement is calculated by the time
integration of the sensed absolute velocity of the
pickup. Shaft vibration measurements relative to the
base are collected with a non-contact eddy current
proximity probe. Time domain signals are displayed
on a two channel oscilloscope. The outer circumfer-
ence of the rotor is divided into 36 equal divisions so
that the angular location of the unbalance present in
the rotor is determined. The quartz controlled fre-
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Fig. 1. (a) Schematic of the test rig, (b) Block diagram of the test rig, and (c) Measurment principle of rubbing contact angle.
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quency generator and the high intensity strobe lamp
on the vibration analyzer make it possible to measure
the unbalance angular location and the shaft rotational
speed as well. A block diagram of the experiment
setup is shown in Fig. 1(b).

In the analysis of rub-related phenomena, the rub-
bing contact angle (@) plays an important role. This
angle is related to the contact time (7,) through the
relation, ¢ = . In order to experimentally obtain
the rubbing contact angle, a time contact sensor was
built. Its measurement principle can be easily under-
stood from Fig. 1(c). An electrically insulated brass
cantilever and rotor are supplied with a constant volt-
age. During contact with the brass cantilever the volt-
age changes as indicated in the figure and the rubbing
contact angle can be easily computed.

The rotor system modal parameters (mass, damp-
ing, stiffness) are identified by using a synchronous
perturbation technique, Musznska [13], in which a
controlled unbalance (m) is added to the rotor at a
known location (r) and the resulting synchronous
response (A) is measured. The observed modal mass
and modal stiffness are identified from the natural

frequency (a)n =,/K%/[J and the direct synchro-

nous dynamic stiffness {K, — M@ = [mr w'cos(d —
a))/4 }. Whereas, the modal damping coefficient is
identified from the quadrature synchronous dynamic
stiffness {Cw= [mr & sin(d —ar)]/A}. The rotor sys-
tem modal parameters obtained in the present study
are shown in Table 1.

2.2 Experimental results

To investigate the rubbing induced forces and their
effect on rotor vibrations, two sets of experiments
were run. In the first set, no rubbing condition takes
place and the rotor dynamic characteristics are deter-
mined from the vibration measurements. In the sec-
ond set of experiments, the brass angle is put in place
and measurements are taken for the rub condition. In
the following sections both cases are described and
discussed.

Table 1. Modal parameters of the rotor system.

Mass, M (kg) 1.68
Stiffness, K (N/m) 314,159
Damping Coefficient, C (N/(m/s)) 87
Eccentricity, r, («m) 6.23

2.2.1 No rubbing condition

A non-contact probe is located vertically 3 mm
away from the mid-span rotor. The probe is attached
to the base of the rig where the bearing blocks and the
driving motor are directly mounted. Vibration meas-
urements of the shaft in terms of peak to peak (P-P)
displacement are obtained at different speeds. Results
from the baseline are presented in Fig. 2 and Fig. 3.
Fig. 2(a) shows the probe output at speed 2800 rpm.
Frequency analysis for this time base signal is shown
in Fig. 2(b).
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Fig. 3 presents the synchronous vertical response
of the rotor as a function of speed. The variation of
phase angle with speed is also plotted on the same
figure. The critical speed of the shaft is found to be
4143 rpm as shown in the figure where a large peak
amplitude, associated with a phase shift of 90° is ob-
served. As can be seen from the figure, once the criti-
cal speed passes, the amplitude of vibration decreases
and an 180° phase shift is detected. The experimental
data described above indicates that the unbalance
present in the system is the source of the above vibra-
tions. This is verified by the sinusoidal shape of the
recorded time base signals as well as the synchronous
response shown by the spectral analyses of these sig-
nals.

