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Aeroengines pursue high performance, and compressing blade-casing clearance has become one of the main ways to improve
turbomachinery efficiency. Rub-impact faults occur frequently with clearance decreasing. A high-speed rotor-support-casing test
rig was set up, and the mechanism tests of light and heavy rub-impact were carried out. A finite element model of the test rig was
established, and the calculation results were in good agreement with the experimental results under both kinds of rub-impact
conditions. Based on the actual blade-casing structuremodel, the effects of themajor physical parameters including imbalance and
material characteristics were investigated. During the rub-impact, the highest stress occurs at the blade tip first and then it is
transmitted to the blade root. Deformation on the impact blade tip generates easily with decreased yield strength, and stress
concentration at the blade tip occurs obviously with weaker stiffness. )e agreement of the computation results with the ex-
perimental data indicates the method could be used to estimate rub-impact characteristics and is effective in design and
analyses process.

1. Introduction

)e clearance between the rotor and stator is supposed to be
smaller in modern aeroengines to improve the efficiency and
power output [1]. As a consequence, the rub-impact between
the rotor and stator is more likely to occur, which may cause
the economic loss, influence the safety of the engine, and
even lead to catastrophic failures [2]. Hence, the evaluation
of the rotating machines’ condition and the investigation of
the rub-impact are always hot topics in research fields.

During the past decades, significant research achieve-
ment has been obtained in the prediction and measurement
of rub-impact phenomena. Muszynska [3], Ahmad [4], and
Jacquet-Richardet et al. [5] made comprehensive reviews on
this problem and gave a list of previous papers on the rub-
related vibration phenomena. Karpenko et al. [6], Feng and
Zhang [7], Sinha [8], Batailly et al. [9], Villa et al. [10], and
Legrand et al. [11] devoted to nonlinear dynamics of rub-
impact by theory analysis and numerical simulation. Ma

et al. [12], Sinha [13], Khanlo et al. [14], and Liao et al. [15]
showed the methodologies to determine the bouncing and
rolling contact loads of rub-impact between a flexible
spinning shaft and an outer cylindrical ring. On experi-
mental research, Pennacchi [16] presented an experimental
study and a mathematical model to analyze the effects of
rotor-to-stator rub on seals. Chu and Lu [17] installed an
experimental setup to analyze nonlinear responses and bi-
furcation characteristics. Torkhani et al. [18] compared
theoretical predictions with the experimental results under
different rub-impact conditions including partial light,
medium, and heavy rubs.

In recent years, new progress has been made in the study
of rub-impact problems; however, insufficiencies can also be
seen. Concerning the flexibility of the casing, Li et al. [19]
deduced an improved rotating blade-casing rubbing model
based on elastic compatibility conditions. Yang et al. [20, 21]
conducted rubbing characteristics analysis in a dual-rotor
system based on the Lankarani-Nikravesh model, but
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limited to fixed-point rubbing. Ma [22, 23] and Sun et al.
[24] did some work on the establishment of accurate models.
Ma and Lu [25] studied the influence of stagger angles of
blades, rotational speeds, and casing stiffness on the
rubbing-induced vibration responses, but lack of experi-
mental verification. Concerning thermal effects on blades in
rub-impact, Nyssen and Batailly [26] investigated the nu-
merical modelling of thermal effects within the abradable
layer during contact interactions and compared it with
experimental data. In their work, a weak thermomechanical
coupling was assumed, but only heat transfer by conduction
was considered. On fault recognition and diagnosis, Chen
[27–29] studied casing vibration characteristics both in
simulation and experimental methods. Single-point, mul-
tipoint, partial, and complete-cycle rubbing were concerned.
Impact signals were obtained from casing vibration accel-
erations. Wang et al. [30] did similar research in a dual-
rotor-blade-casing system. Influences of some variables on
dynamic behaviors had been investigated, but the simulation
results had not been verified by experiments.

