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Abstract  This paper analyzes the assembly deformation of the aero-engine high-pressure 
rotor simulation tester, establishes the dynamic model of high-pressure rotor nonconcentricity, 
simulates the vibration response of the nonconcentric rotor, and verifies the correctness of the
dynamic model of rotor nonconcentricity through tests. The results show that the rotor axis line 
is tapered when there is endface deviation, and the deformation is mainly concentrated in the
front end of the tapered drum and the connection surface of the turbine rear journal, and the
assembly parameters such as the bolt pretightening force and the number of bolts have little 
effect on the rotor assembly deformation; in addition, rotor nonconcentricity causes an increase
in the rotor vibration amplitude, and the failure characteristics of frequency-doubled appear at 
the connection structure with endface deviation. 

 
1. Introduction   

Aero-engine high-pressure rotors usually contain multiple stop bolt connection structures. Ro-
tor assembly deviations, rotor-stator rubbing, thermal deformation and other factors can cause 
the rotor connection interface to slip, which will generate deviations between the inertia axis of 
each rotor component and the rotation axis of rotor, thus resulting in nonconcentricity of a high-
pressure rotor [1]. High-pressure rotor nonconcentricity can cause serious accidents such as 
vibration overload and bearing wear of the whole engine. Therefore, the study of assembly 
deformation and its vibration response of nonconcentric high-pressure rotor is of great signifi-
cance for the design of aero-engine high-pressure rotor system connection structure, the rotor 
system vibration control and the fault diagnosis. 

Scholars at home and abroad have proposed nonconcentricity calculation methods and de-
viation transfer models for single-stage and multi-stage bolted structures of rotor systems, and 
through the optimized algorithms, have controlled the nonconcentricity during rotor assembling 
[2-6] and other methods [7]. Meng [8] established the assembly deformation model of the stop 
bolt connection structure under the conditions of endface deviation and radial deviation, ob-
tained the multi-stage rotor deviation accumulation model, and verified the accuracy of the rotor 
assembly deformation model through tests. Ye [9] analyzed the assembly deformation mecha-
nism of the stop bolt connection under the condition of endface devia-tion, established the cor-
responding assembly deformation model, and analyzed the influence law of characteristic pa-
rameters such as endface deviation and stop interference magnitude on its deformation degree. 
Chen [10] established a calculation model of the nonconcentricity of rotor system when the 
connection structure is randomly misaligned, and analyzed the influence law of structural pa-
rameters, process parameters and joint load parameters on the system nonconcentricity. Li [11] 
used the solid finite element model of bolted flange connection to analyze the influence law of 
bolt pretightening force on the coaxiality of the structure in detail, and the calculation results 
showed that the circumferential position of the bolt has some influence on the concentricity of 
the structure. Through the theoretical calculation model of nonconcentricity, Zhang [12] ana-
lyzed the influence law of endface runout and phase on the concentricity of engine case. Bai 
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[13] established a contact finite element model of multi-bolt 
connection and analyzed the influence law of pretightening 
force and tightening sequence on the concentricity of the case. 

In terms of the kinetic response to rotor nonconcentricity, ro-
tor nonconcentricity mainly causes rotor shaft line offset, and 
this failure type is similar to rotor bending. In terms of vibration 
response and fault characteristics of rotor bending, a lot of 
research work has been carried out by scholars at home and 
abroad. Taking a rigidly supported single-disk bended rotor as 
the research object, Nichola [14] analyzed in detail the influ-
ence law of rotor bending excitation and unbalanced excitation 
on rotor vibration characteristics. On this basis, Shiau [15] fur-
ther analyzed the vibration characteristics of the Jeffcott rotor 
during initial bending by considering the effect of disc tilt on the 
rotor gyroscopic moment during bending in detail. Liu [16] com-
pared and analyzed the vibration characteristics of the Jeffcott 
rotor, cantilever rotor and double-supported optical shaft rotor 
under the condition of the initial bending. Lin [17] through tak-
ing a rotor with asymmetric stiffness as the research object, 
analyzed in detail the effect of the angle between the bending 
direction and the unbalance direction on the dynamic charac-
teristics and vibration stability of the system. After further con-
sideration of rotor cracks, Zou [18] established the dynamic 
model of rotor crackbending coupling fault, simulated and ana-
lyzed the rotor vibration response with and without crack, and 
researched the stabil-ity of the rotor system by Floquet theory. 

In summary, scholars at home and abroad have made 
abundant research results in nonconcentricity calculation mod-
el and nonconcentricity vibration response. However, there are 
fewer studies on the assembly deformation of nonconcentric 
high-pressure rotors, and the rotor nonconcentricity model has 
not yet considered the additional excitation of the connection 
structure, and the simulation results mostly lack experimental 
verification. In view of this, a finite element model of a high-
pressure rotor simulation tester with multiple bolted connection 
surfaces is established in this paper to carry out the simulation 
analysis of rotor assembly deformation under the condition of 
endface deviation. In addition, a nonconcentricity dynamic 
model is also established in this paper to analyze the vibration 
response of rotor nonconcentricity from both simulation and 
test, thus revealing the fault characteristics and generation 
mechanism of rotor nonconcentricity. 