2.2.2 Operation with rubbing onset

For rub experiments, the clearance between the
brass cantilever and the rotor is adjusted to set differ-
ent conditions of rubbing. The oscilloscope picture
shown in Fig. 4(a) was taken while rubbing was ap-
plied to the system. The shaft rotational speed was set
at 2400 rpm. As can be seen, a waveform character-
ized by a flattened shape is detected. The spectral
analysis of this signal (Fig. 4(b)) shows an increase in
the magnitude of frequency components. Fig. 5(a) is
another oscilloscopic picture of rotor vibration taken
at a relatively higher speed, 3900 rpm. The resulting
motion is steady and periodic. The spectral analysis
shown in Fig. 5(b) indicates a reduction in the magni-
tude of the second harmonic and the disappearance of
higher frequency components. This can be explained
by the fact that the length of the contact arc (= rub-
bing contact angle x Rotor radius) increases as the
rotor speed increases. This is associated with a de-
crease in average angular variation of rotor radial
stiffness due to the contact with the stator. Should the
rubbing angle ultimately approach 360°, the average
rotor stiffness variation is brought to zero.

Fig. 6(a) and Fig. 6(b) are the waveform and the
frequency spectrum registered at a rotational speed of
4400 rpm. It should be noted that the Real Time Data
Analyzer used for the present frequency spectrum
analyses has three bandwidth settings: 45 cpm, 150
cpm, and 450 cpm. The bandwidth was initially set to
150 cpm. At this setting, a great deal of high fre-
quency vibration activity is noticed. In order to record
the details of these vibrations, the bandwidth setting
was changed to 45 cpm. As seen in Fig. 6(b), the re-
sulting spectrum contains sub-synchronous vibration
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Fig. 4. Shaft under rubbing condition at 2400 rpm (a) Shaft
vibration waveform and (b) Spectral analysis.
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Fig. 5. Shaft under rubbing condition at 3900 rpm (a) Shaft
vibration waveform and (b) Spectral analysis.
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at 1/3 and 2/3 of the rotational frequency. Sub-
synchronous vibration is also observed at a speed
equal to 3900 rpm. In general, Figs. 5(b) and 6(b)
indicate that, at high speeds, rubbing induced vibra-
tions are not identified by a single frequency compo-
nent but are rather distributed over relatively broad
bands centralized by the synchronous frequency and
its multiples. Two possible factors could lead to the
appearance of vibration bands. The first is the friction
forces which are, of course, a consequence of applied
rubbing. These friction forces apply a frictional torque
opposed to the rotor motion, resulting in a fluctuation
of rotor speed. Therefore, the frequency spectrum
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Fig. 6. Shaft under rubbing condition at 4400 rpm (a) Shaft
vibration waveform and (b) Spectral analysis.
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Fig. 7. Rotor vibration response under rubbing onset.

would contain a vibration component corresponding
to these modified precessional speeds. On the other
hand, the transient vibration which follows the re-
moval of the friction torque in the rub free zone could
be another factor.

Synchronous response of the rotor measured as a
function of speed is plotted in Fig. 7. The amplitude
(peak-to-peak) is measured in um and the phase
angle refers to the vertical direction. During the ex-
perimental procedure, it is noticed that in the range
from 4000 — 4200 rpm the rotor was running very
rough, which made the vibration measurements diffi-
cult to collect as they were highly erratic. From the
figure, it seems that rubbing has a big effect on the
rotor response as the amplitude of vibration is largely
attenuated in comparison to the case of no rub vibra-
tions. It is also noticed that the critical speed of the
rotor increases due to rubbing. The phase angle curve
(Fig. 7) indicates that the critical speed is greater than
4400 rpm. Generally, the contact between the rotor
and the stator increases the rotor dynamic stiffness.
This increase in rotor stiffness increases the rotor
critical speed.

3. Mathematical analysis

In order to gain more insight into the vibration that
was producing rubbing mechanism and its effect on
the response of rotating machinery, the above ex-
perimental investigation is complemented by an ana-
Iytical study of the problem. In the analytical ap-
proach, a mathematical model is formulated and the
resulting equations are solved for two cases: light
rubbing and severe rubbing. The solution for the first
case is determined by using a perturbation technique
(multiple-scale method [2]), while a numerical solu-
tion is used for the second case.

