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Abstract. The dual-rotor system is the core component of advanced aero-engine. Establishing a 
reasonable, accurate, and efficient dynamics model is the key to studying the dynamics and 
vibration of the rotor system for aero-engine. This manuscript takes a representative aircraft engine 
dual-rotor system as a prototype, considers the rig-id-flexible coupling characteristics of different 
stiffness elastic supports and rotor structures, and establishes an analytical dynamic model of the 
dual-rotor system. Based on the established dynamic model, the natural char-acteristics of the 
dual-rotor system are analyzed. The model was validated using two different research methods: 
the rigid-flexible coupling multi-body system dynamics simulation platform ADAMS, and finite 
element analy-sis. The dynamic model of the dual-rotor system established in this paper can meet 
the requirements of hierar-chical rigid-flexible coupling of system and structure, overall mass 
distribution, and stiffness distribution. In particular, it can also effectively realize the simulation 
of multi-facet and multi-phase unbalanced vibration of the rotor system. The research methods of 
this paper can further enrich the basic theory of dynamics and vibration of the aero-engine rotor 
system. 
Keywords: dual-rotor system, dynamic model of the dual-rotor system, rigid-flexible coupling 
dynamic simulation model. 

1. Introduction 

The dual-rotor system of aero-engine has multiple elastic supports, complex and special 
structures, and many factors are affecting its dynamic characteristics. Exploring a simplified 
model of the dual-rotor system that can reflect the structural characteristics and dynamic behavior 
of the aero-engine is the key to establishing an accurate and efficient dynamic model of rotor 
system for aero-engine. The model of the double rotors and multi-supports system used in the 
current research mainly includes the following types: the dual-rotor system with one disc for the 
high-pressure rotor and one disc for the low-pressure rotor [1-4], the dual-rotor system with two 
discs for the high-pressure rotor and two discs for the low-pressure rotor [5-7], and the dual-rotor 
system with multiple-discs [4, 8-10]. The rigid-flexible coupling of rotor system structure is not 
considered in dynamic modeling. When analyzing parts with large stiffness, the elastic strain 
energy will be too much included in the analysis based on the elastic hypothesis. The calculation 
error of the dynamics analysis and vibration prediction for the dual-rotor system is too large, so it 
is difficult to realize the accurate analysis and vibration prediction of the dynamic characteristics 
of an aero-engine rotor. 

Aiming at the theoretical analysis requirements of dynamics and vibration characteristics of 
the dual-rotor system for aero-engine, considering multiple supports and the coupling of internal 
and external rotor structures, the energy method is used to establish an analytical dynamic model. 

https://crossmark.crossref.org/dialog/?doi=10.21595/jmeacs.2023.23500&domain=pdf&date_stamp=2023-10-31
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The model has four lumped mass discs (low-pressure compressor, low-pressure turbine, 
high-pressure compressor, and high-pressure turbine) and five supports with different stiffness 
characteristics, and the low-pressure turbine shaft is considered as a flexible shaft. Based on the 
analytical model, the inherent characteristics of the dual-rotor system are analyzed and compared 
with the finite element results and multi-body dynamics simulation results, which verifies the 
effectiveness and accuracy of the analytical model. The accurate modeling of the dual-rotor system 
for aero-engine is realized, which lays a foundation for the subsequent vibration characteristics 
analysis of the dual-rotor system. 

2. Dynamic modeling of the dual-rotor system 

2.1. Mechanical model of the dual-rotor system 

This section takes a typical aviation engine dual-rotor system as a prototype and establishes a 
simplified mechanical model of the dual-rotor system based on the principle of dynamic similarity. 
Through the qualitative study of the simplified model, this paper explores the important 
parameters that affect the regularity of the motion behavior of the system. According to the 
structure and working characteristics of the dual rotor system, a simplified model that can reflect 
the main dynamic behavior of the dual-rotor system for aero-engine is established, as shown in 
Fig. 1. The modeling process follows the dynamic similarity principle, and the obtained model 
has the same mass ratio as the prototype rotor system. 

 
Fig. 1. Simplified mechanical model of the dual-rotor system 

In the simplified model of the dual-rotor system, the compressor and turbine disc are simplified 
to a disc with equivalent mass and moment of inertia. The actual multi-disc structure is simplified 
into a few disc structures. The specific simplification method is as follows: the four-stage fan discs 
in the low-pressure rotor are simplified as disc D1 (LPC), the low-pressure turbine disc is 
equivalent to disc D2 (LPT), the nine-stage compressor discs of the high-pressure rotor is 
simplified as disc D3 (HPC), and the high-pressure turbine disc is equivalent to disc 4 (HPT). 