 
2. Simulation of assembly deformation of 

nonconcentric rotors 
A typical aero-engine high-pressure rotor is shown in Fig. 1, 

where there are four stop bolt connection structures at the front 
and rear, with short bolts pressed axially and the stop cylindri-
cal surface positioned circumferentially. Usually, interference fit 
is used, but the connection interface often has assembly devia-
tion. This makes the high-pressure rotor inertia axis deflected, 
therefore leading to rotor nonconcentricity. Since the high-
pressure rotor connection structure is usually positioned via 
stop with small radial deviation, this section establishes a solid 

finite element model of the high-pressure rotor simulation tester 
with multiple bolted connection surfaces to analyze in detail the 
assembly deformation of the high-pressure rotor simulation 
tester under the condition of endface deviation. 

 
2.1 Solid finite element model 

A 3D modeling software UG is used to build the 3D solid 
model of the high-pressure rotor simulation tester. As shown in 
the Fig. 2, a gasket is added at the position of connection 2, 
and the endface deviation of connection 2 is simulated by 
changing the inclination angle of the gasket. Besides, ANSYS 
Workbench finite element analysis software is used to build a 
solid finite element model of the high-pressure rotor simulation 
tester with multiple bolted connection surfaces. As shown in 
the Fig. 3, the model is meshed with SOLID187 tetrahedral 
cells, and meshes are refined locally in four connection parts 
with M8 bolts. The model is made of 45# steel, whose basic 
material properties include modulus of elasticity 207000 MPa, 
Poisson's ratio 0.3, and density 7800 kg/m3. 

The loads and restraints of the solid finite element model of 
the tester are shown in the Fig. 4, where fixed constraints are 
set at the bearing positions on the left and right sides, and the 
bolt pretightening force is applied at the four stop bolt connec-
tion positions at the front and rear through PRETS179 pretight-
ening force unit. The bolt pretightening force is set to 10313 N 

 
Fig. 1. High-pressure rotor of a typical aircraft engine. 

 

 
Fig. 2. 3D solid model of high-pressure rotor simulation tester with multiple 
bolted connection surfaces. 

 

 
Fig. 3. Finite element model of high-pressure rotor simulation tester with
multiple bolted connection surfaces. 
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according to the HB6125 standard. 22 sets of contact surfaces 
are provided at the front and rear, which adopt CONTA174 and 
TARGE170 units to create contact pairs. A friction contact type 
with a friction coefficient of 0.15 is used. The offset option of 
the contact surface at the stop position is set to 0.04 mm to 
simulate the interference fit in the stop area. Eventually, the 
deformation of the whole rotor is calculated by extracting the 
displacement of the nodes on the axis line. 

 
2.2 Finite element analysis of assembly defor-

mation 

The assembly deformation of the high-pressure rotor simula-
tion tester when the endface deviation is 1mm is shown in the 
Fig. 5. The radial displacement of the axis line node is ex-
tracted and the axis line deformation is plotted according to the 
axial position of the node, as shown in the Fig. 6. The overall 
high-pressure rotor simulation tester is tapered, and the radial 
deviation at point B where the gasket is added is the largest, 
with a maximum radial deviation of 0.6383 mm. From the axis 
line deformation diagram, we can see that the rotor bends at 
points A and C. Point A is located at the front of the conical 
drum of the high-pressure rotor, where the rigidity is weak, 
while point C is located at the connection surface 4 of the stop 
bolt. Due to the small number of bolts and the weak connection 
stiffness, the bolted connection surface is separated, and the 
axis lines before and after points A and C are straight, indicat-
ing that the overall stiffness of all parts of the high-pressure 
rotor is high and no bending deformation occurs. 

The contact state of each connection surface before and af-
ter the rotor is shown in the Fig. 6. The simulation results show 
that under the action of the bolt pretightening force, the end-
face deviation application position (i.e. bolted connection sur-
face 2) achieves a good fit, the bolted connection surface 1 
and bolted connection surface 3 have a good contact state, 
and the bolted connection surface 4 is separated, which corre-

sponds to the change of radial deviation at point C. 

 
2.3 Influence law of characteristic parameters 

The characteristic parameters such as endface deviation, 
bolt pretightening force and number of bolts may have some 
influence on the assembly deformation of the high-pressure 
rotor simulation tester. This subsection discusses in detail the 
influence law of these three characteristic parameters on rotor 
assembly deformation. 

 
2.3.1 Endface deviation  

The deformation of the rotor axis line with different endface 
deviations is shown in the Fig. 8. As can be seen from the fig-
ure, with the increasing endface deviation, the radial deviation 
of the high-pressure rotor simulation tester is increasing, and 
the deformation of the axis line is becoming more and more 
obvious, and the nonconcentricity of the rotor is increasing. 
Under the conditions of 0.5 mm, 1.0 mm, 1.5 mm and 2.0 mm 
endface deviations, the maximum values of rotor radial runout 
are 0.3177 mm, 0.6383 mm, 0.9135 mm and 1.2181 mm, re-
spectively, and the maximum radial runout value of rotor is 
basically linear with the endface deviation. This indicates that 
the connection surface 2 maintains a good fit at different end-
face deviations, and the main deformation parts are still mostly 
located in the front end of the conical drum cylinder and the 
bolted connection surface 4. 

 
2.3.2 Bolt pre-tightening force  

The deformation of the rotor axis line under different pre-

 
 
Fig. 4. High-pressure rotor simulation tester load and restraint settings. 

