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An experimental study of the effects of the bearing temperature on rotor unbalance responses and on the first forward and back-
ward critical speeds is presented. Experimental tests consisted in run-ups and run-downs are realized to a flexible rotor developed
and built at the Laboratoire de Tribologie et Dynamique des Systémes, UMR CNRS 5513, Ecole Centrale de Lyon, France. This
flexible rotor is supported by two rolling bearings on flexible supports. It will be demonstrated that rolling-element bearing tem-
perature has no-negligible effects of the amplitude and values of the forward and backward first critical speeds of the flexible rotor.
In addition to the investigation of the influences of the bearing temperature on the dynamics of the flexible rotor at the first critical
speeds, a brief investigation into the complete dynamic within the speed range of interest is also conducted. The purpose of this is
to examine in detail the vibrational phenomena of the flexible rotor and to detect some characteristics dynamic behaviour due to
the presence of rolling-element bearings.

Copyright © 2006 J.-J. Sinou and E. Thouverez. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly

cited.

1. INTRODUCTION

Since the beginning of rotordynamic design, interest in im-
proving engine performance, reducing operating and main-
tenance costs, assuring the safety of rotating machinery, has
drastically increased. It was recognized that one of the most
important mechanical elements to take into account was
bearings due to their large influence on the dynamic behav-
iour of rotating machinery [1-7]. The two major types bear-
ings that are currently used to support gas turbine engine
rotors are rolling-element bearings and squeeze film damp-
ers. Various theoretical and experimental works [1-15] per-
formed over the last three decades have indicated the advan-
tages of using rolling-element bearing or fluid-film bearing
for various industrial applications. Both bearings have ad-
vantages and disadvantages. Therefore, they may be selected
depending on the industrial applications. Fluid-film bear-
ings are widely used in rotating machinery because they have
an important damping effect on rotors and a long life limit
with good lubrication [1, 2, 4]. However, these rolling com-
ponents may cause self-excited vibrations which lead catas-
trophic failure. In contrast to fluid-film bearings, rolling-
element bearings allow to rotors to be more stable. Moreover,
rolling-element bearings are convenient to use. Then, for
an aircraft engine, rolling-element bearings are commonly

used. As explained by many authors [2-5, 7], this design is
generally preferred in aircraft engine due to their durability
and low-power requirements. Vance [4] added that a rolling-
element bearing usually gives an early warning which may
avoid unexpected accidents, thereby losing the aircraft power
and compromising flight safety. In the last years, rolling-
element bearings in aircraft engines are being pushed to their
limits in order to improve engine performance.

One of the problems that may be encountered is the evo-
lution of the dynamic behaviour of rotors due to the varia-
tions of the operating bearing temperatures within the speed
range of interest and more particularly around the 1X and 2X
resonances of rotors. Effectively, the evolutions of the oper-
ating temperature for the rolling bearings may be the result
of a number of factors including, for example, the operat-
ing speed, the amount of lubricant in the rolling bearing, the
shaft loading, the misalignment, the ambient temperature,
and so forth.

This article concerns the effects of the rolling-element
bearing temperature on the dynamic behaviour of a flexible
rotor. The control parameters for experimental studies will
be rolling-bearing temperature, rotational speed, and level of
unbalance. At first, the flexible rotor considered for this ex-
perimental study will be briefly described. Then the dynamic
behaviour of this rotor within the speed range of interest will
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be investigated. Finally, experimental tests for various opera-
tional bearing temperature, various run-ups and run-downs,
and various mass unbalances will be performed in order to
evaluate the influence of the bearing temperature on the ro-
tor dynamics around the 1X and 2X resonances.

2. DESCRIPTION OF THE TEST RIG

An overall view of the test rig is given on Figure 1. The test
rig has been fully described by Sinou et al. [16] and summa-
rized here. The rotor is composed of a horizontal shaft (1.7 m
long, 0.04 m diameter), one disk (0.02 thickness, 0.4 m di-
ameter) two bearings and two bearings support. The rotor is
connected to an electrical motor by a flexible coupling. The
system is placed over a massive concrete table isolated from
the environment by rubber slabs.