The supports of the dual-rotor are simplified into five springs with different stiffness. The 
support stiffness 𝐾௕ଵ, 𝐾௕ଷ and 𝐾௕ହ are the combined equivalent stiffness of the bearing, squirrel 
cage and support at the front fulcrum of the fan rotor, the front fulcrum of the high-pressure rotor 
and the rear fulcrum of the low-pressure turbine respectively. 𝐾௕ଶ is the combined stiffness of 
support 2 and support 3. The intermediate fulcrum adopts the same roller bearing as the prototype, 
and the stiffness is 𝐾௕ସ. 
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2.2. Rigid-flexible coupling dynamic model of the dual-rotor system 

Taking the simplified model of the dual-rotor system shown in Fig. 1 as the research object, 
the motion analytical equation of the dual-rotor system is deduced with the help of the Lagrange 
method. The support is considered to be elastic and simulated with equivalent stiffness. The 
rotating speed of the rotating shaft is considered to be constant, and the disc, fan shaft, and 
high-pressure shaft are considered to be rigid. In particular, the elastic characteristics of the slender 
shaft of the low-pressure turbine are considered. 

2.2.1. Kinetic energy of the dual-rotor system 

The kinetic energy of the dual-rotor system includes the translational kinetic energy and 
rotational kinetic energy of the four discs, which can be recorded as follows: 𝑇 = 𝑇௧ଵ + 𝑇௥ଵ + 𝑇௧ଶ + 𝑇௥ଶ + 𝑇௧ଷ + 𝑇௥ଷ + 𝑇௧ସ + 𝑇௥ସ, (1)

where, 𝑇௧௜and 𝑇௥௜ (𝑖 = 1~4) are the translational kinetic energy and rotational kinetic energy of 
disc respectively. 

Based on the method of establishing a coordinate system and determining the generalized 
displacement and velocity of the rotor system, the kinetic energy of the dual-rotor system is 
obtained. The mass, polar moment of inertia, and diameter moment of inertia of the rotor system 
are represented by 𝑚௜, 𝐽௣௜, and 𝐽ௗ௜ (𝑖 = 1: 4) respectively. The translational and rotational kinetic 
energy of turntables 1-4 are: 𝑇௧௜ = 12𝑚௜(𝑥ሶ௣௜ଶ + 𝑦ሶ௣௜ଶ + 𝑧ሶ௣௜ଶ )      = 12𝑚௜ሼ𝑥ሶ௜ଶ + 𝑦ሶ௜ଶ + 𝑧ሶ௜ଶ + 𝑒௜ଶΩ௜ଶ − 2𝑦ሶ௜𝑒௜Ω௜sin(Ψ௜ + Ψ௜଴) + 2𝑧ሶ௜𝑒௜Ω௜cos(Ψ௜ + Ψ௜଴)ሽ, (2)

𝑇௥௜ = 12𝛀௜் 𝐉௜𝛀௜
      = 12൞ Ωଵ + 𝜃ሶ௭೔𝜃௬೔−𝜃ሶ௭೔sinΨ௜ + 𝜃ሶ௬೔cosΨ௜𝜃ሶ௭೔cosΨ௜ + 𝜃ሶ௬೔sinΨ௜ ൢ

் ቎𝐽௣௜ 0 00 𝐽ௗ௜ 00 0 𝐽ௗ௜቏ ൞
Ω௜ + 𝜃ሶ௭೔𝜃௬೔−𝜃ሶ௭೔sinΨ௜ + 𝜃ሶ௬೔cosΨ௜𝜃ሶ௭೔cosΨ௜ + 𝜃ሶ௬೔sinΨ௜ ൢ      = 12 ൫𝐽௣௜Ω௜ଶ + 2𝐽௣௜Ω௜𝜃ሶ௬௜𝜃௭௜ + 𝐽ௗ௜𝜃ሶ௬௜ଶ + 𝐽ௗ௜𝜃ሶ௭௜ଶ ൯.

 (3)

2.2.2. Potential energy of the dual-rotor system 

The potential energy of the dual-rotor system is shown in Eq. (4), including the elastic potential 
energy of five fulcrums, the potential energy of the coupling and the elastic potential energy of 
the low-pressure turbine shaft: 𝑈 = 𝑈ଵ + 𝑈ଶ + 𝑈ଷ + 𝑈ସ + 𝑈௖ + 𝑈ହ + 𝑈ୱ. (4)

It includes the elastic potential energy of five supports and the potential energy of coupling: 𝑈௜ = 12𝐪஻೔் 𝐊஻೔𝐪஻ ೔ ,      𝑖 = 1~4, (5)

where, 𝐪𝐁౟ (𝑖 = 1~4) is the displacement vector of the rotor pivot 𝐵௜ (𝑖 = 1~4) in the generalized 
coordinate system. 𝐊஻೔ is the stiffness matrix of support 𝐵௜ (𝑖 = 1~4) 
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The elastic potential energy of the intermediate bearing is as follows: 𝑈ହ = 12 ൫𝐪஼ಹ − 𝐪஼ಽ൯்𝐊𝐁ఱ൫𝐪஼ಹ − 𝐪஼ಽ൯. (6)

Among them, 𝐪஼ಹ and 𝐪஼ಽ are the generalized displacement vectors of the intermediate 
support points on the high-pressure and low-pressure rotors, respectively. 𝐊஻ఱ is the stiffness 
matrix of the intermediate support. 