 

 
Fig. 5. Section of the assembly deformation of the high-pressure rotor 
simulation tester. 

 

 
 
Fig. 6. Deformation of the rotor axis line of the high-pressure rotor simula-
tion tester. 

 

 
Fig. 7. Contact state of the bolted connection surface. 
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tightening forces is shown in the Fig. 9. When the endface 
deviation is certain, the radial deviation of the rotor remains 
basically the same with the increase of pretightening force. 
This indicates that the connection surface 1, connection sur-
face 2 and connection surface 3 all maintain a good fit under 
different pretightening forces. The radial deviation at the con-
nection surface 4 (point C) increases slightly as the pretighten-
ing force decreases, because the bolt connection 4 undergoes 
significant separation and deformation when the pretightening 
force is small, causing the right rotor to warp upward. Overall, 
the bolt pretightening force has a small effect on rotor assem-
bly deformation. 

 
2.3.3 Number of bolts  

The deformation of rotor axis line at different number of bolts 
is shown in the Fig. 10. As the number of bolts decreases, the 
radial deflection of the rotor keeps decreasing. The radial dis-
placement of point B is 0.6383 mm, 0.5705 mm and 0.5062 mm 
for 16, 8 and 4 bolts respectively, which indicates that the con-
tact condition of connection surface 2 deteriorates as the num-
ber of bolts decreases, and the connection surface cannot fit 
completely, resulting in a decrease in the radial deflection of 
the rotor axis line. At the same time, as the number of bolts 
decreases, the rotor axis line inflects at point D, the position of 
which corresponds to connection surface 1. This indicates that 

as the number of bolts decreases, the connection surface 1 
also gradually separates. 

 
3. Mechanical modeling of nonconcentric 

rotors and verification 
3.1 Mechanical modeling of nonconcentric rotors 

From the above, it can be seen that the connection 2 has the 
most significant influence on the dynamic characteristics of the 
rotor system and the rotor axis line as a whole is tapered when 
there is endface deviation at the connection surface. The non-
concentric rotor assembled is shown in the Fig. 11. There is a 
deviation between the geometric center line of left drum cylin-
der and right drum cylinder and the rotation center line, which 
leads to the existence of unbalanced excitation force and bend-
ing excitation force that rotates synchronously with the rotor 
during the rotor rotation. At the same time, there is an angular 
deviation α from the axis line of the drums on the left and right 
sides of the stop bolt connection structure, resulting in addi-
tional excitation forces in the connection structure similar to the 
angular misalignment of the coupling. In view of the above two 
types of additional loads, a rotor dynamic model considering 
nonconcentricity is developed. Its differential equation of mo-
tion can be expressed as: 

 
1 1 1 1 1 1 1

1 1 1

2 2 2 2 2 2 2

2 2 2

+
( )

+ .

b s m

b s m

ω

ω

−⎧
⎪ +⎪
⎨ −⎪
⎪ +⎩

M q + C G q + K q =
Q Q Q
M q + C G q + K q =
Q Q Q

（ ）

 (1) 

 
 
Fig. 8. Deformation of rotor axis line at different gasket inclination angles. 

 

 
 
Fig. 9. Deformation of the axis line of the high-pressure rotor simulation 
tester under different pretightening forces. 
 

 
 
Fig. 10. Deformation of the axis line of the high-pressure rotor simulation 
tester under different bolt Qty. 

 

 
Fig. 11. Nonconcentricity of rotor. 
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Where: 
¨

1q , 1q  and 1q  are the node acceleration, velocity 
and displacement of the left drum, respectively. ¨

2q , 2q  and 
2q  are the node acceleration, velocity and displacement of the 

right drum, respectively. ω is the rotor angular velocity. M1 and 
M2 are the mass matrices of the left and right drums. k1 and K2 
are the stiffness matrices of the left and right drums. G1 and G2 
are the gyroscopic matrices of the left and right drums. C1 and 
C2 are the damping matrices of the left and right drums. The 
system damping is proportional damping, i.e. C = αM+βK. M is 
the corresponding system mass matrix, K is the corresponding 
system stiffness matrix, α is the mass damping coefficient, β is 
the stiffness damping coefficient. Qb1 and Qb2 are the additional 
excitation forces resulting from the relative motion of the rotors 
at the left and right ends of the coupling. Qs1 and Qs2 are the 
additional excitation forces caused by the nonconcentricity of 
the left and right drums, including both unbalanced and bend-
ing excitation forces. Qm1 and Qm2 are the additional excitation 
forces of the connection structure caused by the nonconcen-
tricity. 

When the assembled rotor is nonconcentric, the initial radial 
bend of the left drum is b1 and the offset of the center of mass 
of the turntable is δ1. Take node i as an example. When it has 
radial bending and mass eccentricity, the position of the disc 
where node i is located is shown in the Fig. 12, where O is the 
center of rotation, Os is the geometric center after the deviation 
of the center of rotation O due to the initial bending, O´ is the 
geometric center of the disc vortex state, Om is the center of 
mass of the disc, and the vector OOs is the radial offset of node 
i, whose projections in the y-direction and z-direction are byi 
and bzi, respectively. Therefore, when the initial bending exists 
at node i, the initial bending quantity b1 can be expressed as: 

 
freedom of ith no Tde 

1 0 0 0 0 0 0yi zib b
⎧ ⎫⎪ ⎪= ⎨ ⎬
⎪ ⎪⎩ ⎭

b . (2) 

