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ABSTRACT 

A rapid method, based on the reduced order model (ROM), is developed to analyze the forced response of the rotor 
due to the rotor-stator interaction. The unsteady aerodynamic force acting on blades is divided into two parts according to 
the source. One part is due to the rotor-stator interaction, while the other is due to the blade vibration. The aerodynamic 
forces due to the rotor-stator interaction is regarded as excitation, while an unsteady aerodynamic force model is built to 
calculate the unsteady aerodynamic force by the blade vibration. Then an aeroelastic model is built via coupling the 
structural equation with the unsteady aerodynamic force model. The aeroelastic model is calculated with the excitation of 
the aerodynamic forces due to the rotor-stator interaction. The forced response for the 50% height of the NASA67 second-
stage rotor is analyzed by the CFD/CSD method, the ROM method and the energy method via time domain method 
respectively. Compared with the energy method, the relative error of the resonant amplitude is fallen from 12.5% to 0.06% 
by ROM method, while the efficiency is improved by 46.36 times as compared with the CFD/CSD method. In order to 
discuss the influence of structural parameters, the forced response analysis is conducted by the ROM method with various 
mass ratios and structural frequencies. It illustrates that the effect of fluid-structure coupling is crucial to the low-mass-
ratio structure. Furthermore, the structural frequency is not exactly coincident with the excitation frequency when the 
response amplitude reaches its peak. 

INTRODUCTION 
Because of the improved performance of the aero engine, the weight of the fan or compressor blades will be decreased 

while the pressure ratio per stage will increase. Hence, the load on blades will increase, which means the escalation of the 
aeroelastic problem of blades. There are two kinds of aeroelastic problems, flutter and forced response, which may cause 
the blade damage. The occurrence of flutter depends on the system stability, in which the vibration amplitude may be so 
large that it could cause the structural damage. Besides, the flutter prediction may be affected by the periodic unsteady 
aerodynamic forces(Mao, et al. 2017, Barreca, et al. 2018). On the other hand, the forced response problem focuses on the 
structural response under certain excitation, which may cause high cycle fatigue loads. There are two sources of unsteady 
aerodynamic force which may cause the severe vibration of rotors in fans or compressors: the first one is the rotor-stator 
interaction(Sayma, et al. 2000, Schoenenborn, et al. 2018); and the second one is the inlet distortion(Zhang, et al. 2012). 
Most of the studies focus on the former(Chen, et al. 1994, Man, et al. 1985,Gerolymos, et al. 2002), for the latter has strong 
randomness and the computation cost is large. The Campbell diagram is used to judge which mode of the structure may 
vibrate in resonance. Then the forced response analysis can be made to judge whether the amplitude satisfies safety 
requirements. 

First of all, the aerodynamic force needs to be calculated accurately in order to analyze the forced response. There are 
plenty of studies to obtain the unsteady aerodynamic force of the rotor-stator interaction. The periodic boundary condition 
is often used to reduce the computational load according to the structural rotational symmetry. The calculation domain is 
often reduced according to the greatest common divisor of the two blade rows, when it refers to the calculation of multiple 
blade rows. However, the number of rotor blades and that of stator blades are often co-prime. Blade sectors scaling is used 
to decrease the high computational cost in plenty of studies at the early stage. Currently, there are two methods to calculate 
the rotor/stator interaction. The first one is the harmonic balance method, while the second method is the time 
transformation method. All these three methods are used in the commercial software ANSYS CFX and have been widely 
applied in the forced response analysis.  



 

2 

Once the structural equation and the aerodynamic solver are obtained, the effect of the aerodynamic damping on the 
forced response should be taken into consideration. The nodal diameter (ND) of the blades is obtained by Tylor-Sofrin 
Mode (TSM) (Tyler, et.al, 1962).There are two ways to calculate the forced response. The first one is the CFD/CSD 
method(Vahdati, et al, 2007), which is accurate and can consider the effect of the aerodynamics on the structural 
characteristics but needs large computational cost. In addition, the frequency method is also used to obtain the structural 
forced response. The second one is the energy method, in which the aerodynamic damping of certain ND is calculated by 
the energy method or flutter, and then the response of the structure is calculated with the aerodynamic damping. 
Nevertheless, the effect of fluid-structure coupling is neglected, and only one ND aerodynamic damping is studied in this 
method.  

It is shown that there are disadvantages of the analysis methods to calculate the structural forced response. Besides, 
the computational cost of CFD/CSD method is unacceptable, while the fluid-structural coupling is ignored in the energy 
method. However, the proposed ROM method not only can consider the fluid-structural coupling and the different NDs 
aerodynamic damping, but also has high efficiency. Consequently, it is suitable to analyze the forced response of the rotor. 