To obtain a good description of the dynamic of the ro-
tor, the displacements and the accelerations of the structure
are measured in several transversal planes. Four planes are
placed to measure the transversal displacements of the shaft,
by using noncontact displacement transducers (Figure 2).

Vertical
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Temperature
transducer

Horizontal
accelerometer

F1GURE 3: Accelerometers and temperature transducer.

Two measurement planes are placed in the bearing supports
and the planes consist of accelerometers (Figure 3). All the
measuring planes are illustrated in Figure 1 (planes Al, A2,
A3, and A4 for the noncontact displacement transducers and
planes B1 and B2 for the accelerometers). The test rig has also
a phase meter and two temperature transducers at each bear-
ing supports (Figure 3) to monitor the bearing temperatures.
It is important to define where the bearing temperature is
taken due to the fact that the temperature at the bearing sur-
face will be higher than at the outside surface of the bearing
cap. For the following, we define temperature as that taken at
the bearing cap surface. All the transducers are connected to
an HP3565A mainframe.

3. EXPERIMENTAL RESULTS

In this section, experimental tests will be firstly conducted in
order to define the dynamical behaviour of the flexible ro-
tor and detect some characteristics dynamic behaviour of the
rotor due to the presence of rolling-element bearings. Then,
experimental tests for various bearing temperatures will be
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FIGURE 4: Unbalance response (black line = 1st order, red line = 2nd
order) and Campbell diagram at the bearing support Bl.

investigated in order to examine the influence of bearing
temperatures on the 1X and 2X resonances of the flexible ro-
tor.

3.1. Dynamic behaviour of the flexible rotor

First of all, a classical unbalance response of the rotor is un-
dertaken. An order tracking test is performed. Figures 4 and
5 show the first and second orders of run-up test measured
at the bearing support B1 and at the shaft location A3.

To better understand the different peaks observed on
the unbalance response for the first and second orders, the
Campbell diagram can be built by considering an experi-
mental procedure that consists on evaluating the frequency
response function of the system at several rotating speeds
by using an asynchronous excitation to make the backward
and forward whirl modes appear clearly. This experimental
has been previously fully described by Sinou et al. [16]. The
evolution of the frequency response functions of the rotor
by increasing the rotating speed and the associated Campbell
diagram is given in Figures 6 and 4-5, respectively. Firstly, it
may be observed a separation between the first backward and
forward modes at no-rotational different rotational speeds
and the presence of the backward whirl at the unbalance re-
sponse. These indicate some level of asymmetry for the flex-
ible rotor due to the anisotropic nature of rolling-element
bearing [15].

Moreover, an important component 2X in the unbalance
responses of second order in the subcritical regime is ob-
served (Figures 4 and 5). The first peak corresponds to the
intersection of the 2X line with the curve of evolution of the
forward mode, as illustrated in Figures 4 and 5. Finally, there
are also two other peaks that might correspond to the sec-
ond and third forward whirls of the flexible rotor. All these
2X peaks come probably from the combination of some level
of asymmetry previously examined and the weight of the ro-
tor [17].

3
[ a 1
E 104} i SN\ AN
Na3 T B - [
1 ; Lt R
2 S o
= 1 I I
2, Y AR
£ 10 i1/ L
N 1000 pa | N
R DRI Il R R ;
0 500 1000 | 1500 2000 1 2500 1 3000
Ro:ta'ting speed (rpm) : |
50 v . R 1 1 _
(e | [
— L :
N A K T
z 40 PR = :
= 30 L 7 7 :/’VI [ 7/’<r’ o =
B I I
3‘20- ' ./EX LLETT | B
o PRt I 1
i 10t PGl . A B [
- [ 1 1
o k=22 ; N ; ; ! M ;
0 500 1000 1500 2000 2500 3000

Rotating speed (rpm)

FIGURE 5: Unbalance response (black line = 1st order, red line = 2nd
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F1GURE 6: Waterfall of the Campbell diagram at the bearing support
BI.