 
The vector O´Om is the mass eccentricity of node i, whose 

projections in the y-direction and z-direction are δyi and δzi, 
respectively. Therefore, when mass eccentricity exists at node i, 
the initial eccentricity δ1 can be expressed as: 

freedom of ith node T

1 0 0 0 0 0 0yi ziδ δ
⎧ ⎫⎪ ⎪= ⎨ ⎬
⎪ ⎪⎩ ⎭

δ . (3) 

 
The load induced by the initial bend amount b1 of the rotor is 

the excitation force K1b1 that rotates synchronously with the 
rotor. The additional unbalanced excitation force induced by 
the eccentricity δ1 of the wheel disc mass is M1δ1ω2. So, the 
additional excitation force Qs1 induced by the nonconcentricity 
of the left drum can be expressed as: 

 
2

1 1 1 1 1s ω= +Q K b M δ . (4) 
 
Similarly, the additional excitation force Qs2caused by the 

nonconcentricity of the right drum can be obtained as: 
 

2
2 2 2 2 2s ω= +Q K b M δ . (5) 

 
Where b2 is the initial bend amount of the right drum, and δ2 

is the offset of the center of mass of the right drum turntable. 
The left drum and the right drum are connected by a stop 

bolt connection structure that is simulated by adding additional 
excitation forces Qb1 and Qb2 generated by the relative motion 
of the rotor at the left and right ends of the coupling. Assuming 
that node i of the left drum is connected to node j of the right 
drum, and the radial force and bending moment are transferred 
between them through the stop bolt connection structure, the 
radial force and bending moment of node i can be expressed 
as: 

 
1 2 1 2 1

1 2 1 2 1

1 2 1 2 1

1 2 1 2 1

( ) ( )
( ) ( )

( ) ( )
( ) ( )

yi ny j i ny j i

zi nz j i nz j i

yi y jy iy y jy iy

zi z jz iz z jz iz

F k y y c y y
F k z z c z z
M k c
M k c

θ θ

θ θ

θ θ θ θ
θ θ θ θ

⎧ = − + −
⎪ = − + −⎪
⎨ = − + −⎪
⎪ = − + −⎩

. (6) 

 
Where F 1 

yi  and F 1 
zi  denote the forces on the left drum node i 

in the y-direction and z-direction, respectively. M 1 
yi  and M 1 

zi  are 
the moments of the left drum node i around the y-axis and the 
z-axis. kny and knz are the radial stiffnesses of the connection 
structure in the y-direction and z-direction. kθy and kθz are the 
bending stiffnesses of the connection structure around the y-
axis and the z-axis. cny and cnz denote the radial damping of the 
connection structure. cθy and cθz represent the angular damping 
of the connected structure. According to the principle of mutual-
ity of forces, the forces F 2 

yj  and F 2 
zj  and the moments M 2 

yj  and 
M 2 

zj  on the right drum node j are the reaction forces and 
reaction moments of node i. 

The additional excitation force for the endface deviation of 
the bolted connection surface is set by Ref. [19]. For the angu-
lar deviation of the left and right rotor axis lines caused by the 
endface deviation of the bolted connection surface, the simpli-
fied model mainly considers the following three uncertainty 
factors: 

 

 
 
Fig. 12. Position of turntable. 
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① Uneven circumferential position of the bolt 
As shown in the Fig. 13, the circumferential position of bolt i 

at t can be expressed as: 
 

( )Deg
0

( 1) 2( ) ( )   1,2, ,
180i i

it t r i N
N

ππφ φ ω
Δ− ×= + + + × = . (7) 

 
Where N is the number of connected pairs, 0φ  is the 

circumferential position in the initial angular misalignment, ∆Deg 
is the discrete angle of the circumferential position, and ri is a 
random number from -1 to 1. The discrete angle ∆Deg and the 
random number ri are used to model the inhomogeneity of the 
circumferential position distribution. 
② Different axial stiffness of the bolt 
Due to assembly and manufacturing errors, there is some 

variation in the connection stiffness of each bolt in the circum-
ferential direction. Therefore, the stiffness dispersion coefficient 
ξ is introduced to characterize the variability of the axial stiff-
ness of the bolts, i.e., the axial stiffness of the i-th bolt connec-
tion is expressed as: 

 
a a(1 )i ik r kξ= + × × .

 
(8) 

 
Where ka is the average axial stiffness of the bolt, and ri is a 

random number from -1 to 1. 
③ Non-linear characteristics of the bolt stiffness 
The axial stiffness of the bolt is similar to that of a rigid spring 

to some extent. Therefore, the nonlinear stiffness characteris-
tics of the bolt similar to those of the rigid spring are simulated, 
and the nonlinear axial force of the ith bolt is expressed as: 

 
3

a a axi i iF k δ εδ= + . (9) 
 
Where δai is the axial relative displacement of the nodes on 

both sides of the bolt, and ε is the nonlinear factor. 
Considering the above three nonlinear factors, the additional 

excitation force triggered by the angular deviation of the bolted 
connection surface is deduced. At t, the angular deviation of 
the connection surface is θ, the radius of action of the bolt is Rb, 
and the axial deformation δai of the ith bolt can be expressed as: 

 
a b( ) sin cos ( )i it R tδ θ φ= −

 
(10) 

The axial force of the ith bolt can be obtained by bringing it 
into Eq. (9): 

 
3

a a a( ) ( ) ( )xi i i iF t k t tδ εδ= + . (11) 
 
The moments of the ith bolt around the y-axis and z-axis are: 
 

b

b

( ) ( ) sin ( )
( ) ( ) cos ( ).
yi xi i

zi xi i

M t F t R t
M t F t R t

φ
φ

=⎧
⎨ = −⎩

 (12) 

 
Therefore, the additional excitation force on the left bolted 

connection surface at t is: 
 

m

1

m

1

m

1

( )

( )

( ).

