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Abstract. In this paper, a dual-rotor system multi-body dynamic model with rubbing coupling
faults is established for practical aero-engine. In the model, the rubbing fault simulation method
is introduced, the coupling effect between the internal and external rotor is considered. The
numerical simulations of rotor vibration are accomplished by the utilization of multi-body
dynamic platform, where the simulation model consists of discs unbalances and local rub-impact
between discs and casing shells. The time-domain responses, the frequency spectra and the
shaft-center trajectories of dual-rotor with different unbalance and different rubbing positions are
obtained. The vibration and its transmission characteristics of the inner and outer rotors are
calculated. Finally, the simulation results are compared with the measured vibration of a dual rotor
tester with rubbing fault. The simulation results are consistent with the measured results, which
confirms the feasibility of the established model and the multi-body dynamics simulation method
in this paper. The application of multi-body dynamics simulation method in aero-engine can
deepen the understanding of the internal operation nature and laws of aero-engine, reduce the
repetition of physical tests, greatly improve the efficiency and quality of development, accelerate
the research and manufacture process.

Keywords: acro-engine dual-rotor system, rub-impact, multi-body dynamics model, vibration
coupling and transfer.

1. Introduction

When it comes to aero-engine rotor system, rotor rubbing fault becomes one of the most
common faults [1]. It not only brings about increase of the rotor stator gap, wearing, cracking or
even breaking of a blade bearing, but may result in motion of rotor system instability, deformation
of casing shells caused by vibration, which will seriously affect the efficiency of engine once
exceeding the standard [2, 3]. Hence, the research on the influence of dual-rotor system
rotor-stator rubbing fault to system response characteristics occupies an important role in the
diagnosis and identification of aero-engine rubbing fault.

In recent years, the research on the dynamic characteristics of the dual-rotor system with
rub-impact fault has been conducted by relevant scholars. Qingkai Han [4] built a rigid-flexible
multi-body model of the dual-rotor system with local rub-impacts with MSC. Adams, based on
rigid-flexible multi-body simulations, investigated the nonlinear dynamical characteristic. Guihuo
Luo [5] established a nonlinear dynamic model of dual-rotor system with high-dimensional
rubbing fault, and analyzed the dynamic response characteristics of counter-rotating dual-rotor
system. The results show that the friction fault will make the axis orbit of the system become
messy and except the two unbalance excitation frequency, the combination frequency also
appeared in frequency Spectrum. Huiqun Yuan [6] established a multi-disc double rotor-stator
coupling system dynamic model, taking the coupling of low-pressure rotor and high-pressure rotor
through the intermediate bearing into consideration together with high-pressure rotor and casing
shells, in which the fourth-order partial differential equations of motion of the continuum double
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rotor multi-disc-stator system were formed. Besides, he also concentrated on analyzing the effect
of speed and intermediate bearing’s stiffness to the rub response, the results show that appropriate
settings of intermediate bearing stiffness can reduce the amplitude of rub-impact fault. Junhong
Zhang et al. [7] had implemented tests on misalignment and single-point rub-impact fault based
on the experimental platform of aero-engine rotor with casing shells, the results show that the
rubbing fault causes a large number of doubling and combination frequency. Yang Yang etc. [8]
established a dual-rotor system capable of describing the mechanical vibration resulting from two
imbalances and fixed point rubbing, studied the dynamic characteristics of dual-rotor system with
fixed point rubbing by the means of theoretical analysis and experimental. The results indicate
that for the case of fixed point rubbing, several combination frequencies in the responses of the
dual-rotor system are identified as the particular fault frequencies. Chen G. [9] established a new
rotor-ball bearings-support-stator coupling system dynamic model and studied the rubbing
coupling faults used the method of combining theory with experiment. Hui Ma, etc. [10]
summarized the research results of rub-impact faults home and abroad and analyzed the typical
fault characteristics for three kinds of rub-impact forms, such as single-point rubbing, local
rubbing and circular rubbing.