3.1 Equation of Motion

Details of the rotor model used for the derivation
of the equation of motion are depicted in Fig. 8. The
model consists of a massless shaft having one rotor.
Rubbing is applied to the rotor during a rubbing con-
tact angle (@ ). The onset of rubbing is denoted by an
angle £, from the horizontal axis.

As a result of rubbing, the rotor is acted upon by
two forces, F, and F,, as shown in Fig. 8. The trans-
verse force F, is due to the effect of the stiffness of
the stator and can be expressed as:
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F=—K,0Z )

where Z=x+iy,i=+-1, and K,(f) is the addi-
tional stiffness brought about due to rubbing. The
rubbing between the rotor and the stator occurs only
during a part, @, of the complete revolution of the
shaft. The additional stiffness is thus a discontinuous
periodic phenomenon that can be represented by the
periodic step function shown in Fig. 9. As mentioned
in the presented experimental results, the increase in
system stiffness due to rubbing is nonlinear. This has
been verified by the distortion of the time domain
signal and the appearance of super-harmonics and
sub-harmonics as well. Therefore, it seems reasonable
to assume the following shape function for the addi-
tional stiffness:

Kﬂ (t) = KS

a, + ian cos (nwt )} 2
n=1

2 . .
where a, =£, a,=———(-1) sin 271, wis the
2 nw 2
exciting frequency (i.e., rotor speed) and K is the

stator stiffness. The friction force, F; induced by rub-
bing can be expressed as:

F, =iuF. 3)

where 4 is the coefficient of dry friction between
the rubbing elements. The resultant force induced by
rubbing is therefore given by:

F=F+F=F(+ig) @

Using Egs. (1) - (4), the equation of motion may be
written in the following form:

MZ+CZ+K,Z+K (1) (1+iu) Z=Mr, ™"
)

where M, C, and K, are rotor mass, damping and
stiffness coefficient, and r, is the rotor eccentricity.

Substituting Eq. (2) into Eq. (5) and dividing by
M gives:

Z+2¢aZ+at Z
m (6)

+ea) {ao + Y a, cos(nwt ):|(1+iu)Z=rea)2eW

n=1
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Fig. 8. Schematic of rotor modeling.
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K,
where e=—%, @’=—2¢

n

; and ¢= Mo, .

In the case of light rubbing, it is assumed that &
is small; thus the solution to Eq. (6) can be considered
as a perturbation of the solution of the following sim-
ple equation:

2 (iar)

Z+2c0,2+0° Z =r,0 e @)

The solution to Eq. (7) is obtained by using a per-
turbation technique usually referred to as the method
of multiple scales. In this method, the rotor response
is expressed by the following asymptotic expression:
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Z=27,+eZ+€ 7, ®)

and introducing new independent variables:

T =¢"t for n=0,1,2

n geseesranasans

It follows that the derivatives w.r.t. # become ex-
pansions in terms of the partial derivatives w.r.t. T,
according to:

d
L =D +eD +...... 9
- ) ) )

Substituting (8) and (9) into (6), one gets after some
manipulations:
For order &°

D} Z,+2cw, D, Zy,+ @} Z, =1, " "™ (10)
For order &'
D} Z,+2Dy D, Zy+2 s w,(Dy Z,+ D, Z, )+ 0} Z, =

; [ao +ian cos (nwt )} (+ip)Z, (11)
n=1

Egs. (10) and (11) can be directly solved to yield

Z, = Az — ¢ (i) (12)
(@} -0’ )+2isw,
and
N
_a Celwt +z l(n+1)wt+B —i(n— l)mt] (13)
n=1
where

A =%q (1+n()"c,)

Bﬂ—zn ¢ [1-n()"c,)
o —roo’(1+in)
: [(wf -’ )+ 2iga)na)]2

C,= -2¢m,w

[(a),f -’ )— 2igw, a)]

3.2 Analytical results

3.2.1 Light rubbing condition

The present predicted results for no- and light-
rubbing conditions are shown in Fig. 10 and Fig.
11. System parameters used under these conditions
are shown in these figures and in Table 1. Fig.
10(a) illustrates for rotor speed of 2800 rpm, the
unbalance response of the rotor in case of no rub
condition. As shown from the predicted results, a
pure sinusoidal time wave is obtained. This result
is quite close to the experimental observations ob-
tained at the same speed (Fig. 2(a)) in terms of the
vibration amplitude.