N

x xi
i

N

y yi
i

N

z zi
i

F F t

M M t

M M t

=

=

=

⎧ =⎪
⎪
⎪ =⎨
⎪
⎪

=⎪
⎩

∑

∑

∑

 (13) 

 
Obviously, the additional excitation force acting on the right 

bolted connection surface is the counter force of Eq. (13). 
Since the bolt connection structure is connected to the left ro-

tor node i and the right rotor node j, the additional excitation 
forces Qm1 and Qm2 generated by the angular deviation of the 
connection interface between the left drum and the right drum 
can be expressed as: 

 
freedom of ith T

m m m
1

 node

0 0 0 0 0m x y zF M M
⎧ ⎫⎪ ⎪= ⎨ ⎬
⎪ ⎪⎩ ⎭

Q  (14) 

freedom of jth node T

m m m
2 0 0 0 0 0m x y zF M M

⎧ ⎫⎪ ⎪= − − −⎨ ⎬
⎪ ⎪⎩ ⎭

Q . (15) 

 
3.2 Comparative verification of modal test and 

modal simulation 

In order to verify the correctness of the dynamic model of the 
high-pressure rotor with different heart faults, the modal test 
based on the tester and the modal simulation calculation based 
on the dynamic equation were carried out. 

1) Modal test 
The modal test site is shown in Fig. 14. The modal test 

adopts the sine wave excitation method. The frequency range 
is 20-300 Hz, and the frequency sweep interval is 1 Hz. The 
single-input and multi-output modal parameter identification 
method is adopted. The sinusoidal excitation force is applied to 
the middle drum position of the rotor, and the excitation force 
amplitude is 40 N. Seven measuring points are selected on the 
rotor tester to collect the acceleration signal. The measuring 
point arrangement scheme is shown in Fig. 15. 

After processing the test data, the amplitude-frequency 

 
 
Fig. 13. Circumferential position of the connected pair. 
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curves of each acceleration measuring point are obtained as 
shown in Fig. 16. The test results show that there are 4-order 
resonance frequencies in the sweep frequency range of 20 ~ 
300 Hz, which are 74 Hz, 91 Hz, 123 Hz and 145 Hz respec-

tively. The first two resonance frequencies are the first-order 
natural frequencies of the rotor, and the last two resonance 
frequencies are the second-order natural frequencies of the 
rotor. The reason for the two resonance frequencies in each 

  
 (a) Monitoring point 1 (b) Monitoring point 2 (c) Monitoring point 3 
 

  
 (d) Monitoring point 4 (e) Monitoring point 5 (f) Monitoring point 6 
 

 
(g) Monitoring point 7 

 
Fig. 16. The amplitude-frequency curve of each measuring point in modal test. 

 

 
Fig. 15. Signal acquisition point layout scheme diagram. 

 

 
 
Fig. 14. Modal test site. 
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mode is that the horizontal and vertical stiffness of the rotor are 
different. The modal shape of the tester is shown in Fig. 17. 
The first and second modes are the rotor translation, and the 
third and fourth modes are the rotor pitch, which further verifies 
that the first two order resonance frequencies of the rotor are 
the first order modal frequencies of the tester, and the last two 

order resonance frequencies are the second order modal fre-
quencies of the tester. In this paper, 91 Hz and 145 Hz are 
selected as the first two natural frequencies of the rotor, and 
the first two vibration modes of the rotor are rotor translation 
and rotor pitch. 

2) Modal simulation  

       
 (a) First-order (b) Second-order 
 

       
 (c) Third-order (d) Fourth-order 
 
Fig. 17. Vibration mode of modal test. 

 

  
 (a) Monitoring point 1 (b) Monitoring point 2 (c) Monitoring point 3 
 

  
 (d) Monitoring point 4 (e) Monitoring point 5 (f) Monitoring point 6 
 

 
(g) Monitoring point 7 

 
Fig. 18. The amplitude-frequency curve of each measuring point in modal simulation. 
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According to the high-pressure rotor dynamics model estab-
lished in this paper, the state space method is used to solve 
the first two natural frequencies and vibration modes of the 
rotor system, and the vibration signal of the acceleration 
measuring point position of the rotor modal test is extracted. 
The amplitude-frequency curve of each measuring point is 
shown in Fig. 18. The simulation results show that in the fre-
quency range of 0~300 Hz, the rotor tester has a total of 86 Hz 
and 150 Hz two-order natural frequencies. The natural fre-
quency simulation and calculation results are shown in Table 1, 
and the two-order natural frequency errors are within 10 %. 
The calculation results of the modal shape of the tester are 
shown in Fig. 19. The first-order modal shape is the rotor trans-
lation, and the second-order modal shape is the rotor pitch. 
The modal shape is consistent with the test results, which veri-
fies the correctness of the rotor dynamics model. 