Aero - engine structure is complex, working state is changeable, and it is difficult to directly
reproduce vibration fault on the prototype machine. Multi-body dynamic analysis technology
based on virtual prototyping has been widely used in the research of rotor dynamics. ADAMS is
based on the theory of multi-body system dynamics and contains many professional modules. It
can be used to establish complex kinematics and dynamics models of mechanical system and the
simulation of system motion and dynamic characteristics under actual working conditions can be
realized. Based on the theories of dynamics of dual-rotor system, together with the rub-impact
mechanism involving its stiffness and damping and friction, a multi-body dynamic model of the
aero-engine dual-rotor system is built on the software platform of ADAMS. Based on the
multi-body dynamic model, the unbalance and rub-impact faults of dual-rotor are simulated, and
the vibration transmission law of unbalance and rub-impact caused by vibration coupling is
revealed through the analysis of the results. It provides a verification method for the theoretical
research of aero-engine rotor with rubbing faults.

2. Establishment of the dynamic model for dual-rotor system
2.1. A simplified model of dual-rotor system

Fig. 1 is a typical aero-engine dual-rotor system structure, the low-pressure rotor consists of
four fans and one turbine, supported by bearings of 1, 2, 3 and 6. The high- pressure rotor is
composed of nine compressor discs and a high-pressure turbine, which is supported by bearings
of 3 and 5.

Bearingl Bearing2 k\
Bearing3
Fig. 1. The supporting structure of dual-rotor system

Bearing4 Bearingd K\Bearing6

According to the principle of dynamic similarity, the dual-rotor system of figure 1 is simplified.
The rotating shaft is simplified as beam element. The discs and blades of the compressor and the
turbine are considered as rigid bodies with rotating effect, which are simplified as discs in the
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form of concentrated mass and moment of inertia in their centroid position. In order to facilitate
calculation, the coupling in the prototype machine is simplified as a rotating shaft and the supports
are simplified as isotropic linear elastic supports. The specific simplification methods are as
follows.

The four-stage fans in the low-pressure rotor is simplified as the disc 1 (referred to as LPC),
the low-pressure turbine disc is equivalent to disc 2 (referred to as LPT). Nine compressor discs
of high-pressure rotor are simplified as disc 3 (referred to as HPC), high-pressure turbine disc
equivalent to disc 4 (referred to as HPT). The spring stiffness K; is the equivalent stiffness of
bearing 1, squirrel cage, bearing cone and auxiliary plate. The stiffness K, is the combination
stiffness of bearings 2 and 3. The stiffness of bearings 4, 5 and 6 are equivalent to K3, K, and K5
respectively. The dynamic model of Fig. 2 is obtained through simplification,

Disc3 Disc4
Discl Disc2

Fig. 2. The structure schematic diagram of dual-rotor system
2.2. Equations of motions
The system analytic model is established by using the Lagrange equation as follows:

d oT 6T+6U+8D 0.0, j=123 )
Y Y . - i ] ] = 1,495",

where, q; and §; are generalized coordinates and generalized velocities respectively. T and U are
the kinetic energy and potential energy of the system respectively. D is the energy dissipation
function of the system. Q;(t) is the generalized external excitation force. If the work done by
some exciting force has been expressed as the kinetic energy and potential energy form of the
vibration system, or the form of energy dissipation function, then these exciting forces are no
longer considered on the right side of the equation. In this rotor system, the influence of energy
dissipation function D is neglected. Function Eq. (1) can be written as:

dOT 90U _ i 1gg o
dtagq;, 9q; aq; TR

Considering the motion equation of the rotor, and ignoring the external excitation. The
differential equations of the system motion are derived and arranged as follows:

M1 + Key (07101 + 0,26, + ¥4 — ¥2) + kpiy (1 — a16,1) =0,

myZ; + kcz(—eylc1 —0y6, + 2 — zz) + kb12(21 + alﬂyl) =0,

Idléyl +]p1919z1 + kcz9y1C12 - kcz(_eyzcz +2z; — 22)01
"'(kblzal2 + kcﬂy)eyl + Kp1,012; — kceygyz =0,

Ja1621 _]p19193’1 +keyC120,1 + key(0,2¢, + y1 — y2)01
'|_(kb1yal2 + kcGz)ezl - kblyal - kcezgzz = O,

3
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myy, + (_kcycz — kpoyQy — kpayas, + kb5yas)9zz + Kpay (0,304 + ¥, — ¥3)
tkey(=0,101 —y1 +y2) + (kay + kay)yZ =0,