Multiphysics, multiscale, and strong nonlinear are in-
volved in rub-impact. )ere are still lots of work to be done
on this problem. In this article, a simulation method based
on the FEM (finite element method) software including
mechanism of computation and analysis procedures was
presented. A test rig considering the structural character-
istics of the rotor-support-casing system was established to
verify the validity of the simulation method. )en, a cal-
culation on blade-casing rub-impact in the actual turbine of
the aeroengine was conducted. Response characteristics and
parameter influences were obtained. )ese calculation re-
sults are of great importance in optimization of the designed
structures to obtain acceptable dynamic responses in rub-
impact. )is is also the engineering application value of this
article.

2. Theoretical Model of Rub-Impact

2.1. Mechanical Model. In Figure 1 is shown the simplified
model of rotor system, which is composed of shaft, disk,
blades, bearings, supports, and casing. )e elastically de-
formable blades may rub against the internal surface of the
outer containment structure due to the imbalance excitation.

)e dynamical equation of the rotor is shown as follows:
Mr
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where Mr, Mb, and Mc are the mass matrixes of the rotor,
blades, and casing, respectively; Crr, Cbb, Ccc, Crb, Cbr and
Krr, Kbb, Kcc, Krb, Kbr are the matrixes of damping and

stiffness. Br(t), Bb(t), and Bc(t) are the time-varying ma-
trixes induced by contact: Br(t) is the additional stiffness of
the rotor depended on the rotation speed; Bb(t) is the
additional stiffness caused by the contact between the blades
and the casing which is related to the rotation speed and the
deformation of blades; Bc(t) is the additional stiffness of the
casing caused by its deformation. Z is the displacement
vector; Fun and Prub denote the imbalance force and the rub-
impact force. It is assumed that the support stiffness is large
enough.

In equation (1), M, C, and K could be obtained by the
finite element method, while B and Prub are usually difficult
to determine due to the combined effect of a number of
factors, such as the motion status, deformation, material and
structural characteristics.)e rub-impact force Prub includes
the impact force Fn and the friction force Ff , which could be
described as follows based on Hertz contact theory.

prub �
Fn
Ff

  �
f Δzrub(t)(  

μ(v)Fn 
 . (2)

In equation (2), normal force Fn which is determined by
the clearance Δzrub at the contact point influences the
rebounding motion of the rotor. Tangential force Ff is de-
termined by the friction between the rotor and stator.

2.2. Dynamic Contact. Some widely used approaches to
describe the contact mechanics are the kinematic constraint
method, distributed parameter method, Lagrange multiplier
method, and penalty method. In this paper, the symmetric
penalty method was implanted in the rotor dynamic analysis
to consider the rub-impact. As shown in Figure 2, the
geometric center of the rotor and casing are Or and Oc,
respectively, while point B of the blade and point C of the
casing are selected as a contact pair; the clearance Δzrub is
equal to the distance between B and C.

Once the clearance is determined, the normal force could
be given as follows:

Fn �

0, if Δzrub > 0,

−ΔzrubfsikiA
2
i ni

Vi

, if Δzrub < 0,

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(3)

where fsi is the scale factor of contact stiffness, which has a
significant influence on the calculation speed and stability of
the algorithm; ki, Ai, and Vi are the bulk modulus, area, and
volume of the element, respectively, while ni is the outward
normal unit vector at the contact point B (ξB, ηB), which can
be calculated as follows:

ni �
zr/zξ ξB,ηB  × zr/zη ξBηB( 

zr/zξ ξBηB(  × zr/zη ξBηB( 



. (4)

)e friction force is calculated based on the Coulomb
friction model. Fy is the yield friction force; F∗ is defined as
the trial friction force:
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Fy � υ Fn
∣∣∣∣
∣∣∣∣,

F∗ � Fnf − βΔe,
(5)

where υ is the friction coe�cient, Fn is the normal force, Fnf is
the friction force at the moment tn, β is the contact sti�ness,
and Δe is the dynamic increment. �e friction force is given
as follows:

Fn+1f �

F∗, if F∗| |≤Fy,

Fy · F∗

F∗| |
, if F∗| |>Fy.