The elastic potential energy at the coupling is as follows: 𝑈஼ = 12 ൫𝐪஼మ − 𝐪஼భ൯்𝐊஼൫𝐪஼మ − 𝐪஼భ൯, (7)

where, 𝐪஼భ and 𝐪஼మ are the generalized displacement vectors at coupling connection points 𝐶ଵ and 𝐶ଶ, respectively. 𝐊஼ is the equivalent stiffness of the coupling. 
Potential energy of the elastic shaft of a low-pressure turbine: 

𝑈௦ = 12 ⎣⎢⎢
⎡𝐹௬𝐹௭𝑀௬𝑀௭⎦⎥⎥

⎤் ൦𝛿ଵଵ 0 0 𝛿ଵସ0 𝛿ଶଶ 𝛿ଶଷ 00 𝛿ଷଶ 𝛿ଷଷ 0𝛿ସଵ 0 0 𝛿ସସ൪ ⎣⎢⎢
⎡𝐹௬𝐹௭𝑀௬𝑀௭⎦⎥⎥

⎤. (8)

Among them, 𝐹௬ and 𝐹௭ are the forces acting on the low-pressure turbine shaft in the 𝑦 and 𝑧 
directions. 𝑀௬ and 𝑀௭ are the torque of the low-pressure turbine shaft in the 𝑦 and 𝑧 directions. 𝛿௜௝ (𝑖 = 1~4, 𝑗 = 1~4) is the flexibility coefficient.

 
2.2.3. Dynamic equation of the dual-rotor system 

The dynamic model of the dual-rotor system is established through the Lagrange equation: 