MyZy + (KezCo + kipazQy + kpaz@aq — Kps,05)6,, + kb4z(9y3a4 +2z, —23)
+kcz(9ylcl —z;+ Zz) + (kpzz + kpsz)zz = 0,

/dzéyz +]p2919z2 + (kez€2? + kpoz 0% + Kpaz@r® + kps,as? + kegy + qb4-9y)9y2
+kb4z(9y3a4 +2; — Z3)a41 - kcz(_9y1c1 +2z; — Zz)Cz
+(kp2,a; — Kps,As5)z, — kceyeyl - kb49y9y3 =0,

Ja202 _]pZ'QléyZ + (kcyC22 + kpoy@z? + kpayass® + kpsyas® + keg, + kb49z)9zz
+kb4y(‘9z3a4 — Yo +y3)au + kcy(9z1c1 + ¥ —y2)c
+(_kb2ya2 + kaya:fy_)yZ - kcezezl - kb4ezgz3 =0,

(m3 + my)P3 + My340,3 + Kpay (02041 + 0,304 — Y, +Y3)
—kp3y053a3 + kp3yy3 =0,

(Mmyazs® + Ja3 +]d4-)éy3 — MylzaZs + (]p3 +]p4)939z3 + 4% kpas0y3
+kb4z(9y2a41 +2Z; — Z3)a4 + (kb32a32 + kb46y)9y3 + kp3 325 — kb49y9y2 =0,

(Maase® + Jaz + Jua)Oz3 + Myazyys — QS(]pS +]p4)9y3 + Kpaya,20,3
tkpay (022041 — Y2 +Y3)as + (kb3ya32 + kb49z)9z3 — kp3yQ3y3 — kpag;6,, = 0.

3. Establishment and verification of multi-body dynamic model for dual-rotor system with
rubbing faults

3.1. Model verification

The basic parameters of the dual-rotor structure are shown in Table 1. L, is the diameter of the

low-pressure shaft, while H;; and H,4 are respective illustration of the inner and outer diameter
of high-pressure shaft. In order to facilitate the calculation, the four discs use the same size, d and
h are the diameter and thickness of the discs respectively.

Table 1. The basic parameters of dual rotor system

In order to verify the correctness of the model, the first two order natural frequencies of

1878

Parameters Values Parameters Values
Lup 185 mm Ly; 1500 mm
Lyc 330 mm d 200 mm
Lsp 500 mm h 30 mm
Lyg 685 mm Ly 65 mm
Ly 1015 mm Hyy4 80 mm
Lyg 1200 mm H,g4 90 mm
Lay 1315 mm — -
Table 2. Mode comparison
Based on finite element Based on ADAMS
| | :{! = — "__
o
Ist 118.2 Hz Ist 124.3 Hz
A ) r
2st 171.7 Hz 2st 167.8 Hz
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dual-rotor based on ADAMS are compared with the results based on the finite element method.
The results show that the first two order modes are the same, and the frequency difference is
less, which can verify the rationality of the model.

3.2. The multi-body dynamic model of rub-impact

The ‘Impact’ is used to calculate the rub-impact force in ADAMS, which is based on the
impact function to calculate the contact force between the two objects. The contact force is
composed of two parts, the first part is the elastic force due to the mutual penetration between the
two objects, the other part is the damping force produced by relative speed.

Rub-impact mechanics expression:

Fe {0, x > &, 4
T (6g — x)¢ = N - Cpygy - Step(x, 8y — d,1,8,,0), x < 6. )

Among them, k is the stiffness coefficient of rub-impact, §, and x are the initial clearance and
actual distance between the two contact objects in the rubbing process. Cy,q, is the maximum
damping coefficient which used to characterize the collision energy loss. N is the rotating shaft
speed (inner and outer pressure rotor speed are N, and N; respectively). e is rub-impact index
which used to represent the nonlinear degree of material. d is the penetration depth.

The multi-body dynamic model of dual-rotor rub-impact based on ADAMS is illustrated in
Fig. 3. In the model, the elastic supportings are use the “spring” in the horizontal and vertical
direction to simulate and the parameter setting of stiffness like the following Table 3. The
dual-rotor unbalance is simulated by adding a mass block on the low-pressure compressor disc
and the high-pressure compressor disc. A rubbing block is arranged at a certain distance from the
low-pressure disc and the different rubbing conditions are simulated the material parameters are
set according to steel. The dynamic friction between the turbine disc and the rubbing block is 0.1.