(6)

According to the equations (3) and (6), the following
parameters will a�ect the results directly in numerical
analysis, including the rotor/casing clearance Δzrub, bulk
modulus ki, contact area Ai, and friction coe�cient μ.

�erefore, it is important to set the parameters with a
suitable value in �nite element analysis to get credible
results.

3. Rub-Impact Experiment and
Mechanism Analysis

In this section, the experiments were performed, including
light and heavy rub-impact conditions, to observe the rub-
impact phenomena and analyze the response characteristics.

3.1. Experimental Setup

3.1.1. Test Facility. A high-speed rotor test rig is shown in
Figure 3(a), and it includes a foundation, motor, supports,
rotor, lubricating system, and vibration amplitude mea-
surement unit. �e rotating speed of the motor was con-
trolled by a computer system to keep a stable acceleration
and deceleration. A �exible coupling which could tolerate
the small misalignment between the rotor and the motor
supports was used to connect the motor to the test rotor. A
disk with six blades was installed on the rotor which was
supported by two bearings. Each blade was simpli�ed as a
�at plane without complex geometrical con�guration. �e
test point is shown in Figure 3(b), while the orbits of the
rotor were measured by the displacement sensors located
near the left rigid support. In order to simulate the di�erent
conditions of the rub-impact, a rubbing ring shown in
Figure 3(c) with a tapered inner shell was designed that can
move axially to change the initial clearance (from 0 to
0.5mm) between the blade and the casing. �e casing was
�xed to the foundation through steel beams (Figure 3(b)).

�e length of the test rig is 4m, and the width is 1.5m.
Key parameters of the rotor are listed in Table 1.

3.1.2. Finite Element Model. A �nite element model was
built as shown in Figure 4. �e disk and blades were
modelled by 3D brick elements, the shaft and the casing were
modelled by 2D shell elements, and the supports were
modelled by spring elements. �e material parameters were

Disk and blade

Oc

Or

ΔZrub

y

x

Casing 

Fn

Ff

ω
C

B

Figure 2: Model of a rotor rubbing against the casing.
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Figure 1: Simpli�ed model of rotor system.
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Signal acquisition
and analysis

Motor
Accelerator Coupling Le� support Rubbing ring Right support

(a)

Acceleration sensor #1 Acceleration sensor #2 Acceleration sensor #3

Acceleration 
sensor #4Displacement sensor (vertical)

Displacement sensor (horizontal)

Casing
Rubbing ring

Foundation

Steel beam
(le� support)

Steel beam
(right support)

(b)

Disk
Sha�

Rubbing ring

Blade

Clearance

Enlarge Reduce

BladeCasing

Rubbing ring

(c)

Figure 3: Test rig of rub-impact. (a)�e rotor-support-casing test rig. (b) Sensor location and constraints of casing. (c) View of the rotor and
the rubbing ring.
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set as follows: elastic modulus E � 2.1 × 1011 Pa; Poisson’s
ratio μ � 0.3; density ρ � 7800 kg/m3.

�e sti�ness and damping of the left support were K1 �
1 × 108 N/m and C1 � 2 × 105 N·s/m, respectively, while
that of the right support were K2 � 8 × 105 N/m and
C2 � 2 × 105 N·s/m.�e imbalance force was generated by a
heavier blade which is in green in Figure 4(b), and the
imbalance was set as 2 × 10−4 kg·m. For other parameters,
refer to Table 1.

According to the simulation, the �rst critical speed of the
rotor system was 4090 r/min with the pitch mode shape
(Figure 5(a)), and the second critical speed was 15919 r/min
with the bending mode shape (Figure 5(b)). �e �rst critical
speed acquired by tests form the spectrogram of the rotor
during acceleration and decelerationwas 4135 r/min (Figure 6),
and the relative error between simulation and test was 1%.

3.2. Results of Light Rub-Impact. According to the repeated
test results, light partial rub-impact usually occurred when
the initial clearance was set as 0.50mm. �e rotating speed
was 1650 r/min (27.5Hz). As shown in Figure 7(a), a scratch
with 2mm width, 36° on circumferential direction could be
observed on the inner surface of the rubbing ring. �e Von
Mises stress distribution is shown in Figure 7(b), and the
max stress 196.2MPa is located at the tip of the blade which
rubbed against the casing.