𝑚ଵ𝑦ሷଵ − 𝑘௕ଵ௬𝜃௭ଵ𝑎ଵ + 𝑘௕ଵ௬𝑦ଵ + 12𝐸௖𝐼௖𝐿௖ଷ ൤൬𝜃𝑧12 + 𝜃𝑧22 ൰ 𝐿௖ + 𝜃௭ଵ𝑐ଵ + 𝜃௭ଶ𝑐ଶ + 𝑦ଵ − 𝑦ଶ൨ = 0, (9)𝑚ଵ𝑧ሷଵ + 𝑘௕ଵ௭𝜃௬ଵ𝑎ଵ + 𝑘௕ଵ௭𝑧ଵ + −12𝐸௖𝐼௖𝐿௖ଷ ൤൬𝜃௬ଵ2 + 𝜃௬ଶ2 ൰ 𝐿௖ + 𝜃௬ଵ𝑐ଵ + 𝜃௬ଶ𝑐ଶ − 𝑧ଵ + 𝑧ଶ൨ = 0, 𝐽ௗଵ𝜃ሷ௬ଵ + 𝐽௣ଵΩଵ𝜃ሶ௭ଵ + 4𝐸௖𝐼௖൫𝜃௬ଵ + 𝜃௬ଶ/2൯𝐿௖ + 𝑘௕ଵ௭𝜃௬ଵ𝑎ଵଶ + 𝑘௕ଵ௭𝑧ଵ𝑎ଵ
     + 12𝐸௖𝐼௬௖ ൤൬𝜃௬ଵ𝑐ଵ + 𝜃௬ଶ2 𝑐ଵ + 12𝜃௬ଶ𝑐ଶ − 𝑧ଵ2 + 𝑧ଶ2 ൰ 𝐿௖ + 𝑐ଵ൫𝜃௬ଵ𝑐ଵ + 𝜃௬ଶ𝑐ଶ − 𝑧ଵ + 𝑧ଶ൯൨𝐿௖ଷ = 0, 𝐽ௗଵ𝜃ሷ௭ଵ − 𝐽௣ଵΩଵ𝜃ሶ௬ଵ + 4(𝜃௭ଵ + 𝜃௭ଶ/2)𝐸௖𝐼௖𝐿௖ + 𝑘௕ଵ௬𝜃௭ଵ𝑎ଵଶ − 𝑘௕ଵ௬𝑦ଵ𝑎ଵ
     + 12𝐸௖𝐼௬௖ ቂቀ𝜃௭ଵ𝑐ଵ + 𝜃௭ଶ𝑐ଵ2 + 12𝜃௭ଶ𝑐ଶ + 𝑦ଵ2 − 𝑦ଶ2 ቁ 𝐿௖ + 𝑐ଵ(𝜃௭ଵ𝑐ଵ + 𝜃௭ଶ𝑐ଶ + 𝑦ଵ − 𝑦ଶ)ቃ𝐿௖ଷ = 0, 𝑚ଶ𝑦ሷଶ + ൫−𝑘௕ଶ௬𝑎ଶ − 𝑘௕ସ௬𝑎ସଵ + 𝑘௕ହ௬𝑎ହ൯𝜃௭ଶ + (𝑦ଶ − 𝑎ଷସ𝜃௭ସ − 𝑦ସ)𝑘௕ସ௬     −6𝐸௖𝐼௖(𝜃௭ଵ + 𝜃௭ଶ)𝐿௖ + 12𝐸௖𝐼௖(𝜃௭ଵ𝑐ଵ + 𝜃௭ଶ𝑐ଶ + 𝑦ଵ − 𝑦ଶ)𝐿௖ଷ + ൫𝑘௕ହ௬ + 𝑘௕ଶ௬൯𝑦ଶ     + 3𝐼𝐸௦𝐿௟𝑎ଶଷ(𝑎ଶ − 𝐿௟)ଷ ൣ−𝑦ଶ(3𝑎ଶଶ − 3𝑎ଶ𝐿௟ + 𝐿௟ଶ) + 𝜃௭ଶ𝑎ଶ(2𝑎ଶଶ − 3𝑎ଶ𝐿௟ + 𝐿௟ଶ)൧ = 0, 
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𝑚ଶ𝑧ሷଶ + (𝑘௕ଶ௭𝑎ଶ + 𝑘௕ସ௭𝑎ସଵ − 𝑘௕ହ௭𝑎ହ)𝜃௬ଶ + ൫𝑧ଶ + 𝑎ଷସ𝜃௬ସ − 𝑧ସ൯𝑘௕ସ௭     + 6𝐸௖𝐼௖൫𝜃௬ଵ + 𝜃௬ଶ൯𝐿௖ + 12𝐸௖𝐼௖൫𝜃௬ଵ𝑐ଵ + 𝜃௬ଶ𝑐ଶ − 𝑧ଵ + 𝑧ଶ൯𝐿௖ଷ + (𝑘௕ହ௭ + 𝑘௕ଶ௭)𝑧ଶ     + 3𝐼𝐸௦𝐿௟𝑎ଶଷ(𝑎ଶ − 𝐿௟)ଷ ൣ−𝑧ଶ(3𝑎ଶଶ − 3𝑎ଶ𝐿௟ + 𝐿௟ଶ) + 𝜃௬ଶ𝑎ଶ(2𝑎ଶଶ − 3𝑎ଶ𝐿௟ + 𝐿௟ଶ)൧ = 0, 𝐽ௗଶ𝜃ሷ௬ଶ + 𝐽௣ଶΩଵ𝜃ሶ௭ଶ + ൫𝑘௕ଶ௭𝑎ଶଶ + 𝑘௕ସ௭𝑎ସଵଶ + 𝑘௕ହ௭𝑎ହଶ + 𝑘௕ସఏ௬൯𝜃௬ଶ      +൫𝑧ଶ + 𝑎ଷସ𝜃௬ସ − 𝑧ସ൯𝑘௕ସ௭𝑎ସଵ + (𝑘௕ଶ௭𝑎ଶ − 𝑘௕ହ௭𝑎ହ)𝑧ଶ − 𝑘௕ସఏ௬𝜃௬ସ 
     + ቊ12𝐸௖𝑐ଶ𝐼௬௖൫𝜃௬ଵ𝑐ଵ + 𝜃௬ଶ𝑐ଶ − 𝑧ଵ + 𝑧ଶ൯ + 6𝐸௖𝐼௖൫𝜃௬ଵ𝑐ଵ + 𝜃௬ଵ𝑐ଶ + 2𝜃௬ଶ𝑐ଶ − 𝑧ଵ + 𝑧ଶ൯𝐿௖+2𝐸௖𝐼௖൫𝜃௬ଵ + 2𝜃௬ଶ൯𝐿௖ଶ ቋ𝐿௖ଷ       + 3𝐼𝐸௦𝐿௟𝑧ଶ(2𝑎ଶ − 𝐿௟)𝑎ଶଶ(𝑎ଶ − 𝐿௟)ଶ − 3𝐼𝐸௦𝐿௟𝜃௬ଶ𝑎ଶ(𝑎ଶ − 𝐿௟) = 0, 𝐽ௗଶ𝜃ሷ௭ଶ − 𝐽௣ଶΩଵ𝜃ሶ௬ଶ + ൫𝑎ଶଶ𝑘௕ଶ௬ + 𝑎ହଶ𝑘௕ହ௬ + 𝑎ସଵଶ𝑘௕ସ௬ + 𝑘௕ସఏ௭൯𝜃௭ଶ      +𝑎ସଵ(−𝑦ଶ + 𝑎ଷସ𝜃௭ସ + 𝑦ସ)𝑘௕ସ௬ + ൫−𝑎ଶ𝑘௕ଶ௬ + 𝑎ହ𝑘௕ହ௬൯𝑦ଶ − 𝑘௕ସఏ௭𝜃௭ସ 