The vibration signal of the shaft exposed to light
rubbing at speed 2400 rpm ( @/, =0.58) is illustrated
in Fig. 10(b). Effect of rubbing is shown by a discrep-
ancy of the lower part of the signal. This discrepancy
is similar to the one seen in the experimentally ob-
tained waveform presented in Fig. 4(a). This result
gives an indication of the effect of the partial rubbing
when applied to the shaft. It should be noted here that
the brass cantilever clearance was adjusted in all ex-
periments in such a way that keeps the rubbing con-
tact angle fixed at 45°. Fig. 10(c) shows the predicted
results for rotor speed of 3900 rpm. A flatness of
wave at the peak and a discrepancy at the valley are
clearly shown in these figures and are due to an in-
crease in the effective rotor dynamic stiffness as a
result of the increased rotor speed. It is believed that
this discrepancy is also due to sub- and super-
harmonics shown experimentally in Fig. 5. The result
for high speed of 4400 rpm is presented in Fig. 10(d).
The effect of rubbing on the waveform is less signifi-
cant and the waveform is not sinusoidal as expected.
The discontinuity shown is a result of rub onset,
which is comparable with the experimental waveform
shown in Fig. 6(a).

A parametric study for the system parameters &,
a)/a)n ,and ¢ is shown in Fig. 11. Fig. 11(a) illus-
trates the effect of additional stiffness ratio (£ ) on the
rubbing vibration. The vibration signal is seen to de-
viate from the no rub condition. As & increases, the
distortion of the waveform increases, which indicates
the presence of higher harmonics in the vibration
signal. Fig. 11(b) shows the effect of shaft speed
(w/w, ) on the rubbing induced vibration waveform.
As can be seen, when the shaft is running away from
critical speed, the vibration waveform is not greatly
affected by rubbing. However, when the shaft speed
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Fig. 10. (a) Predicted shaft vibration response for no rub condition; predicted shaft vibration response for light rub condition at

different speeds (b) 2400 rpm, (c) 3900 rpm, and (d) 4400 rpm.

is close to its critical speed (w/®, =0.943), the vi-
bration amplitude is increased and the waveform is
obviously distorted as a result of the light rub onset.
Fig. 11(c) shows the shaft vibration waveform for
rubbing contact angles (¢ ) of 10°, 45°, and 90°. The
vibration waveform is obviously distorted during the
contact arc. However, away from the contact arc, very
little distortion is observed, giving an indication that
light rubbing is a localized phenomenon.

3.2.2 Heavy rubbing condition

In the following section, the dynamics of rotating
machines when subjected to severe rubbing are stud-
ied. Under this condition, the nonlinear rubbing forces
have a dominant effect on system synchronous vibra-
tion normally generated by an unbalanced force.
Therefore, the solution of the equation of motion (6)
cannot be assumed to be a perturbation about system
synchronous response as in the case of light rubbing
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Fig. 11. Rubbing induced vibration waveform at different
parameters: (a) &, (b) w/a)” ,and (c) ¢ .

previously analyzed. Analytical solution of this prob-
lem using the perturbation method definitely yields
erroneous results. Hence, the rotor response in this
case is obtained by using a numerical technique. The
Runge-Kutta method with Gill’s modification [14] is
used to integrate the differential equation of motion
(6) w.r.t. time. The utilized Gill's modification is in-
tended to adjust the size of the final value of the re-
sponse with a minimum time for a given accuracy.
The time of integration is determined by obtaining a
steady state solution if it exists.