 
4. Simultion analysis and experimental veri-

fication of the vibration response of non-
concentric rotors 

According tothe modeling method of a six-degree-of-
freedom Timoshenko beam cell and the equivalent method of a 
rigid disk and support system described in the Ref. [20], the 
dynamic model of a high-pressure rotor simulation tester con-
taining a stop-bolt connection structure is established. Using 
the above dynamic model of nonconcentricity and the New-
mark-β numerical integration method, the vibration response 
simulation analysis of nonconcentric rotor is carried out. In the 
numerical simulation, the angle dispersion coefficient is set to 
1.5° and the connected pair stiffness dispersion coefficient to 
0.15, considering the uneven bolt circumferential position and 
different bolt axial stiffness. 

Meanwhile, vibration response simulation tests of noncon-
centricity are carried out on the high-pressure rotor simulation 
tester with multiple bolted connection surfaces, so as to meas-
ure the time and frequency domain signals of the system vibra-
tion response for nonconcentric rotors and to verify the correct-
ness of the dynamic model for rotor nonconcentricity. 

 
4.1 Introduction of the test device and test sys-

tem  

The high-pressure rotor simulation tester with multiple bolted 
connection surfaces is shown in the Fig. 20. The tester con-
sists of multiple drum structure segments, there are a total of 
four stop bolt connection structures at the front and rear, and 
the left and right ends are fixed by support 1 and support 2 
respectively. The connection 2 position is equipped with gas-
kets. Different degrees of nonconcentricity are simulated by 
replacing the gaskets with different inclination angles. 

The arrangement scheme of the signal acquisition points is 
shown in the Fig. 21. Eddy current displacement sensors are 
installed at the right rotation axis of support 1, the drum be-
tween connection 4 and connection 3, the drum between con-
nection 3 and connection 2, the drum between connection 2 
and connection 1, and the cantilever drum on the right side of 
connection 1. The obtained vibration displacement signal is 
amplified by a preamplifier, then collected by a data collector, 
and finally output to the computer terminal. The nylon rope type 
coupling is attached with reflective film, and the rotor speed is 
measured by photoelectric sensor, and the signal is collected 

Table 1. Natural frequency simulation and experimental comparison. 
 

Natural frequency/(Hz) 
Order 

Test Simulation 
Error/(%) 

First 91 86 5.49 

Second 145 150 3.45 

 

 
(a) First-order 

 

 
(b) Second-order 

 
Fig. 19. The vibration mode of modal simulation. 

 

 
Fig. 20. Test site for rotor nonconcentricity vibration response. 

 

 
Fig. 21. Signal acquisition measurement point arrangement scheme. 

 



 Journal of Mechanical Science and Technology 37 (10) 2023  DOI 10.1007/s12206-023-0906-7 
 
 

 
4998  

by data collector and then output to the computer side. 
The main test steps of the vibration response test of the non-

concentric rotor are: when the tester is not gasketed, the rotor 
tester is concentric by default, which is regarded as the noncon-
centricity condition 1; after the rotor tester is accelerated to 3000 
r/min and 4000 r/min in turn, the vibration displacement of meas-
urement points 1~5 at the fixed speed is measured; the gasket 
with 0.1 mm endface deviation is replaced, which is recorded as 
the nonconcentricity condition 2; finally, complete the vibration 
signal measurement at the above characteristic speed and then 
record the data. In the numerical simulation, the radial deviation 
of the rotor under different operating conditions is used as input 
data. Similarly, two characteristic speeds of 3000 r/min and 4000 
r/min are selected for the vibration response analysis of noncon-
centricity. The experimental results are compared to verify the 
correctness of the nonconcentricity models. 

 
4.2 Analysis of simulation results and test re-

sults 

4.2.1 Concentricity 
① Spped 3000 r/min 
Under concentric state, when the rotor speed is 3000 r/min, 

the simulation and test results of the vibration response of the 
front and rear measurement points are shown in the Fig. 22. 
From the test results, it can be seen that the vibration dis-
placement of measurement point 3 is the largest, with an am-
plitude of about 0.0373 mm, and the vibration displacement of 
measurement point 1 is the smallest, with an amplitude of 
about 0.0136 mm. The vibration signal at each measurement 
point before and after the rotor is mainly at 1X frequency and 
shows 2X and 4X frequency characteristics. The simulated 
signal has only 1X frequency characteristics, which match the 
frequency spectrum of the test results. Meanwhile, the vibration 
amplitudes are similar to the test results, which indicates that 
the initial unbalance of the rotor is effectively set to simulate the 
initial unbalance state of the rotor tester. In general, the ampli-
tude of vibration displacement at each measurement point 
before and after the rotor is small, which indicates that the un-
evenness of the rotor is small and the rotor generally maintains 
good concentricity. 
② Speed 4000 r/min 
Under concentric state, when the rotor speed is 4000 r/min, 

the simulation and test results of the vibration response spec-
trum plot of all the front and rear measurement points are 
shown in the Fig. 23. From the spectrum plot of the test results, 
it can be seen that the rotor still has the maximum vibration 
displacement at the position of measurement point 3, with the 
vibration displacement amplitude of about 0.0544 mm, and the 
vibration response of each measurement point of the rotor is 
mainly at 1X frequency and shows 2X and 1/2 frequency divi-
sion characteristics. Compared with the rotor vibration re-
sponse at 3000 r/min, the vibration displacement amplitude of 
each measurement point has increased significantly. From the 
spectrum plot of the simulation results, it can be seen that the 

 
(a) Measurement point 1 

 

 
(b) Measurement point 2 

 

 
(c) Measurement point 3 

 

 
(d) Measurement point 4 

 

 
(e) Measurement point 5 

 
Fig. 22. Spectrum plot of the vibration response of each measurement point 
under concentric state (3000 r/min). 
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vibration response of the simulation results contains only 1X 
frequency characteristics, and its vibration amplitude is similar 
to the experimental results, which verifies the correctness of 
the initial model in this paper. 