     + ቊ 12 𝐸௖𝐼௖𝑐ଶ(𝑐ଵ𝜃௭ଵ + 𝑐ଶ𝜃௭ଶ + 𝑦ଵ − 𝑦ଶ) +2 𝐸௖𝐼௖ൣ(𝜃௭ଵ + 2 𝜃௭ଶ)𝐿௖ଶ + (3 𝑐ଵ𝜃௭ଵ + 3 𝑐ଶ𝜃௭ଵ + 6 𝑐ଶ𝜃௭ଶ + 3 𝑦ଵ − 3 𝑦ଶ)𝐿௖൧ቋ𝐿௖ଷ       + 3𝐼𝐸௦𝐿௟𝑦ଶ2𝑎ଶଶ(𝑎ଶ − 𝐿௟)ଶ (2𝑎ଶ − 𝐿௟) + 3𝐼𝐸௦𝐿௟𝑦ଶ(2𝑎ଶ − 𝐿௟)𝑎ଶଶ(𝑎ଶ − 𝐿௟)ଶ − 3𝐼𝐸௦𝐿௟𝜃௭ଶ𝑎ଶ(𝑎ଶ − 𝐿௟) = 0, 𝑚ଷ𝑦ሷଷ  − 𝑎ଷ𝜃௭ଷ𝑘௕ଷ௬ + 𝑦ଷ𝑘௕ଷ௬ + 6 𝐸௚𝐼௚ሾ(𝜃௭ଷ + 𝜃௭ସ)𝐿௛ + 2 𝑦ଷ − 2 𝑦ସሿ𝐿௛ଷ = 0, 𝑚ଷ𝑧ሷଷ + 𝑎ଷ𝜃௬ଷ𝑘௕ଷ௭ + 𝑧ଷ𝑘௕ଷ௭ − 6𝐸௚𝐼௚ ൣ൫𝜃௬ଷ + 𝜃௬ସ൯𝐿௛ − 2 𝑧ଷ + 2 𝑧ସ൧𝐿௛ଷ = 0, 
𝐽ௗଷ𝜃ሷ௬ଷ + 𝐽௣ଷΩଷ𝜃ሶ௭ଷ + 𝑎ଷଶ𝑘௕ଷ௭𝜃௬ଷ + 𝑎ଷ𝑘௕ଷ௭𝑧ଷ + 4𝐸௚𝐼௚ ቂቀ𝜃௬ଷ + 12𝜃௬ସቁ 𝐿௛ − 32 (𝑧ଷ − 𝑧ସ)ቃ𝐿௛ଶ= 0, 𝐽ௗଷ𝜃ሷ௭ଷ  −  𝐽௣ଷΩଷ𝜃ሶ  ௬ଷ + 𝑎ଷଶ𝑘௕ଷ௬𝜃௭ଷ − 𝑎ଷ𝑘௕ଷ௬𝑦ଷ + 4𝐸௚𝐼௚  ቂቀ𝜃௭ଷ + 12 𝜃௭ସቁ 𝐿௛ + 32 (𝑦ଷ − 𝑦ସ)ቃ𝐿௛ଶ= 0, 𝑚ସ𝑦ሷସ + (𝑦ସ + 𝑎ଷସ𝜃௭ସ + 𝜃௭ଶ𝑎ସଵ − 𝑦ଶ)𝑘௕ସ௬ − 6 𝐸௚𝐼௚ሾ(𝜃௭ଷ + 𝜃௭ସ)𝐿௛ + 2 𝑦ଷ − 2 𝑦ସሿ𝐿௛ଷ = 0, 𝑚ସ𝑧ሷସ − ൫𝑎ଷସ𝜃௬ସ + 𝜃௬ଶ𝑎ସଵ + 𝑧ଶ − 𝑧ସ൯𝑘௕ସ௭ + 6 𝐸௚𝐼௚ൣ൫𝜃௬ଷ + 𝜃௬ସ൯𝐿௛ − 2 𝑧ଷ + 2 𝑧ସ൧𝐿௛ଷ = 0, 𝐽ௗସ𝜃ሷ௬ସ + 𝐽௣ସΩଷ𝜃ሶ௭ସ + 𝑎ଷସ൫𝑎ଷସ𝜃௬ସ + 𝜃௬ଶ𝑎ସଵ + 𝑧ଶ − 𝑧ସ൯𝑘௕ସ௭       −𝑘௕ସఏ௬𝜃௬ଶ + 𝑘௕ସఏ௬𝜃௬ସ + 2 𝐸௚𝐼௚ൣ൫𝜃௬ଷ + 2 𝜃௬ସ൯𝐿௛ − 3 𝑧ଷ + 3 𝑧ସ൧𝐿௛ଶ = 0, 𝐽ௗସ𝜃ሷ௭ସ − 𝐽௣ସΩଷ𝜃ሶ௬ସ + 𝑎ଷସ(𝑦ସ + 𝑎ଷସ𝜃௭ସ + 𝜃௭ଶ𝑎ସଵ − 𝑦ଶ)𝑘௕ସ௬      −𝑘௕ସఏ௭𝜃௭ଶ + 𝑘௕ସఏ௭𝜃௭ସ + 2 𝐸௚𝐼௚ሾ(𝜃௭ଷ + 2 𝜃௭ସ)𝐿௛ + 3 𝑦ଷ − 3 𝑦ସሿ𝐿௛ଶ = 0, 
where, 𝑎௜ (𝑖 = 1~5) and 𝑐௜ (𝑖 = 1，2) represents the distance between two points in Fig. 1, in 
units of m. 𝑎ଵ = 𝐵ଵ𝐷ଵ, 𝑎ଶ = 𝐵ଶ𝐷ଶ, 𝑎ଷ = 𝐵ଷ𝐷ଷ, 𝑎ସ = 𝐵ସ𝐷ସ, 𝑎ହ = 𝐵ହ𝐷ଶ, 𝑐ଵ = 𝐶ଵ𝐷ଵ, 𝑐ଶ = 𝐵ହ𝐶ଶ. 
Additionally, 𝑎ସଵ is the distance between two points 𝐵ସand𝐷ଶ. 𝑎௛ is the distance between two 