Intermediate
bearing

Rubbing
block

Fig. 3. The dual-rotor system model based on Adams

Table 3. Parameter setting of the simulation model base on ADAMS

Parameter Data Parameter Data
Rub-impact stiffness 1e6 N/m | Low-rotor motion N; | 8800 r/min
Rub-impact damping 100 Ns/m | High-rotor motion N, | 12000 r/min

Force exponent 1.5 K, le7 N/m
Penetration depth 0.1 mm K, 5¢7 N/m
Rubbing clearance 0.1 mm K3 le7 N/m
LPC unbalance quality m,q 245¢g Ky 1e8 N/m
HPC unbalance quality m,3 20g K- le7 N/m

The software ADAMS provides a variety of integrators, this paper selects the GSTIFF
integrator with high speed and high solve precision. There are three kinds of GSTIFF integrator
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integral format: 13, SI2 and SI1, the speed of solving I3 format is faster, but error will be generated
when it comes to speed, especially the acceleration, the SI1 format is not suitable for processing
contact problems with friction [11], so this paper chooses SI2 integral method, the integral error
is set to 0.001.

4. Simulation results of dual-rotor system

As what is shown in Table 4, the vibration characteristics of the dual-rotor system under
different operating conditions are analyzed. In this paper, time-domain responses, frequency
spectra and shaft-center trajectories of the high and low pressure discs are obtained via simulation
analysis under four kinds of working conditions.

Table 4. Four kinds of working conditions

Parameter Condition I | Condition II | Condition III | Condition IV
Meq
M3 \ - - N
LPT-Rubbing - N - -
HPT-Rubbing - - v v

4.1. Unbalance response of dual-rotor system

The vibration of the dual-rotor unbalance is simulated by applying mel on low pressure
compressor disc and m,; on high pressure compressor disc under working condition I. The
time-domain responses, frequency spectra and shaft-center trajectories of the high and low
pressure discs are obtained as shown in Fig. 4.

From the Fig. 4, we can find that the vibration of the dual-rotor unbalance is in a certain
vibration state. The four discs are in a certain range of periodic reciprocating vibration. The main
frequencies of unbalanced response are N; and N,. The time domain diagram and axis trajectory
of the low and high pressure turbine discs are under zero bits by gravity.

The time domain diagram of low and high pressure compressor discs are regular, N; and N,
occupies the absolute priority in the frequency domain respectively without other frequency
components, and the amplitude of N, for the high-pressure compressor disc reaches
approximately half of the N; for low-pressure compressor disc. The trajectory line of the discs are
in round shape. There are multiple peaks in time domain of the low and high turbine disc. N; and
N, existing in the frequency domain and N, enjoys the absolute advantage. The shape of the discs
trajectory appears some confusion within a certain range and the low pressure turbine disc more
obvious than high pressure turbine disc.

From the Table 5, we can find that the amplitude of frequencies N; and N, for four discs
decreases step by step along the transmission paths LPC-LPT-HPT-HPC and HPC-HPT-LPT-
LPC respectively.

Table 5. Vibration amplitude of four discs
Parameter LPC HPC HPT LPT
N, N, N, N, N, N, N, | N,
148.5 | 7.344 | 2.169 | 64.28 | 3.164 | 33.47 | 6.096 | 30.5

Value (um)

With the help of analytical method, the vibration of the four discs is measured during the
unbalance of the LPC from 200 g.mm to 2000 g.mm. From Fig. 5(a) we can find that the amplitude
of Ny is in the order of LPC > LPT > HPT > HPC. The amplitude variation diagram of frequency
N, of the four discs during the change of HPC unbalance from 200 g.mm to 2000 g.mm is
obtained, as shown in Fig. 5(b). As can be seen from Fig. 5(b), the amplitude of N, is in the order
of HPC-HPT-LPT-LPC. Transmission law of unbalanced vibration of dual-rotor based on
analytical method is consistent with the simulation results based on multibody dynamics.
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Fig. 4. Case I, the vibration characteristic of the dual-rotor system

20 : : : :

