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Abstract: Considering gyroscopic effects caused by rotational speed, torsional vibration as well as coupling effects

among inner rotor, out rotor and casing, a dynamic model of the dual-rotor-casing system is established using finite

element (FE) method. By comparing the natural characteristics obtained from MATLAB and ANSYS, the devel-

oped model is verified. Then rubbing-induced vibration responses in dual-rotor-casing system are analyzed. The

effects of rotational speed and speed ratio on rubbing vibration responses of the system are discussed. Results show

that different combined frequency components will appear in the spectrum except two unbalanced excitation fre-

quencies and their multiple frequency components, and these frequencies can be used as the dual-rotor aero-engine

rubbing failure diagnosis frequencies when rubbing occurs. Besides, the amplitude of torsional vibration is larger

than that of lateral vibration under the same working condition, and speed ratio has a great impact on the periodici-

ty of the system rubbing-induced motion trajectory. The amplitude of rubbing-induced responses under counter-ro-

tation is less than that under co-rotation with the same parameters.
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0 Introduction

According to the difference of contact area,
the rubbing can be divided into the following four
categories: Fixed point rubbing, partial rubbing,
full annual rubbing and partial rubbing mixed
with fixed point rubbing'’. Researches on rub-
bing rotor system have been studied by many

"I. Based on a dynamic model of rotor-

scholars?
stator rubbing proposed by Muszynska™', Yan
et al. ®ldeveloped a simplified model of rotor-sta-
tor rub-impact for a kind of dual-rotor engine.
The vibration characteristics for some types of
rubbing for the dual-shaft engine are analyzed,
the theoretical results are consistent with data
measured on a dual-shaft aircraft engine. Yang

et al. "' established a kinetic model of aero en-
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gine considering imbalances and fixed point rub-
bing, furthermore, a new model of rubbing force
with coating painted on the discs and casing is es-
tablished based on the Lankarani-Nikravesh mod-
el. Xu et al. """ simplified the stator in a dual-ro-
tor system into a flexible sheet from a new per-
spective, taking into account the effect of the e-
lastic deformation of the sheet and the amount of
intrusion caused by the contact. Collision force
and friction were calculated by utilizing Hertz
contact theory and Coulomb model. The transient
dynamic response of the whole aero-engine under
the rubbing fault is analyzed. Zhou et al. " es-
tablished the coupling dynamic model of the dual
rotor-ball bearing-stator, considering the rolling
bearing gap and the nonlinear Hertz contact
force. The vibration responses of the system were

obtained from numerical integral method, and the

» Corresponding author, E-mail address: mahui_2007(@163. com.

How to cite this article: Ma Xinxing, Ma Hui, Zeng Jin, et al. Rubbing-induced vibration response analysis of dual-rotor-
casing system[J]. Trans. Nanjing Univ. Aero. Astro., 2018,35(1):101-108.

http://dx. doi. org/10. 16356/j. 1005-1120. 2018. 01. 101



102 Transactions of Nanjing University of Aeronautics and Astronautics

Vol. 35

phenomenon of beat vibration of the dual rotor
system is analyzed. Finally, the influence of dif-
ferent speed ratios and rubbing stiffness on the
dynamic characteristics of the system is dis-
cussed.

Most of the scholars mentioned earlier use
numerical simulation to analyze the dual-rotor

L5 - and some scholars

system rubbing response
simulate the rubbing response by commercial
software. Han et al. "' established the local rub-
bing model of the dual-rotor system using MSC.
ADAMS software based on the rigid-flexible
multi-body model, and analyzed the nonlinear dy-
namic characteristics of the system. Aiming at
the shortcomings of the traditional model of the
impact force model, Wang et al. ' established
the finite element (FE) model of the rotor shaft
and obtained the first six-order natural frequen-
cies of the rotor system by ANSYS. By the meth-
ods of spectrum and cepstrum analysis, the rub-
bing characteristics of the casing vibration accel-
eration time series data are analyzed. The results
show that the casing vibration acceleration has
obvious impact characteristics.

From the literatures listed above, conclu-
sions can be made that most researches concen-
trate on the dynamic characteristics of a dual-ro-
tor system without casing. Nevertheless, the
presence of the casing will have a great impact on
the vibration response of the system. In terms of
structural integrity, the dual-rotor-casing cou-
pling system is closer to the aero-engine. In addi-
tion, the vibration responses (displacement/ac-
celeration) of the stator such as casing have been
paid more attention because of the convenience of
signal collection. In this paper, the casing is
modeled using Timoshenko beam element and
rubbing-induced vibration responses in dual-rotor-

casing system are analyzed.