RIGID-FLEXIBLE COUPLING MODELING OF THE DUAL-ROTOR SYSTEM FOR AERO-ENGINE.  
PINGPING MA, YUEHUI DONG, HANGQI ZHAO, YANG LI, MUGE LIU 

 JOURNAL OF MECHANICAL ENGINEERING, AUTOMATION AND CONTROL SYSTEMS. DECEMBER 2023, VOLUME 4, ISSUE 2 43 

points 𝐵ସ and 𝐷ସ, expressed as 𝑎௛ = (𝑎ସ − 𝑎ଷସ). 𝐿௖ is the length of the coupling, expressed as 𝐿௖ = 𝐶ଵ𝐶ଶ. 𝑙௟ is the total length of the low-pressure turbine shaft, expressed as 𝑙௟ = 𝐵ଶ𝐵ହ. 𝐸௦and 𝐸௖ is the elastic modulus, in units of kg/(m·s2). 𝐼௦ and 𝐼௖ is the moment of inertia, in units of 
kg·m·s2. 

3. The inherent characteristics of the dual-rotor system 

Mastering the natural frequency and vibration mode is the basis of studying the dynamic 
response of the dual-rotor system. The inherent characteristics of the dual-rotor system are 
obtained based on the above dynamic Eq. (9). 

The first three natural frequencies and vibration modes of the simplified model are shown in 
Fig. 2. Campbell diagram is shown in Fig. 3, and the first two critical speeds are shown in Table 1. 
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c) The third order (127 Hz) 

Fig. 2. Analytical results for the first three orders natural frequencies  
and vibration modes of the dual-rotor system 

Table 1. The first two critical speeds of the dual-rotor system 
Order The first order The second order 

Value of the critical speeds 3528 r/min 4524 r/min 

It can be seen from Fig. 2 that the first vibration mode is represented by the bending of the 
low-pressure turbine rotor and the translation of the high-pressure rotor. The second vibration 
mode is characterized by the low-pressure turbine rotor bending and the high-pressure rotor 
pitching. The third-order modes are low-pressure fan rotor pitch, low-pressure turbine rotor 
bending, and high-pressure rotor pitch. 
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Fig. 3. Campbell diagram for the dual-rotor system  



RIGID-FLEXIBLE COUPLING MODELING OF THE DUAL-ROTOR SYSTEM FOR AERO-ENGINE.  
PINGPING MA, YUEHUI DONG, HANGQI ZHAO, YANG LI, MUGE LIU 

44 ISSN PRINT 2669-2600, ISSN ONLINE 2669-1361  

4. Model validation 

4.1. Model verification of the dual-rotor system based on multi-body dynamics 

In this section, the analytical dynamic model of the dual-rotor system obtained in Section 2 is 
verified by the multi-body dynamics simulation analysis method. The rigid-flexible coupling 
simulation model of the dual-rotor system is carried out based on the software ADAMS, and the 
natural characteristics are analyzed. The results obtained by simulation are compared with the 
analytical results.  

Based on the theory of multi-body dynamics, ADAMS can combine the mechanical boundary, 
load boundary, and geometric conditions of complex rotor systems for aero-engine in a concise 
simulation analysis model. ADAMS can realize the rigid-flexible coupling modeling of the aero-
engine rotor system and can simulate the system motion and dynamic characteristics under actual 
working conditions. The rigid-flexible coupling simulation model of the aero-engine dual-rotor 
system is shown in Fig. 4. 

