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Abstract. The traditional dynamic analysis of the finite element structure is mostly focused on the 

mode analysis. In the paper, the finite element method is combined with the power flow analysis 

to analyze and optimize the vibration transmission characteristics of the shared bearing bore, so 

that the vibration energy transmitted to the mounting flange is minimized. The analysis shows that 

the elastic ring and the outer case play an important role in vibration transmission and reduction. 

An optimization model is established to improve the vibration reduction rate of the shared bearing 

bore. The results show that the optimization can effectively improve the vibration reduction rate 

of the shared bearing bore, approximately 15 % reduction of peak response is achieved. 

Keywords: shared bearing bore, power flow, optimization design. 

1. Introduction 

The shared bearing bore structure is widely applied in modern turboshaft engines, such as 

EJ200 and MTR390. It is becoming lighter and thin-walled plates or shell structures are widely 

used to pursue higher power-to-weight ratio for the turboshaft engines. Consequently, 

phenomenon such as closely spaced modes and geometric nonlinearity gradually shows up [1]. At 

the same time, the shared bearing bore structure is subject to various vibration loads (e.g. 

unbalance load from the rotor, meshing excitation from the transmission gear, etc.). With 

inappropriate design, the structure itself as well as the accessory system mounted on it are prone 

to deformation, cracks and even fatigue damage under these multi-frequency excitations. Also, 

the vibration of the sharing bearing bore can be transmitted to the rotor system by bearings, which 

might deteriorate the operating conditions of the rotor system. Therefore, the dynamic 

characteristics of the shared bearing bore structure must be carefully designed to reduce the 

vibration transmission between the rotor and stator and thus the vibration level of the aero engine. 

Traditionally, the most effective measure to isolate and reduce vibration is to insert the inertia, 

elastic and damping components between the rotor and stator. The vibration energy can be 

transferred to specified component and dissipated [2]. Either the force or the motion can be 

isolated and reduced [3]. Based on damping mass, Wang Zuhua et al. [4] optimized the vibration 

isolating structure of the ship bulkheads. Kuang Chengyu et al. [5] designed the isolation floating 

raft for a ship. The basic principle is to suppress the elastic waves by cyclic structures. Also, the 

vibration isolating characteristics were studied. By experimental study, Jiang Hongyuan et al. [6] 

verified that more excellent isolating characteristics can be achieved with the proposed metallic 

rubber. However, it is difficult to achieve the ideal vibration reducing level with the usual method 

for the shared bearing bore structure due to the combination of plate and shell. Thus, the active or 

semi-active intervention based on time-delay feedback [7] has been introduced in recent years. It 

can be briefly described as introducing an energy source from the outside to cancel the vibration 

and reducing the vibration level of the system [8-9]. Nagai et al. [10] studied the active control 

measures of a train suspension system with the neural network. A two-dimension fuzzy active 

vibration isolation system based on a magnetostrictive actuator is designed by Mei Deqing et al. 
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[11] for a micro-manufacturing platform system. However, the active vibration isolator has been 

restricted by the limited output force, response time and signal hysteresis [12-13]. Also, additional 

mass must be added, which would reduce the reliability and increasing the weight of the aero 

engine. Ma Yanhong et al. [14] proposed that the vibration can be isolated and reduced by 

increasing the stiffness/mass distribution difference between adjacent components of the shared 

bearing bore structure. But further theoretical analysis and experimental validation are still 

lacking.  

In this paper, the finite element method and the vibration power flow analysis were combined 

to analyze the vibration transmission characteristics of the shared bearing bore structure. Then the 

structure is optimized to reduce and isolate the vibration based on the genetic algorithm. 

2. Modeling 

The shared bearing bore of a certain turboshaft engine is illustrated in Fig. 1. The structure 

consists of two squirrel cages, elastic ring, supporting plate, inner case and outer case. The 4# 

bearing is located in the front squirrel cage to support the gas generator rotor while the 5# and 6# 

bearings are located in the aft squirrel cage to support the power turbine rotor. Material properties 

for squirrel cages are: density 8220 kg/m3, Young’s modulus 186 GPa, Poisson’s ratio 0.28. 

Material properties for other components are: density 8000 kg/m3, Young’s modulus 172 GPa, 

Poisson’s ratio 0.27. The finite element model of the shared bearing bore is shown in Fig. 2. The 

fem model consists of 113685 nodes and 99606 elements. 

 
Fig. 1. A schematic diagram of the shared bearing bore 

 
a) Boundary condition 

 
b) Cutaway view of the mesh 

Fig. 2. Finite element model of the shared bearing bore 

To obtain the power flow distribution of the model illustrated in Fig. 2, the power flow theory 

must be modified. The steady-state power flow of a point in the structure can be described as [15]: 

𝑃 = 𝐹(𝑡) ∙ 𝑉(𝑡), (1) 
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where 𝐹(𝑡) – the force; 𝑉(𝑡) – the velocity. 