1  Dynamic Model of Dual-Rotor-
Casing System
1.1 FE model of dual-rotor-casing system

In this paper, the rubbing in dual-rotor-cas-

ing system is analyzed. Schematic of the model is
shown in Fig. 1. The low-pressure (LP) rotor
and high-pressure (HP) rotor subsystems include
one rigid compressor disc and one rigid turbine
disc. The bearing is simulated by the linear
spring and damping elements. LP and HP rotors
are connected by inter-shaft bearing, the coupling
of two-rotor subsystems could be considered. By
FE discretization, the rotors are divided into 19
elements and 21 nodes while the casing is dis-
cretized into 15 elements. The inner rotor, outer
rotor and the casing are modeled by Timoshenko
beam element. In order to consider the torsional
vibration, each node of LP/HP rotors has five de-
grees of freedom (DOFs) including two lateral
DOFs (u,, u,) and three rotational DOFs (rotx,
roty, rotz), while each node of the casing has
two lateral DOFs (u,, u,) and two rotational
DOFs (rotx, roty). All the disks are simulated

by lumped mass elements.

HP rotor LP rotor

Casing

Fig. 1 Schematic of dual-rotor-casing system

In Fig. 1, Ay s kg and cp1 5 cpy are the sup-
porting stiffness and damping of the Y direction
between the LP rotor and the casing, respective-
ly. k,. and c,, are the supporting stiffness and
damping of the Y direction between the HP rotor
and the casing. k,; and c,; are the supporting
stiffness and damping of the Y direction of inter-
bearing. k5 kys and ¢, 5 ¢4y are the supporting
stiffness and damping of the Y direction between

the casing and the base, respectively.
1.2 Rubbing force model

In order to constrain the rigid casing, the lin-

ear spring and damping elements are connected to
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the casing, the local-contact elastic deformation
caused by contact force is ignored. Fig. 2 illus-
trates the principle of rubbing between disk and
casing. When the system remains stationary, Oy
and O, is the geometric center of LP rotor and
casing, respectively. In addition, the casing cen-
ter O, coincides with the coordinate system origin
O. R, and R, denote the radius of rubbing disk
and the casing, respectively. e is eccentricity.
ko ke, and c., c, are the supporting stiffness
and damping of the x and y directions between
the casing and the base, respectively.

The minimum gap ¢ between the disk and
casing, and the eccentricity e can be written as

¢ =R. =Ry =i, +yn e =y + i (D
where x,, and y,, are the components of the eccen-
triccity e in the x and y directions.

In actual working conditions, O4 and O, the
center of rotor and casing, will deviate from the
original position in plane because of the installa-
tion error and rubbing. And the radial relative

displacement & between rotor and casing meets

t=v(xi—xctx)’+ (a— vty (2D
Penetration depth & between the disk and
casing is obtained from
JS*e*c E=e+c
S=
IO E<e+tc

The rubbing force can be written as

3

>

I
O,(x,, v,)

O,(xp v0)
Ol(x.,y.)
0(0)

e

Fig.2 Schematic diagram of rubbing between

disk-casing

jF_\](f,y) =k,0
|Fy(2y) = pF

where Fy is the normal rubbing force, F the tan-

E=etc (D)

gential rubbing force, k&, the contact stiffness,

and p the friction coefficient.
1.3 Model validation

The natural frequencies obtained from AN-
SYS and MATLARB are listed in Table 1. Compa-
ring the first six natural frequencies, the errors
are less than 3%. It demonstrates the validity of
the model developed by FE method. Research on
the dynamic characteristics in both co-rotation
and counter-rotation was conducted. As shown in
Fig. 3, Campbell diagrams of these two cases
were obtained by calculation of natural frequen-
cies. The forward whirl frequency increases with
spin speed while the backward whirl frequencies
decreases. One common phenomenon that can be
found in two Campbell diagrams is that the tor-
sional frequencies do not change with the increase

of spin speed.

Table 1 Natural frequencies comparison of dual rotor (2=
0 rev/min)
Natural frequency/Hz
Order Error/ %
ANSYS MATLAB

1 24.273 24.277 0.016
2 35.102 35.002 —0. 285
3 35.102 35.002 —0. 285
4 74.697 74.714 0.023
5 94. 265 94.122 —0.152
6 94. 265 94.122 —0.152
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Fig. 3 Campbell diagram of dual-rotor system

2 Rubbing-Induced Vibration Re-

sponses in Dual-Rotor-Casing

System

In this section, the effects of rotational speed
and speed ratio on rubbing-induced vibration re-
sponses of the dual-rotor-casing system are dis-
cussed in detail. Time-domain waveform, spec-
trum cascades, and frequency spectrum are used
to analyze the vibration responses. It is worth no-
ting that only local rubbing between disk 1 and

casing (see Fig. 1) is concerned in this paper.
2.1 Effects of rotational speed

Rotational speed has a significant influence
on the vibration responses of the dual-rotor-casing
system. The spectrum cascades under the case of
different rotational speeds (800—5 800 rev/min)
are shown in the rubbing process (see Fig. 4).
From Fig. 4, the phenomenon can be distinguish-
ed by the separation of the rotational speed of LLP
rotor. Firstly, when the range of rotational speed
is low (800—2 000 rev/min), the rubbing is mi-
nor and occurs infrequently. It is easy to found
the peak values of f,and f, are prominent. Sec-
ondly, when Q=1 700 rev/min, rubbing appears
frequently and the amplitudes of combined fre-
quency components become obvious. In addition,
the spectral line of HP rotor generates resonance
(point A) firstly and amplitude amplifies because
of the excitation of 1st order natural frequency.
After the first critical speed, spectrum cascades