Motion of the fan rotor

Support 1 Support 2 Support 3 Support 5Support 4

Motion of the high-pressure rotor

 
Fig. 4. Rigid-flexible coupling dynamic model of the dual-rotor system based on ADAMS 

Where the low-pressure turbine shaft is set as a flexible body, and other components adopt the 
rigid assumption. The supports are defined by stiffness and damping, simulated by the "bushing" 
element. The coupling is simplified to a short shaft structure. The rotation of the dual-rotor system 
is realized by adding a drive to the center of the rotating shaft of the low-pressure rotor and the 
high-pressure rotor respectively. 

The inherent characteristics of the dual-rotor system are calculated by the simulation method. 
The first three natural frequencies and vibration modes of the dual-rotor system are shown in Fig. 5. 

 
a) The first order (56.4 Hz) 

 
b) The second order (79 Hz) 

 
c) The third order (117.1 Hz) 

Fig. 5. The first three orders natural frequencies and vibration modes  
of the dual-rotor system based on ADAMS 
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The first vibration mode is represented by the bending of the low-pressure turbine rotor and 
the translation of the high-pressure rotor; The vibration mode is characterized by the low-pressure 
turbine rotor bending and the high-pressure rotor pitching. The third-order modes are low-pressure 
fan rotor pitch, low-pressure turbine rotor bending, and high-pressure rotor pitch. The first three 
modes are consistent with the results obtained in the previous Section 3 based on the analytical 
dynamic model. 

4.2. Model verification of the dual-rotor system based on finite element method 

In this section, the analytical dynamic model of the dual-rotor system obtained in section 2 is 
verified by the finite element method. The finite element model of the dual-rotor system is carried 
out, and the natural characteristics are analyzed. The results obtained by simulation are compared 
with the analytical results. In addition, the results of the dual-rotor system with four discs and five 
supports are compared with the prototype model. 
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Fig. 6. Finite element model of the dual-rotor system with four discs and five supports 

4.2.1. Finite element model of the dual-rotor system with four discs and five supports 

During the establishment of the finite element model of the dual-rotor system, the following 
simplifications are made: (1) The shaft section is considered to be elastic. The mass and moment 
of the inertia of the shaft section are placed on the nodes at both ends. (2) The supports are 
considered as spring elements without cross stiffness and damping. (3) The fan disc, low-pressure 
turbine disc, high-pressure compressor disc, and high-pressure turbine disc are simplified as 
hollow discs, which are regarded as rigid bodies with rotation effects. It is concentrated at the 
center of the mass of each disc in the form of concentrated mass and moment of inertia. 

The finite element model of the dual-rotor system is established, as shown in Fig. 6. The low-
pressure rotor of the dual-rotor system with four discs and five supports is discretized with 30 
nodes and 29 shaft segments. The high-pressure rotor system is discretized with 12 nodes and 11 
shaft segments.  

The first three natural frequencies and vibration modes of the low-pressure rotor system are 
calculated as shown in Fig. 7. The first vibration mode is the bending of the low-pressure turbine 
rotor. The second vibration mode is the bending of the fan rotor and the low-pressure turbine rotor. 
The third vibration mode is the bending of the low-pressure turbine section. 
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a) The first order (76.9 Hz) 
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b) The second order (122.6 Hz) 
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c) The third order (150.6 Hz) 

Fig. 7. The first three orders natural frequencies and modes  
of the low-pressure rotor obtained by finite element method 
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a) The first order (60.4 Hz) 
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b) The second order (96.4 Hz) 
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c) The third order (388.2 Hz) 

Fig. 8. The first three orders natural frequencies and modes  
of the high-pressure rotor obtained by finite element method 

The first three natural frequencies and vibration modes of the high-pressure rotor are calculated 
as shown in Fig. 8. The first vibration mode is translational of the high-pressure rotor, the second 
vibration mode is the pitching of the high-pressure rotor, and the third vibration mode is the 
bending of the high-pressure rotor. 

The first three natural frequencies and vibration modes of the dual-rotor system with four discs 
and five supports are obtained, as shown in Fig. 9. The first vibration mode is the bending of the 
low-pressure turbine rotor and the translational of the high-pressure rotor. The second vibration 
mode is the bending of the low-pressure turbine rotor and the pitching of the high-pressure rotor. 
The third vibration mode is the bending of the fan rotor and the low-pressure turbine rotor, the 
pitching of the high-pressure rotor. 
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a) The first order (55.9 Hz) 
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b) The second order (75.5 Hz) 
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c) The third order (122.0 Hz) 

Fig. 9. The first three orders natural frequencies and modes  
of the dual-rotor system obtained by finite element method 

4.2.2. Finite element model of the dual-rotor system for the prototype 

The finite element model of the dual-rotor system of the prototype is established, as shown in 
Fig. 10. The low-pressure rotor system of the prototype is discretized with 54 nodes and 53 shaft 
segments. The high-pressure rotor is discretized with 47 nodes and 46 shaft segments.  