The comparison between the simulation results and the ex-
perimental results of the vibration response amplitude of each 
measurement point at different characteristic speeds is shown 
in the Table 2. At different characteristic speeds, the vibration 
amplitude of each measurement point is similar, and the simu-
lation error does not exceed 20 %, so that the test and simula-
tion are in good agreement. This indicates that the rotor dy-
namic model established in this paper effectively simulates the 
initial unbalance state of the rotor tester. 

 
4.2.2 0.1 mm endface deviation 
① Speed 3000r/min 
Under the condition of 0.1 mm endface deviation, when the 

rotor speed is 3000 r/min, the test and simulation results of the 
vibration response spectrum plot of all the front and rear 
measurement points are shown in the Fig. 24. As shown in the 

spectrum plot of test results, the vibration response of meas-
urement point 4 is the largest, with the vibration displacement 
amplitude of about 0.0545 mm; the vibration response of 
measurement point 5 is the smallest, with the vibration dis-
placement amplitude of about 0.0191 mm; by comparing the 
rotor vibration response at 3000 r/min under concentric state, it 
can be seen that the vibration amplitude of each measurement 
point before and after the rotor has increased, for example, the 
displacement amplitude of measurement point 4 has increased 
from 0.0340 mm to 0.0545 mm; at the same time, as shown in 
the spectrum plot of each measurement point, measurement 
point 3 and measurement point 4 near the connection 2 show 
obvious 2X frequency characteristics, which indicates that the 
nonconcentric rotor will lead to an increase in rotor vibration 
amplitude, and the appearance of 2X frequency fault character-
istics signal. From the spectrum of simulation results, it can be 
seen that the amplitude of vibration displacement of each 
measurement point is basically consistent with the test results; 
meanwhile, the measurement point 3 and measurement point 
4 near the connection 2 both show obvious 2X frequency char-

Table 2. Comparison of simulation and experimental results of vibration displacement amplitude at each characteristic speed under concentric state. 
 

Speed Name Measurement point 1 Measurement point 2 Measurement point 3 Measurement point 4 Measurement point 5

Test amplitude/mm 0.0136 0.0139 0.0373 0.034 0.0164 

Simulation amplitude/mm 0.0145 0.0158 0.0366 0.0345 0.0191 
Characteristic 

speed 
3000 r/min Error % 6.62 % 13.67 % 1.88 % 1.47 % 16.46 % 

Simulation amplitude/mm 0.0355 0.0324 0.0544 0.0324 0.0322 

Test amplitude/mm 0.0325 0.0359 0.0521 0.0383 0.0338 
Characteristic 

speed 
4000 r/min Error % 8.45 % 10.80 % 4.23 % 18.21 % 4.97 % 

 

  
 (a) Measurement point 1 (b) Measurement point 2 (c) Measurement point 3 
 

       
 (d) Measurement point 4 (e) Measurement point 5 
 
Fig. 23. Spectrum plot of the vibration response of each measurement point under concentric state (4000 r/min). 
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acteristics, and the 2X frequency amplitude is 0.0196 mm and 
0.0180mm respectively, which is also basically consistent with 
the 2X frequency amplitude of the test results. Therefore, this 
further verifies the correctness of the nonconcentricity models. 
② Speed 4000 r/min 
The spectrum plot of the vibration response of each meas-

urement point of the rotor at a speed of 4000 r/min and an end-
face deviation of 0.01 mm is shown in Fig. 25. From the test 

results, it can be seen that the vibration response of measure-
ment point 4 is the largest, with a displacement amplitude of 
0.1358 mm; the vibration displacement of measurement point 1 
is the smallest, with a displacement amplitude of 0.0676 mm; 
compared with the rotor vibration response at a speed of 
4000 r/min under concentric state, the vibration amplitude of 
each measurement point before and after the rotor increases 
significantly; taking measurement point 3 as an example, the 

  
 (a) Measurement point 1 (b) Measurement point 2 (c) Measurement point 3 
 

       
 (d) Measurement point 4 (e) Measurement point 5 
 
Fig. 24. Spectrum plot of vibration response of measurement point at 0.1 mm endface deviation (3000 r/min). 