It is obvious that many system parameters, such as
stiffness ratio, damping coefficient, rubbing contact
angle and contact angular location may affect the
rotor response. However, the present study is con-
cerned only with the effect of the rubbing arc (rub-
bing contact angle) on rotor response. Therefore, rotor
response vibration as a function of time is calculated
at a rotor speed equal to 390 rad/s for different values
of the rubbing contact angle. Size of integration step
is selected as 0.00075 second, and the maximum al-
lowed error in rotor response is 0.5% of the shaft

@ =390 rad/s, @, =434 rad/s, £=0.5
@=0.5rad

T
il

434 rad’s

Amplitude

@ = 390 rad’s, @, =
e=0.5 ¢=10rad

Ampli’lude

AAAAANADAR f\ Ihm«

W\JU\IVVWUV

(b)

Fig. 12. Predicted vibration time signal (a) ¢ = 0.5 rad and
(b) ¢=1.0rad.
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eccentricity (¢). With the exception of the rubbing
contact angle, the other parameters describing the
system dynamic characteristics, such as, critical speed,
stiffness ratio, damping coefficient and obstacle loca-
tion remain unchanged. The effect of rubbing on sys-
tem dynamics response is discussed by using time
domain analysis as follows. Figs. 12(a) and 12(b)
show the predicted rotor response versus time for two
different rubbing contact angles 0.5 and 1.0 radians,
respectively. These figures describe the rubbing pro-
gress from initial stage to the eventual rotor instability
as the rubbing arc increases. It is clearly seen that the
waveform is largely affected by contact arc length.
The figures show times trace having a flattened por-
tion. This flattened portion indicates the presence of
rubbing forces in the system as shown previously in
the experimental analysis.

Based on the predicted response, it is noticed that
the rubbing duration has an effect on the peak to peak
amplitudes. Friction force due to rubbing introduces
to the system a Coulomb type of damping which
helps attenuate the vibration amplitude of the rotor.
Figs.12(a) and 12(b) indicate that vibration amplitude
dropped from 144 to 65 wum as the rubbing contact
angle is increased from 0.5 to 1.0 radian. It should be
noticed that, for no rub condition (¢ =0), the ampli-
tude of vibration calculated at the same speed is 213
um .

Shaft orbits are obtained for the above two rubbing
contact angles by using the numerically calculated
response in both horizontal and vertical orbits
(Figs.13(a) and 13(b)). The figures indicate that orbits
are significantly distorted by introducing rubbing into
the system. The banana-shaped orbit obtained for a
rubbing contact angle of 0.5 radian is gradually modi-
fied to a semi elliptic shape when the rubbing contact
angle increases to one radian.

4. Conclusions

From the experimental and analytical results, the

following conclusions are drawn:

(a) The numerically predicted waveform shows a
considerable resemblance to the experimen-
tally obtained rotor rubbing response. This re-
semblance is demonstrated in the flattened
portion of the time domain response. This is
considered a significant characteristic that
identifies rubs experienced by rotating ma-
chines.

Y

/

;o gf) =0.5rad
(@)
Y
X
¢=1.0 rad

®)
Fig. 13. Orbit plot (a) ¢ =0.5rad and (b) ¢ = 1.0 rad.

(b) Shaft precessing orbits are largely distorted due
to rubbing. In addition, the phase angles of
synchronous amplitudes are greatly modified.
Hence both orbits and phase angles are major
parameters to diagnose rubbing rotors.

(c) Friction forces associated with rubbing intro-
duce dry damping effect into the system,
which leads to the attenuation of synchronous
vibration amplitudes.

(d) Spectral analysis has shown that rubbing onset
may best be examined by observing super-
harmonics and sub-harmonics as well. Syn-
chronous component proved to be misleading
in this aspect.

(e) Rubbing contact angle is a very important pa-
rameter to analyze if it is required to investi-
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gate rotor instability. In the present analysis, a
rubbing contact angle of 90° is found to be a
separation point between non-destructive and
destructive rubbing. This angle is expected to
vary as system dynamic characteristics vary.
Further work is required to provide data about
the relation between rubbing contact angle and
other system parameters such as stator stiff-
ness, rotor speed, etc.
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