For periodic harmonic vibration, the power flow in one period 𝑇 can be written as: 

𝑃𝑇 = lim
𝑇→∞

∫ 𝐹(𝑡) ∙ 𝑉(𝑡)𝑑𝑡
𝑇

0

. (2) 

The harmonic excitation force 𝐹(𝑡) and the corresponding response 𝑋(𝑡) can be rewritten as: 

𝐹(𝑡) = |𝐹| cos𝜔𝑡, (3) 

𝑋(𝑡) = |𝑋| cos(𝜔𝑡 + 𝜑), (4) 

where |𝐹| – the amplitude of the excitation force, 𝜔 – the circular frequency of the harmonic 

vibration. Steady response of the structure under harmonic excitation 𝐹(𝑡) is: |𝑋| – amplitude of 

the displacement, 𝜑 – the lagging phase angle. 

Differentiating Eq. (4) with time to obtain the velocity: 

𝑉(𝑡) = 𝑋′(𝑡) = −𝜔|𝑋| sin(𝜔𝑡 + 𝜑). (5) 

Substituting Eq. (5) and Eq. (3) into Eq. (2) to obtain: 

𝑃𝑇 =
1

𝑇
∫ 𝐹(𝑡) ∙ 𝑉(𝑡)𝑑𝑡
𝑇

0

= −
1

𝑇
∫ |𝐹| cos𝜔𝑡 ∙ 𝜔|𝑋| sin(𝜔𝑡 + 𝜑)𝑑𝑡 = −

𝜔

2

𝑇

0

|𝐹||𝑋|sin𝜑

= −𝜋𝑓|𝐹||𝑋|sin𝜑. 

(6) 

In complex form, 𝑃𝑇 = −
1

2
𝑅𝑒(𝐹 ∙ 𝑉∗). In which: 𝐹 – Fourier transformed 𝐹(𝑡); 𝑉 – Fourier 

transformed 𝑉(𝑡); ∗ represents conjugate; 𝑅𝑒() – real part of a complex number. 

To combine the finite element method and the power flow method, a regular hexahedron 

element of a three-dimensional solid is illustrated in Fig. 3. The normal stress components are 𝜎𝑥, 

𝜎𝑦 and 𝜎𝑧. The shear stress components are 𝜏𝑦𝑥, 𝜏𝑦𝑧, 𝜏𝑥𝑧. 
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Fig. 3. Element of a three-dimensional solid 

Thus, the unit power flow through each surface is: 

𝑃𝑛 = −
1

2
𝑅𝑒(𝜎𝑛𝑣𝑛

∗ + 𝜏𝑛1𝑣1
∗ + 𝜏𝑛2𝑣2

∗). (7) 

In Eq. (7), 𝜎𝑛 is the normal stress in 𝑛 direction, 𝜏𝑛1 and 𝜏𝑛2 are the shear stress in direction 1 

and 2. 𝑣𝑛
∗, 𝑣1

∗ and 𝑣2
∗ represent the conjugate of complex velocities in direction 𝑛, 1 and 2. For 

steady-state vibration, it holds that 𝑣𝑛 = 𝜔 ∙ 𝑢𝑛 . In which 𝑢𝑛  is the complex displacement in 

direction n. For three dimensional elements in finite element method, each node has 3 degree of 
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freedoms, 𝑥, 𝑦 and 𝑧. The power flow in each dof can be obtained by substituting 𝑣𝑛 = 𝜔 ∙ 𝑢𝑛 

into Eq. (7): 

{
 
 

 
 𝑃𝑥 = −

𝜔

2
𝐼𝑚(𝜎𝑥𝑢

∗ + 𝜏𝑥𝑦𝑣
∗ + 𝜏𝑥𝑧𝑤

∗),

𝑃𝑦 = −
𝜔

2
𝐼𝑚(𝜏𝑦𝑥𝑢

∗ + 𝜎𝑦𝑣
∗ + 𝜏𝑦𝑧𝑤

∗),

𝑃𝑧 = −
𝜔

2
𝐼𝑚(𝜏𝑧𝑥𝑢

∗ + 𝜏𝑧𝑦𝑣
∗ + 𝜎𝑧𝑤

∗),

 (8) 

where 𝑃𝑥, 𝑃𝑦 and 𝑃𝑧 are the power flow in 𝑥, 𝑦 and 𝑧 direction. 𝑢∗ 𝑣∗ and 𝑤∗ are the conjugate of 

the complex displacement in 𝑥, 𝑦 and 𝑧 direction. 

3. Results and discussion  

With the FEM model illustrated in Fig. 2, modal and harmonic analysis were conducted to 

provide basis for subsequent power flow analysis and optimization. The first fourth natural 

frequencies and corresponding mode shapes of the shared bearing bore structure are listed in 

Table 1 and Fig. 4. From Fig. 4 it can be seen that the outer case is prone to vibrate for the 1st 

mode while the elastic ring and squirrel cages would tilt under 2nd to 4th natural frequency. 