-
O

-
=)
/

02 ‘

0.1+

y |
032 0
y( mm)

c¢) LPC shaft-center trajectories
0.05 ‘

0.2

-0.1_%_1 )
y( mm)

f) HPC shaft-center trajectories
0 T

0.05

y( mm)

i) HPT shaft-center trajectories
0 \

-0.02

1) LPT shaft-center trajectories

i 25

201

157

Amplitude/ um

Testpoint
a) Ny

ISSN PRINT 1392-8716, ISSN ONLINE 2538-8460, KAUNAS, LITHUANIA

HPC
Testpoint

b) N,
Fig. 5. Variation curves of fundamental frequency of four discs vibration with unbalance

1881



MULTI-BODY DYNAMIC SIMULATION AND VIBRATION TRANSMISSION CHARACTERISTICS OF DUAL-ROTOR SYSTEM FOR AEROENGINE WITH
RUBBING COUPLING FAULTS. PINGPING MA, JINGYU ZHAI, HAO ZHANG, QINGKAI HAN

4.2. LPT-rubbing

The vibration response characteristics of dual-rotor with low-pressure turbine disc rubbing
faults are simulated under the low-pressure compressor disc unbalance by using the operating
condition II. The time-domain responses, frequency spectra and shaft-center trajectories of the
high and low pressure discs are obtained as shown in Fig. 6.
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Fig. 6. Case II, the vibration characteristic of the dual-rotor system

It can be seen from the figure that the frequency spectrum of each disc mainly falls to
(2N, — N;)/2 and there are combination of frequency components such as 2N, — Ny, N, — Ny,
(4N; + Ny)/2. The amplitude of the principal frequency of the four discs is
LPC > LPT > HPC > HPT.
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The center orbit of the high-pressure disc and low-pressure turbine discs rebounds along the
rubbing direction. The trajectory lines of the low-pressure compressor disc and the turbine disc
are circular, and disorder appears at the top of the trajectory of the low-pressure turbine disc. The
trajectory lines of the high-pressure compressor disc and turbine disc are circular and appear
disorder at the bottom of the trajectory.

4.3. HPT-rubbing

The vibration response of dual-rotor and the transmission of vibration between high and low
pressure rotor are analyzed under the situation of rotor unbalance and high-pressure turbine
rubbing. Simulating with the case Il and case IV in the Table 4. Their vibration features are shown
in Fig. 7 and Fig. 8 respectively.
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Fig. 7. Case IlI, the vibration characteristic of the dual-rotor system
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Fig. 8. Case IV, the vibration characteristic of the dual-rotor system

From the Fig. 7, we can find that the time domain diagram of low-pressure compressor disc is
regular, the frequency spectrum is mainly dominated by the N; and the combination frequencies
N; + N,, 1/4N, and 2N, — N, appeared. The trajectory line of LPC is in round shape. The time
domain diagram of the high-pressure compressor disc is under zero bits, the frequency spectrum
are dominated by the combination frequencies N,, N;, N; + N,, 2N, and the frequency N,
occupies the absolute priority. The trajectory line of HPC appears some confusion within a certain
range. The frequency spectrum of the high-pressure turbine disc is dominated by the combination
frequencies N, and 2N,, the trajectory line appears some confusion within a certain range. The
frequency spectrum of the low-pressure turbine disc is mainly dominated by the frequencies N,
and N,, the combination frequencies N; + N,, 1/4N, and 2N, — N, appeared. The trajectory line
of LPT appears complex like ‘petal’.
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Compared the vibration response with LPT-rubbing, the frequency spectrum of the four discs
became more complex with HPT rubbing faults, the combination frequencies N;, 2N, — Ny,
N; + N,, 2N, and 1/4N, occupied the priority. The changes of frequency spectrum amplitude of
the high-pressure turbine disc is most obvious, has significantly improved. The time-domain
changes of low-pressure turbine disc is maximum, appeared many different peaks. The trajectory
line of low-pressure turbine disc becomes the most complex like ‘petal’.

It can be seen from Fig. 8 that the time domain diagram of low-pressure compressor disc is
regular, the frequency spectrum is dominated by N,, together with the combination frequencies
N; + N,, 1/4N, and 2N, — N,, the trajectory line is in round shape. The frequency spectrum of
high-pressure compressor disc dominated by N,, 2N, and Nj, the trajectory line appears confusion
within a small certain range. The frequency spectrum of the high-pressure turbine disc and
low-pressure turbine disc are dominated by N,, 2N, and N;, in which N, take the absolute
priority. Their trajectory lines appear some confusion within a small certain range and the
trajectory lines of low-pressure turbine disc appeared more complex than the high-pressure turbine
disc.