are filled with abundant frequency components

such as fo— f1. 1/2f5, 21— fos 2f1s f1 T f2s
2f5,. The response values of combined frequency
components become larger with the increasing ro-
tational speed (2 000—4 000 rev/min). When ro-
tational speed is 2 300 rev/min, the spectral line
of LP rotor generates resonance (point B) and
amplitude amplification occurs due to the excita-
tion of 1st order natural frequency. At the inter-
val of [4 000, 5 800] rev/min, rubbing becomes
very strong, more combined frequencies occur

and the 2nd order natural frequency is excited

(points C and D).
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Fig. 4 Spectrum cascades of inner rotor rubbing under

different rotational speeds

Vibration responses of LP rotor and casing at
Q=2 300 rev/min are shown in Fig. 5, the red
broken lines in time domain waveform correspond
to the time when the rubbing begins. The orbits
of the inner rotor and casing are asymmetric and
both compressed seriously. In the spectrum, the
response frequencies contain more components
and amplitude of combined frequencies are domi-
nant. Meanwhile, time domain waveform of tor-
sional displacement at the compressor disc of LLP
rotor and HP rotor are shown in Fig. 6, respec-
tively. The amplitude of torsional displacement is
larger than lateral displacement under the same
condition. In order to compare the effect of the
casing on the rubbing induced vibration respon-
ses, the vibration responses which the casing is
simulated as lumped mass are obtained under the

same case (see Fig. 7).
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In Fig. 7, the elastic supports between the
dual-rotor and the casing are ignored. It can be
seen that the vibration amplitude in Fig. 5 is lar-
ger than that in Fig. 7, which indicates that the
coupling between rotor and casing has significant
effects on the dynamics of the system and should

be considered.
2.2 Effects of speed ratio

The dual-rotor system has two operation
modes including co-rotation and counter-rotation.
Fig. 8 indicates the LP rotor motion trajectory
with rubbing under different speed ratios. From
the Fig. 8, it can be seen that the motion trajecto-
ry under counter-rotation shows petal-like and the
number of petals implies the period of motion.

When the speed ratio is positive, the motion traj-

Disx /10 m Dis x

10° m

Dis x

(@) 171=1.0 (b)n=1.1

1

Disx/ 10 m Dis x

Hn=1.0 (gyn=1.1

(c)n

Dis x

(hn=1.2

ectories are multiple circles. It's worth noting
that the response amplitudes under counter-rota-
tion are less than that under co-rotation because
the gyro-moment is offset partially. What's
more, when 107 is odd number the motion trajec-
tories have more cycles than that when 10y is
even.

Fig. 9 shows the rubbing response under »=
—1. 7. From the time-domain waveform, it can
be found that the change of waveform is not obvi-
ous both in LP rotor and casing. In the figure of
rotor orbit, petals are crossed. Two rotational-
frequencies of dual rotor are prominent and there
are also many combined frequency components.
Corresponding simulation parameters are listed in

Table 2.

4

10° m Disx /10 m

1.2 (d)n=1.

0
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Fig. 8 Motion trajectories of disk 1 under different speed ratios
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(a) Time-domain waveform, Node 3
of LP rotor

(b) Rotor orbit, Node 3 of LP rotor

(c) Spectrum, Node 3 of LP rotor



No. 1 Ma Xinxing, et al. Rubbing-Induced Vibration Response Analysis of Dual-Rotor-Casing--+ 107

Amplitude x / 10°m

’ 1
g 2
A R
z S
> Z
g, 5
g Yl ]
RN
& - R A WA
A < ‘ !
e ‘ , . ; ol | W AR TR
0 1 2 3 -8 0 8 0 100 200 300 400 500
Time /s Displacement x / 10°m Frequency / Hz

(d) Time-domain waveform, Node 25
of casing

Fig. 9
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Rubbing-induced responses with y =—1.7

Table 2 Simulation parameters

Invariant parameter Value
Rotational speed /(rev « min™ ') 3 000

Rubbing stiffness/(N ¢« m ') k,=8X10°
Friction coefficient 7=0.3

Initial minimum gap/m c=1X10""

Unbalance/ (kg « m) fu=fu=fu=fu=156X10"°
Eccentricity/m e=8X107°
Speed ratio p=—17

3 Conclusions

A FE model of the dual-rotor system with
casing is established. Based on shaft center or-
bits, time-domain waveform, and frequency spec-
trum, the local rubbing induced nonlinear charac-
teristics of dual-rotor-casing bearing system were
analyzed. Some conclusions are summarized as
follows:

(1) Besides two unbalanced excitation fre-
quencies and their multiple frequency compo-
nents, different combined frequency components
appear in the spectrum.

(2) The amplitude of torsional vibration un-
der rubbing conditions is larger than that of later-
al vibration.

(3) The speed ratio has a great impact on the
periodicity of the dual-rotor system. The rub-
bing-induced response amplitudes under counter-
rotation are less than that under co-rotation with

the same parameters.
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