However, the operating range for the power turbine and the gas generator are 0-20000 rpm and  

0-40000 rpm respectively. Thus, only the first mode might be excited during operation. 

Table 1. The first fourth natural frequencies 
 Natural Frequency/Hz 

1 588.2 

2 633.5 

3 758.4 

4 876.7 

 

 
a) 1st 

 
b) 2nd 

 
c) 3rd 

 
d) 4th 

Fig. 4. Mode shapes of the first fourth mode 

Results of the harmonic analysis are listed in Fig. 5. Comparing with the modal analysis results, 

it can be seen that the gas generator (0-40000 rpm) is the main source of vibration for the shared 

bearing bore structure. The outer case as well as the bearings would reach peak response at the 1st 

natural frequency, which is approximately 590 Hz. Then the power flow analysis was conducted 

to analyze the vibration transmission characteristics.  

Vector plot of the power flow with different excitation sources are illustrated in Fig. 6. Both 

Fig. 6(a) and Fig. 6(b) indicated that the energy of the vibration introduced by the rotor was 

transmitted to the inner and outer case by the elastic ring. Thus, the elastic ring is the key 

component to reduce and isolate vibration. Also, as pointed out by the red circles in Fig. 6, power 

flow back-flow phenomena were observed in the elastic ring and the outer case, which indicates 

that these two components play an important role in vibration energy dissipation. Consequently, 

the following optimization would focus on these two components. 
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a) Outer case 

 
b) 4# Bearing 

 
c) 5# Bearing 

 
d) 6# Bearing 

Fig. 5. Harmonic analysis results 

 
a) Excitation exerted on 6# bearing 

 
b) Excitation exerted on 4# bearing 

Fig. 6. Vector plot of power flow 

4. Optimization  

Analysis in previous section reviewed that the elastic ring plays an important role in vibration 

transmission and dissipation. Therefore, the optimization problems were formulated under two 

different conditions. For the first case, only the elastic ring was modified. Ribs were added to the 

elastic ring, Fig. 7(a). Dimensionless circumferential width of the ribs was chosen as the design 

variables. Then circumferential holes were made on the elastic ring, Fig. 7(b). Dimensionless 

circumferential width of the holes was chosen as the design variables. The objective function and 

constraints were listed in Eq. (9): 

min𝑓 = 𝑃𝑐 ,     𝑆𝑡. 0 ≪ 𝑤𝑟 ≪ 1, 0 ≪ 𝑤ℎ ≪ 1, (9) 

where 𝑤𝑟 and 𝑤ℎ represents the dimensionless circumferential width of the ribs and holes. 𝑃𝑐 is 

the power flow through the flange of the outer case. In this paper, the genetic algorithm with 

flow back-flow phenomena were observed in the elastic ring and the outer case, which 

indicates that these two components play an important role in vibration energy dissipation. 

Consequently, the following optimization would focus on these two components. 

  
(a) Excitation exerted on 6# bearing (b) Excitation exerted on 4# bearing 

Fig. 6. Vector plot of power flow 

flow back-flow phenomena were observed in the elastic ring and the outer case, which 

indicates that these two components play an important role in vibration energy dissipation. 

Consequently, the following optimization would focus on these two components. 

  
(a) Excitation exerted on 6# bearing (b) Excitation exerted on 4# bearing 

Fig. 6. Vector plot of power flow 
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adaptive global search is used as the optimization method. 

Results of the optimization are illustrated in Fig. 8. After optimization, 𝑤𝑟 = 0.498 ≈ 0.50 and 

𝑤ℎ = 0.310 ≈ 0.30. The vibration amplitude of the flange for the original plan and the optimized 

plan are compared in Fig. 8(a) and Fig. 8(b). The peak response was reduced approximately 15 % 

and 7 % for the rib plan and the hole plan respectively. The power flow was 57 W for the original 

plan, 41 W for the rib plan and 49 W for the hole plan, indicating that increasing the stiffness of 

the elastic ring would reduce the vibration transmission. Also, the upper limit of 𝑤𝑟 is 1.0, the 

optimized result is 0.50, which means further increasing of the stiffness has little effect in vibration 

reduction. 

 
a) Elastic rings with ribs 

 
b) Elastic rings with holes 

Fig. 7. Optimization plans 

 
a) Elastic rings with ribs 

 
b) Elastic rings with holes 

Fig. 8. Optimization results 

5. Conclusions 

The power flow method is combined with the finite element method to analyze the vibration 

transmission characteristic of the shared bearing bore. The analysis shows that the elastic ring and 

the outer case play an important role in vibration transmission and reduction. Power flow 

back-flow phenomena was observed in these two components. An optimization model is 

established to improve the vibration reduction rate of the shared bearing bore by optimizing the 

circumferential width of the rib and the hole of the elastic ring. The results show that the 

optimization can effectively improve the vibration reduction rate of the shared bearing bore, 

approximately 15 % reduction of peak response is achieved. 
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