By considering a time history record type for the unbal-
ance response of rotor, the experimental orbits of the flexible
rotor at each measuring plane (four planes for the proximity
probe A1, A2, A3, and A4, and the two accelerometers B1 and
B2) are obtained. Then, by using an interpolation to connect
each measuring planes, the operational shape of the rotor is
constructed. Figures 7 and 8 illustrate the orbital evolution of
the flexible rotor passing through the first backward and for-
ward critical speed. Figure 9 indicates the orbital evolution
of the flexible rotor passing through the 2X resonance of the
first forward critical speed. The internal loop (at the end of
the flexible rotor) due to the combination of the asymmetry
and weight of the rotor may be clearly shown. Finally, Fig-
ure 10 shows the orbital evolution of the flexible rotor pass-
ing through the 2X resonance of the second forward critical
speed. In this case, the internal loop (at the middle of the
flexible rotor) due to the combination of the asymmetry and
weight of the rotor is more difficult to be shown.
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FiGure 7: Orbital evolution of the flexible rotor passing through the
first backward critical speed.

3.2. Theinfluences of the rolling-bearing temperatures

In this section, run-ups (about 13 rpm/s) and run-downs
(about 17 rpm/s) for various rolling-bearing temperature
will be performed in order to estimate the effects of the
rolling-bearing temperature on the rotor dynamics. First of
all, run-ups and run-downs are performed with a constant
bearing temperature (around 42°C for both run-ups and
run-downs) in order to validate the repeatability of the re-
sponses of the system for the first and second orders. The
results obtained are given in Figure 11. It may be clearly ob-
served that the first and second orders for run-ups (and run-
downs, respectively) are very similar (less than 0.1% for the
position of the first forward and backward critical speed and
the associated amplitudes, and less than 0.2% for the three
peaks of the 2X component which correspond to the 2X com-
ponent of the first, second, and third forward modes). So,
the evolution of the first and second orders due to the vari-
ations of the rolling-bearing temperature may be clearly in-
vestigated with minor errors.

Figures 12 and 13 show the evolution of the first or-
der at the two bearing supports (planes B1 and B2, respec-
tively) for various rolling-bearing temperatures (increasing
from 30°C to 42°C) during run-ups. Table 1 gives the value of
the first forward critical speed and the associated amplitudes
at the bearing support Bl. Increasing the rolling-bearing

F1cURe 8: Orbital evolution of the flexible rotor passing through the
first forward critical speed.

temperature decreases the position of the first forward criti-
cal speed within 1.2% at the first bearing support B1 (1.3%
at the first bearing support B2) and increases the amplitude
at the first forward critical speed within 45% at the first
bearing support Bl (23% at the first bearing support B2).
Concerning the first backward critical speed (around 2200-
2300 rpm), its value decreases with increasing the rolling-
bearing temperature and the associated amplitude appears
to be similar for all run-ups. Finally, Figure 14 illustrates the
evolution of the associated second order at the bearing sup-
port B1. It may be observed that the amplitude of the three
peaks (corresponding to the 2X component of the first, sec-
ond, and third forward modes) and the associated rotating
speed are very similar for all the run-ups and the various
temperatures.

Figures 15, 16, and 17 illustrate the evolution of the first
and second orders at the bearing supports for various rolling-
bearing temperatures (increasing from 30°C to 42°C) during
run-downs. The value of the first forward critical speed and
the associated amplitudes at the bearing support B1 are given
in Table 2. The results are in accordance with the run-ups: the
first forward critical speed decreases within 1.1% at the first
bearing support Bl (1.3% at the first bearing support B2)
and the amplitude at the first forward critical speed decreases
within 64% at the first bearing support Bl (23% at the first
bearing support B2) when the rolling-bearing temperature
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F1Gure 9: Orbital evolution of the flexible rotor passing through the
2X resonance of the first forward critical speed.

increases. The backward first critical speed (with the associ-
ated amplitude) and the three peaks of the 2X components
are very similar for all the run-downs.

Considering these run-ups and run-downs, it may be
concluded that the rolling-bearing temperature influences
the value of the critical speed and is one of the factors con-
tributing to the unbalance of the flexible rotor.