 

  
 (a) Measurement point 1 (b) Measurement point 2 (c) Measurement point 3 
 

       
 (d) Measurement point 4 (e) Measurement point 5 
 
Fig. 25. Spectrum plot of vibration response of measurement point at 0.1 mm endface deviation (4000 r/min). 
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vibration displacement amplitude increases from 0.0544 mm to 
0.1283 mm. From this, it is obvious that the rotor vibration ampli-
tude will be increased due to the rotor concentricity. The vibra-
tion response of each measurement point before and after the 
rotor is mainly at 1X frequency, and the 2X frequency compo-
nent is weak and basically negligible. The main reasons include: 
the first-order critical speed of the rotor tester is about 5200 
r/min, and the characteristic speed of 3000 r/min is close to one-
half of the first-order critical speed, so it is easy to generate the 
2X frequency signal. In addition, the characteristic speed of 
4000 r/min is far from one-half of the critical speed, so it is not 
easy to produce 2X frequency fault characteristic signals. The 
vibration displacement amplitudes of the rotor simulation results 
are basically consistent with the experimental results. The vibra-
tion response of each measurement point is mainly at 1X fre-
quency and shows smaller 2X frequency characteristics, which 
is also basically consistent with the experimental results and 
verifies the correctness of the simulation model. 

The simulation and test results of the 1X frequency and 2X 
frequency vibration amplitudes of each measurement point at 
different characteristic speeds and 0.1 mm endface deviation 
are shown in Tables 3 and 4 respectively. At different charac-
teristic speeds, the 1X frequency amplitude of the vibration 
displacement of each measurement point is similar, and the 
simulation error does not exceed 20 %. Meanwhile, at 
3000 r/min, the 2X frequency vibration amplitudes of meas-
urement point 3 and measurement point 4 are basically the 
same. This shows that the experimental results achieve good 
agreement with the simulation results, which verifies the cor-
rectness of the dynamic model of rotor nonconcentricity. 

 
5. Conclusions  

This paper analyzes the assembly deformation of the simula-
tion tester of the nonconcentric high-pressure rotor, establishes 
the dynamic model of rotor nonconcentricity, simulates the 
vibration response of the nonconcentric rotor, and finally veri-
fies the fault characteristics of rotor nonconcentricity through 

tests. The conclusions are made as below: 
1) A contact finite element model of a high-pressure rotor 

simulation tester with multiple bolted connection surfaces is es-
tablished, and the assembly deformation state of the rotor when 
there is endface deviation at the bolted connection interface is 
simulated and analyzed by extracting the radial displacement of 
the axis line. The simulation results show that the connection 
interface 2 with endface deviation is basically fitted, and the rotor 
deformation is mainly concentrated in the front end of the ta-
pered drum and the connection surface of the turbine rear jour-
nal, the rotor axis line as a whole is tapered, and the assembly 
parameters such as the bolt pretightening force and the number 
of bolts have little effect on the rotor assembly deformation. 

2) Considering the unbalanced excitation force and bending 
excitation force caused by the rotor nonconcentricity, as well as 
the additional excitation force of the connection structure, a 
dynamic model of rotor nonconcentricity is established. Based 
on the contact finite element model of a high-pressure rotor 
simulation tester with multiple bolted connection surfaces, the 
vibration response simulation analysis of nonconcentric rotor is 
carried out. The calculation results show that the rotor noncon-
centricity fault causes an increase in rotor vibration amplitude, 
and 2X frequency fault characteristics near connection 2 (i.e., 
near the stop bolt connection structure where endface devia-
tion exists) can be noticed. The vibration response test for rotor 
nonconcentricity fault at various characteristic speeds is per-
formed using the nonconcentricity simulation tester of the high-
pressure rotor simulation tester with multiple bolted connection 
surfaces. The fault characteristics obtained from the test are 
similar to the simulation results, thus verifying the correctness 
of the rotor nonconcentricity fault model. 

3) In this paper, only the endface deviation of the connecting 
2nd position is considered, and the radial deviation and the 
stacking effect of the endface deviation and radial deviation of 
multiple connecting interfaces are not considered. Therefore, in 
the future work, it is necessary to establish a multi-stage rotor 
deviation accumulation model based on the actual structure of 
the high-pressure rotor of the aero-engine, and realize the 

Table 3. Comparison of simulation and test results of 1X frequency vibration amplitude at each characteristic speed for 0.1 mm endface deviation. 
 

Speed Name Measurement point 1 Measurement point 2 Measurement point 3 Measurement point 4 Measurement point 5

Test amplitude/mm 0.0225 0.0306 0.0443 0.0545 0.0191 

Simulation amplitude/mm 0.0257 0.0327 0.047 0.0529 0.0223 
Characteristic 

speed 
3000 r/min Error % 14.22 % 6.86 % 6.09 % 2.94 % 16.75 % 

Test amplitude/mm 0.0676 0.0841 0.1283 0.1358 0.0779 

Simulation amplitude/mm 0.0789 0.0945 0.1168 0.1314 0.0851 
Characteristic 

speed 
4000 r/min Error % 16.72 % 12.49 % 8.96 % 3.24 % 9.24 % 

 
Table 4. Comparison of simulation and test results of 2X frequency vibration amplitude at each characteristic speed for 0.1 mm endface deviation. 
 

Measurement point 3 Measurement point 4 
Speed/r/min 

Test amplitude/mm Simulation amplitude/mm Error % Test amplitude/mm Simulation amplitude/mm Error %

3000 0.0186 0.0196 5.38 0.0218 0.0180 17.4 

 



 Journal of Mechanical Science and Technology 37 (10) 2023  DOI 10.1007/s12206-023-0906-7 
 
 

 
5002  

assembly control of the rotor with different concentricity through 
the optimization algorithm, so as to provide technical support 
for the actual aero-engine assembly process. 
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