�e results of the experiments (Figures 8(a) and 9(a))
and simulation (Figures 8(b) and 9(b)) show good agree-
ments on the shape of the rotor orbits and the frequency
domain responses. �e orbits were polygonal in shape, and
the motion of the rotor was stable under light rub-impact
condition. It could be observed that the synchronous
component occupied a dominant position, while super
harmonics with small amplitude existed.

Figure 10(a) shows the experimental acceleration re-
sponse which was measured by acceleration sensor 2#.
Figure 10(b) shows the numerical nondimensional force on
the rubbing ring. �e contact was not continuous, and the
rub-impact between the rotor and the rubbing ring was
intermittent. �ere were 6 peaks in 0.2 seconds, and the
contact frequency was about 30Hz which was close to the
rotating speed frequency.

3.3. Results of Heavy Rub-Impact. �e clearance between the
blade and the casing was changed to 0.30mm, and the heavy
partial rub-impact occurred at the same rotating speed. A
scratch with 10mm width, 90° on circumferential direction
could be observed after the test, and the wear on the tip of
one blade was obvious (shown as Figure 11(a)). According to
the simulation (Figure 11(b)), two blades were rubbing the
casing at the same time with the max Von Mises stress
273.3MPa on the tip.

�e comparison of the results of experiments and
simulation under the heavy rub-impact condition are
summarized in Figures 12–14. �e main response charac-
teristics of simulation could coincide with the tests. In
contrast to the light rub-impact condition, Figure 12 shows
the vibration amplitude had a signi�cant increase, and the
shape of orbits were more complex. As shown in Figure 13,
the amplitude of the super harmonics component, especially
the 3x rotating speed frequency component, was obvious.
Figure 14 illustrates that there were 10 peaks in 0.2 seconds,
and the numerical results were in good agreement with the
experimental results.

�e results show that (1) the prediction of the response of
the rub-impact rotor is more complex under the heavy rub-
impact condition due to the strong nonlinearity; (2) the
simulation model is able to reproduce the main response

Table 1: Key parameters of the rotor.

Shaft Disk Blade
Diameter Span length Diameter Mass Radial height Mass
30.0 542.5 148.0 2.545 26.0 0.0223
Length: mm; mass: kg.

Left
bearing

c1 c2

c2

c1

k1

k2

k2

k1

Right 
bearing

Casing

Disk
Blade

Shaft

(a)

Rubbing ring

Blade

Disk
Casing

(b)

Figure 4: FE model of rub-impact. (a) Full view. (b) Section view.
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characteristics; (3) the method proposed in this paper can be
used to simulate the process of rub-impact.

4. Simulation of Blade-Casing Rub-Impact

�e transient process of the rub-impact between the blade
and casing was simulated based on the actual structure of the
aeroengine. �e e�ects of the major physical parameters
including imbalance and material characteristics were
investigated.

4.1. Analysis Model. �e sketch of an actual turbine blade-
casing system is shown in Figure 15(a). Based on the
structure, the FE model was established as shown in
Figure 15(b). �e turbine disk was simpli�ed as equivalent
one in consideration of the supporting bearing sti�ness. �e
casing was constrained in the radial and axial direction at the
edge. Parameters of the model are as follows: diameter of the
casing d � 215mm; thickness of the casing t � 2.2mm;
number of blades n � 18; height of blade h � 26 mm; initial
clearance δ � 1.2mm; rotating speed ω � 12500 r/min,

Scratch in rubbing ring

(a)