1 22 25 3026 40 52 54
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ⅡⅠ 47HPTⅢ Ⅴ Ⅸ
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1 6 9 11 15 19 23
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Ⅶ

 
Fig. 10. Finite element model for the dual-rotor system of the prototype 
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a) The first order (89.6 Hz) 
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b) The second order (122.3 Hz) 
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c) The third order (156.8 Hz) 

Fig. 11. The first three orders natural frequencies and modes for the low-pressure rotor of the prototype 
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The first three natural frequencies and vibration modes of the low-pressure rotor system of the 
prototype are obtained as shown in Fig. 11. The first vibration mode of the low-pressure rotor of 
the prototype is the bending of the low-pressure turbine rotor. The second vibration mode is the 
pitching of the fan rotor. The third vibration mode is the pitching of the fan rotor and the bending 
of the low-pressure turbine rotor. 

The first three natural frequencies and vibration modes of the high-pressure rotor of the 
prototype are shown in Fig. 12. The first vibration mode is translational of the high-pressure rotor, 
the second vibration mode is the pitching of the high-pressure rotor, and the third vibration mode 
is the bending of the high-pressure rotor. 
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a) The first order (59.8 Hz) 
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b) The second order (106.4 Hz) 
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c) The third order (587.7 Hz) 

Fig. 12. The first three orders natural frequencies and modes for the high-pressure rotor of the prototype 

The first three natural frequencies and vibration modes of the dual-rotor system for the 
prototype are obtained as shown in Fig. 13. The first vibration mode is the bending of the low-
pressure turbine rotor and the translational of the high-pressure rotor. The second vibration mode 
is the bending of the low-pressure turbine rotor and the pitching of the high-pressure rotor; The 
third vibration mode is the pitching of the fan rotor, bending of the low-pressure turbine rotor, and 
translation of the high-pressure rotor. 

4.2.3. Comparative analysis of results 

The first three natural frequencies and vibration modes obtained from the two finite element 
models of the dual-rotor system are compared, and the following conclusions are obtained: 
1) Among the first three vibration modes of the low-pressure rotor system, the low-pressure 
turbine rotor are the same, and the fan rotor shows bending and pitching in the simplified and 
prototype model respectively. The relative errors of the first three natural frequencies are 14 %, 
0.2 %, and 3.9 % respectively. 2) The first three modes of the high-pressure rotor system are 
consistent, and the relative errors of the first three natural frequencies are 1 %, 9 %, and 33 % 
respectively. 3) Among the first three vibration modes of the dual-rotor system, the vibration 
modes of the low-pressure turbine rotor and the high-pressure rotor are the same. The fan rotor 
shows the bending vibration mode in the simplified model and the pitching vibration mode in the 
prototype model. The relative errors of the first three natural frequencies are 0.3 %, 5.2 %, and 
8.6 % respectively. 

The first three vibration modes of the dual-rotor system obtained in Section 2 based on the 
analytical dynamic model consist with the results of the prototype model. It further shows that it 
is reasonable to consider the fan rotor as rigid and the low-pressure turbine shaft as flexible in the 
rigid-flexible dynamic model of the dual-rotor system. 
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a) The first order (55.7 Hz) 
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b) The second order (79.7 Hz) 
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c) The third order (133.5 Hz) 

Fig. 13. The first three orders natural frequencies and modes for the dual-rotor system of the prototype 

5. Conclusions 

In response to the urgent demand for a rotor system model that can reasonably and accurately 
express the dynamics and vibration characteristics of the rotor system in the study of vibration in 
aircraft engine rotor systems, this article takes a representative aero-engine dual-rotor system as 
the research object, established a simplified mechanical model which can reflect the structural 
characteristics and motion behavior of the prototype model is introduced. Considering the rigid-
flexible coupling characteristics of an elastic support with different stiffness and rotor structure, 
and analytical dynamic model of the dual-rotor system is established. The model contains the 
kinetic energy of four equivalent discs and the elastic potential energy of five supports and a low-
pressure turbine shaft, with 16 degrees of freedom. 

The dynamic model of the rigid-flexible coupled dual-rotor system is verified and confirmed 
by the rigid-flexible coupling multi-body dynamics simulation method and finite element method. 
The feasibility of using the analytical dynamic model of the dual-rotor system to study the 
vibration is clarified, which lays a model foundation for the subsequent research on the vibration 
of the dual-rotor system. It shows that it is reasonable to consider the fan rotor as rigid and the 
low-pressure turbine shaft as flexible in the rigid-flexible dynamic model of the dual-rotor system. 
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