Now, we perform another series of tests in which the flex-
ible rotor is previously balanced in order to minimize unbal-
ance. These following tests are realized in order to better un-
derstand the influence of the rolling-bearing temperature on
the dynamic behaviour of the flexible rotor. Figures 18 and
19 illustrate the evolution of the first order at the bearing lo-
cations B1 and B2 for various rolling-bearing temperatures
(increasing from 20°C to 45°C). As observed for the previous
experimental tests, increasing the bearing temperatures de-
creases the first backward and forward critical speeds within
1-2%. Moreover, the variation in amplitudes versus the bear-
ing temperature at the first forward critical speed appears to

FiGure 10: Orbital evolution of the flexible rotor passing through
the 2X resonance of the second forward critical speed.
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F1Gure 11: Unbalance responses at the bearing support B1 for run-
up and run-down (black line = 1st-order run-ups; red line = 1st-
order run-downs; blue line = 2nd-order run-ups; magenta line =
2nd-order run-downs).
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FIGURE 12: Unbalance responses of the 1st order during run-up for
various bearing temperatures at the support Bl (black line = 30°C;
red line = 35°C; blue line = 38°C; magenta line = 40°C; green line =
42°C).
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FiGure 13: Unbalance responses of the 1st order during run-up for
various bearing temperatures at the location plane A3 (black line =
30°C; red line = 35°C; blue line = 38°C; magenta line = 40°C; green
line = 42°C).

TaBLE 1: Amplitudes and critical speeds at the bearing support B1
for run-ups.
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Bearing temperature )
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FIGURE 14: Unbalance responses of the 2nd order during run-up
for various bearing temperatures at the bearing support B1 (black
line = 30°C; red line = 35°C; blue line = 38°C; magenta line = 40°C;
green line = 42°C).

be very important too. However, in this case, the amplitude
of the first forward critical speed increases when the bearing
temperature increases.

Considering all the experimental tests, it may be con-
cluded that the evolution of the forward and backward criti-
cal speeds decrease when the rolling-bearing increases. How-
ever, the evolution of the amplitudes at the critical speeds is
more complex due to the contribution of the rolling-bearing
temperature on the unbalance of the flexible rotor. Then, a
flexible rolling bearing rotor must be balanced in the service
conditions including the operating temperature.

4. CONCLUSIONS

This paper presents the dynamical behaviour of a flexible ro-
tor supported by two rolling-element bearing supports. Con-
sidering the unbalance responses and the Campbell diagram,
the existence of the component 2X in the responses of the
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F1GURrE 16: Unbalance responses of the 1st order during run-down
for various bearing temperatures at the plane location A3 (black
line = 33°C; red line = 36°C; blue line = 40°C; magenta line = 42°C;
green line = 44°C).
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F1GURE 17: Unbalance responses of the 2nd order during run-down
for various bearing temperatures at the bearing support Bl (black
line = 33°C; red line = 36°C; blue line = 40°C; magenta line = 42°C;
green line = 44°C).

TaBLE 2: Amplitudes and critical speeds at the bearing support Bl
for run-downs.

. Order 1
Bearing temperature . .
Amplitude Rational speed

34-36°C 105 ym 2670 rpm
36-39°C 140 ym 2660 rpm
40-42°C 150 ym 2655 rpm
41-43°C 165 ym 2645 rpm
42-44°C 170 ym 2640 rpm

flexible rotor was investigated. The combination of the asym-
metry of the rolling-element bearing and the weight of the
rotor appears to be the reason of the 2X resonance at half of
the first and second forward critical speeds.

We have compared the rolling-bearing rotor behaviour
in the operational temperature range. The experimental tests
suggest that the first forward and backward critical speeds
increase slightly as the temperature decreases. This suggests
that many aspects and studies (i.e., calculating the critical
speeds, stability analysis, etc.) of a rolling-bearing flexible
rotor can be developed with minor error by neglecting the
influence of temperature. However, the consideration of the
effects of the rolling-bearing temperature may be helpful in
order to better understand the level amplitude at the critical
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X107 speeds of the rotor and to be able to undertake complex anal-
Lopr ysis where all the parameters that influence the dynamic of
Bl the rotor need to be considered.
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