Time = 0.0865s
Max stress = 196.2MPa Fringe levels
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Figure 7: Results of light rub-impact condition. (a) Scratch on rubbing ring. (b) Von Mises stress distribution.
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Figure 5: Mode shapes of the rotor. (a) Pitch. (b) Bending.
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Figure 10: Acceleration response and nondimensional force on the rubbing ring under light rub-impact condition. (a) Experimental
acceleration response. (b) Numerical nondimensional force.
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Figure 9: Comparison of dynamic response in frequency domain under light rub-impact condition. (a) Experimental result. (b) Numerical
result.
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Figure 8: Comparison of the orbits under light rub-impact condition. (a) Experimental result. (b) Numerical result.
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Figure 11: Results of heavy rub-impact condition. (a) Scratch on rubbing ring and blade. (b) Von Mises stress distribution.
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imbalance which is simulated by mass element u � 10g·cm;
supporting bearing sti�ness and damping K � 4×
107 N/m, C � 2 × 103 N·s/m; friction coe�cient between
blades and casing μ� 0.25. Material parameters are listed
in Table 2.

4.2. Response Characteristics

4.2.1. Rub-Impact Process. Numerical simulation results are
shown in Figure 16, with the pictures displaying the typical
states of the blades. �e rub-impact occurred twice in
2000 μs.

According to the results, the blade tips su�ered from
both the radial impact force and the tangential friction force
at the initial stage of the rub-impact process, and the
maximum stress was at the blade tip. However, the

maximum stress moved to the blade root at the end of the
rub-impact process due to the conduction of the stress wave
generated by the impact.

4.2.2. Response of Blade. During the rub-impact process, the
main focus is the time history response of the stress dis-
tribution of the rubbing blade. �e radial stress distribution
of the blade which �rstly rubbed against the casing was
analyzed. �e time history radial stresses of the elements at
the tip, middle, and root of the trailing edge of the blade are
shown in Figure 17.

In Figure 17, the initial stress before time A was gen-
erated by the centrifugal force. Once the rub-impact occurs,
the radial stress of the blade varies rapidly. �e elements at
the tip and root of the blade were subjected to the tensile
stress, while the element at the middle of the blade was

Initial clearance

Vane

Casing

Blade

Disk
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Figure 15: Analysis model of an actual turbine blade-casing system. (a) Sketch. (b) FE model.
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subjected to the compressive stress. �e stresses at the tip,
middle, and root of the blade reached their maximum values
in sequence after the rub-impact occurred. Figure 18 gives
the distribution of radial stress at di�erent locations and
di�erent moments, and the conduction of stress could be
observed easily.

�e highest stress was at the blade tip when the rub-
impact occurred, and then the part with maximum stress
moved to the blade root while the amplitude attenuated.
�erefore, in some rub-impact faults, the maximum tran-
sient stress at the blade tip was usually higher than the
ultimate strength of the material.

4.2.3. Response of Casing. �e rub-impact force which de-
pends on the materials and the relative movements of the
blade and casing was calculated by summation of the resultant
force of all nodes at the contact surface of the casing. �e
normalized rub-impact force was used to analyze and com-
pare the relative magnitude of the two rub-impact processes.

(a)

a

(b) (c)

(d) (e) (f)

Normal operation First rub-impact First separation

Second rub-impact Continued rubbing Second separation

Figure 16: Rub-impact process during 2000 μs shown in Von Mises stress.
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Figure 17: Time history of the radial stress on rubbing blade.

Table 2: Material parameters in the FE model of blade-casing system.

Structure Density (kg/m3) Elastic modulus (Pa) Poisson ratio Yield stress (Pa) Tangent modulus
Blade 7870 2.05×1011 0.33 8.00×108 0.95×108
Casing 8240 1.99×1011 0.30 8.68×108 1.12×108
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Figure 19 demonstrates that the time of each rub-impact
is short enough. )e first rub-impact process generated a
more obvious impact effect with a shorter contact time
(Δt1 <Δt2), which means the rotor and the stator departed
from each other rapidly, and the scratch area was relatively
small. )e impact effect of the second rub-impact process
was weaker, and the high level rub-impact loads lasted a
relatively longer time (Δt4 >Δt3). )e static friction force
would generate between the rotor and the stator, and the
rub-impacted area was larger. )e different response was
caused by the different relative motion of the rotor and stator
(the relative velocity and acceleration).