Comparison Fig. 8 with Fig. 7, we can draw the conclusion: after adding the unbalance value
of high-pressure compressor disc, the frequency spectra of each disc are dominated by N; and N,
the combination frequencies 2N, — Ny, 2N, and 1/4N, appeared. The vibration characteristics of
LPC not change. N; in the frequency spectrum of the high-pressure compressor disc disappears,
which is mainly composed of N, and 2N,. The amplitude of N;, N, and 2N, in the frequency
spectrum of high-pressure turbine disc are increased. The Low-pressure turbine disc’s frequency
spectrum changes is the largest, the main frequency components from N; and N, in Fig. 6 into N,
in Fig. 7, and the combination of frequency components reduced on the whole.

5. Verification of simulation results

Wen Bangchun, Jin Yezhuang and others have developed an aero-engine testing machine with
similar structure, as shown in Fig. 9. Based on this testing machine, the rubbing fault of rotor is
studied.

AN

%/@ =

Fig. 9. Structure of aero-engine rub-impact rotor tester: 1 — motor, 2 — coupling, 3 — engine model,
4 — front horizontal support, 5 — eccentric transmission and locking mechanism,
6 — hanging, 7-10 — displacement sensor, 11-12 — acceleration sensor

The time domain and frequency spectrum of vibration displacement in the vertical and
horizontal directions of the dual-rotor are obtained based on the dual-rotor experiment rig.
Through the analysis of the test results of dual-rotor, it can be seen that when rubbing occurs in
the rotor system, the frequency spectrum of the vibration signal contains not only the fundamental
frequency components of the high and low pressure rotors, but also one or several combination
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frequencies components. Under the above different rubbing conditions, the test results show that
the combination of the components of the signal in the vertical direction is shown in Table 6. It
provides a verification method for simulation results.

Table 6. The frequency components of experimental and simulation results

Frequency components | Experimental results | Simulation results
N, — N, N N
2N, — N, N -
N, N N
N, N N
2N, — N, N \
2N, N N

The simulation result is also consistent with the measured vibration of an aero-engine
happening rub-impact practically, which confirms the feasibility of the established model and
simulation method.

6. Conclusions

In the dual-rotor system of the aero-engine, the vibration of the inner and the outer rotor will
be transmitted through intermediate bearing. The vibration of the inner rotor and the outer rotor
will have coupling effect. The vibration caused by this coupling effect under rotor imbalance and
rubbing fault has different transmission laws. The following conclusions are obtained through the
simulation in this paper:

1) The unbalance response of the rotor is different due to the location and size of the unbalance.
In the unbalance response of the dual rotor system, the unbalance response frequencies N; and N,
of inner and outer rotors are absolutely dominant, and the axis trajectory is basically regular. The
vibration of the dual rotor caused by unbalance of inner rotor and outer rotor decreases step by
step on the transmission path LPC-LPT-HPT-HPC and HPC-HPT-LPT-LPC respectively.

2) In the rub-impact response of the dual-rotor system, besides the inner and outer rotor
rotation frequencies, the combined frequency of the inner and outer rotor rotation frequencies also
appears. Due to the coupling effect of the intermediate bearings, the response of the system
becomes complicated and is no longer the sum of the responses caused by simple unbalanced
excitation.

3) In the vibration transmission of inner and outer rotors under the rubbing fault, the
high-pressure and low-pressure turbine disc are the most sensitive and the low-pressure
compressor disc is the most stable. Vibration response of dual-rotor system caused by
high-pressure rotor rubbing is the most complex, with many vibration frequency components and
more resonance points, which is very unfavorable to the safe operation of the rotor. Therefore, in
the dual rotor system, we should try our best to avoid the rubbing of the high-pressure rotor or
reduce the rubbing degree to reduce the harm caused by the high-pressure rotor rub-impact.

In this paper, the research on unbalance fault and rubbing fault of f dual-rotor provides a
verification means for further research on rubbing theory of aero-engine rotors.
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