4.3. Parameter Influences. )e influence of imbalance and
material parameters of the blade and casing on the response
was analyzed.

4.3.1. Imbalance. Rotating speed was 12500 r/min (208Hz),
and the responses of the model with different imbalances
(2.0 g·cm and 20.0 g·cm) were simulated, while the other
parameters were same with that of the FEmodel in Figure 15
and Table 2. )e normalized contact force is shown in
Figure 20. It should be noticed that the reference max
contact force is the same with that in Figure 19.

When the imbalance was 2.0 g·cm, the rub-impact oc-
curred only once in 0.002 s, and the maximum value of the
nondimensional force was about 0.035. When the imbalance
increased to 20.0 g·cm, the rub-impact occurred twice in
0.002 s, and the maximum value of the force reached to
1.479. )e intensity of rub-impact improved and the du-
ration of every impact increased.

4.3.2. Material Parameters.

(1) Yield Strength. )e yield strength of blade material de-
creases with the increase of turbine temperature [31]. )e
yield strength of the blade was set as 80% of the original
value. Calculation results showed the main characteristics of
the response were similar to those in Figure 16, while the
value of the stress on the blades and casing varied. As il-
lustrated in Figure 21, the maximum value of the stress
decreased as the yield strength reduced. An easier de-
formation occurred on the impact blade tip.

)e time history response of the contact force is shown
in Figure 22. It could be observed that the peak value of the
contact force decreased while the bandwidth of the peak
force (Δt1 and Δt2) increased compared to that in Figure 19,
which indicated that the deformation of the blade tip
increased.

(2) Young’s Modulus. For alloy materials, Young’s modulus
decreases with the increase of turbine temperature [32].
Together with the erosion of sea salt on blade materials,
Young’s modulus may be reduced by 50%. Material Young’s
modulus of the blades was set as 50% of the original value.
Due to decrease of Young’s modulus, stiffness of the blades
reduced which would lead to a larger deformation and
equivalent stress on the blades. Meantime, the natural fre-
quency decreased, which was caused by compressive loads
[33]. )e variation could be observed from Figure 23.

)e deformation and stress at the blade tip increased
obviously with the decrease of Young’s modulus, and the
stress concentration on blade tips enhanced. In Figure 24 is
shown the time history response of radial stress on the root
of the blade; the maximum value decreased while the time
tAB with high stress increased. )e decay time tBC that the
free vibration needs to be stable was shorter. )e results
showed the blade with weaker stiffness (lower natural fre-
quency) responded less obviously to the free vibration ex-
cited by rub-impact.

)e wave shape in Figure 25 is almost the same as that in
Figure 19, while the peak value of the rub-impact force
decreased about 10% and the bandwidth of the rub-impact
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force increased slightly. )e result demonstrated that the
partial deformation of the blade, area of scratch, and time of
contact increased with lower Young’s modulus.

5. Conclusions

A theoretical model was established to describe the rotor-
support-casing system in aeroengines, while the nonlinear
equations were solved through the symmetric penalty-based
approach. )e suggested procedure relying on the finite
element method was applied on a test rig to simulate the
characteristics of light and heavy rub-impact. Rub-impact
simulation of the blade-casing model was also conducted. It
is possible to draw the following conclusions:

(1) )e test rig could simulate the different rub-impact
condition, while the numerical method proposed
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could reproduce the main characteristics during the
rub-impact process of an actual structure.

(2) During the rub-impact, the highest stress first occurs
at the blade tip, and then the part with maximum
stress moves to the blade root while the amplitude
attenuates. )erefore, in some rub-impact faults, the
maximum transient stress at the blade tip is usually
higher than the ultimate strength of the material.

(3) )e maximum value of the stress decreases as the
yield strength reduces, which may lead to an easier
deformation on the blade tip. With weaker stiffness,
the stress concentration at the blade tip, partial
deformation, area of scratch, and time of contact
increase during the rub-impact process.

)e description of rub and impact and influence of
damping factor are still practical limitations in this study.
Further research studies will be devoted to remove these
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limitations and improve the accuracy of quantitative
analysis.
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