METHODOLOGY 
A rapid method, based on ROM, is developed to analyze the forced response of the rotor blades. To simplify the 

problem, the unsteady aerodynamic force acting on blades is divided into two parts according to the source. The first part 
is caused by the vibration of blades, while the second part by the rotor-stator interaction. An aeroelastic model is built by 
coupling the structural equation with the unsteady aerodynamic force model, which is aimed to calculate the unsteady 
forces due to the blade vibration. Then the forces acting on the rigid rotor blades due to the rotor-stator interaction are 
calculated by CFD solver. Assuming it is the excitation, the forced response of the rotor blades is calculated by the ROM 
model. Furthermore, the blades response can be transferred to the nodal diameter after the calculation. To prove the 
accuracy of the method, the forced response of a 2D case will be calculated by the CFD/CSD method, the energy method 
and the ROM method respectively.   

The ROM method can not only investigate the effect of the fluid-structure coupling, but also consider the aerodynamic 
effect of different NDs. Moreover, it takes much less time than the CFD/CSD method. However, due to the model 
assumptions, this method is suitable to the situation with a small structure amplitude. The diagram of ROM method is 
shown in Fig. 1: 

 

Fig. 1 The diagram of ROM method 
There are two assumptions to build the unsteady aerodynamic model. The first one is the assumption of the dynamic 

linear unsteady flow(Hanamura,et al. 2008), which means the unsteady aerodynamic force on one blade due to different 
blades vibrations satisfies the principle of superposition. The second one is that the unsteady disturbance due to one blade 
vibration can only affect several neighbor passages(Su, et al. 2016). Therefore, the calculation of several passages by CFD 
solver is enough to establish the aerodynamic force model for the full annulus. There are several passages that need to be 
calculated by the unsteady CFD solver, while the unsteady effect can be caused by only one blade vibration.  

When it comes to the system identification, the least square method, one of the system identification methods, is used 
to build the unsteady aerodynamic force model in the discrete-time domain and to identify the parameters. The ARX model 
is used.  
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According to reference (Zhang, et al. 2019), Chirp signal is used as the input of the model, while the aerodynamic 
forces are regarded as outputs. According to the assumption about the effect area of the disturbance, the unsteady 
aerodynamic force of the blades which are out of the computational area is ignored by assigning zero. In this way, the 
discrete model will have one input and the same amount of outputs as the rotor blades. The equation can be written as: 
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yf a . In order to analyze 
the stability of the system, Equation (1) is transformed to the state space model, and then transformed to the continuous 
space.  

To obtain the equations of the model for full annulus vibrations, assume that there are rN blades in the full annulus, 

and then rN  equations (2) are combined according to the structural rotational symmetry:  
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Consequently, the state space equation of the aerodynamic force model at the concrete space is obtained. While it is a 

sparse matrix and its dimension is huge, a balanced truncation method is used to reduce the dimension in order to simplify 
the calculation and obtain the aerodynamic force model.  

When it comes to the aeroelastic analysis, both the structural module and the aerodynamic module are fed back 
continuously, so the state space of the two systems are coupled to get the aeroelastic model: 
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Hence, the forced response analysis of the blades is transformed into the problem to calculate the response of the 
aeroelastic model under certain excitation. And the eigenvalues of the aeroelastic matrix reflect the dynamic characteristics 
of the aeroelastic model. The real part of the eigenvalues represents the aerodynamic damping of the structure, while the 
imaginary part represents the frequency of the structure. When the real part is greater than 0, the system is stable. Otherwise, 
it is unstable. And the equation could be solved via time domain and frequency domain respectively. 

RESULTS AND DISCUSSION 
First, To verify the CFD solver, STCF10 is calculated by the CFD method. The solution is obtained at inlet Mach number 

0.7 and inlet angle 55. The solution shown in Fig. 2 is compared with Hall(Hall, et al. 1991) and shows good agreement, 
which verifies the CFD solver. 

NASA67 is a two-stage transonic fan (Urasek, et al. 1962). To reduce the computational cost, the forced response of the 
2nd-stage rotor airfoil at 50% height is analyzed under the excitation of the rotor-stator interaction from the 1st- stage stator 
airfoil at 50% height. The computational domain consists of 9 rotor airfoils and 3 stator airfoils. And the pitches of the two 
blade rows are decided by the blades of the full annulus (36 rotor blades and 12 stator blades). The unsteady flow field of 
the two blade rows is calculated. The amount of grid elements in stator domain is 71,976, while that in rotor domain is 
234,918. The grid convergence has been verified, which is not shown in this paper. The rotor domain is set to move down 
the y-axis with the velocity of 155.914m/s, according to NO. 1510 experiment of NASA67. For the excitation frequency 
of the aerodynamic force is 1569.87Hz, the structural frequency is set as 1569.87Hz and the blade mode is plunging motion. 
And according to the TSM modal, the blade should move at -3 ND. The periodic boundary condition is used in the rotor 
and stator domains, while the interaction is set as inner interface. The inlet and outlet boundary conditions are chosen 
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according to NO. 1510 experiment. The inlet total pressure of the stator domain is 113,600Pa, and the inlet total temperature 
is 297.9K, while the inlet angle is 33.3 deg. The outlet static pressure is 110,700Pa. When the force acting on the rotor 
blades reaches the periodic solution, the information of the interaction is obtained.The computational grids of one passage 
and the computational domain are shown in Fig. 3: 

Then the information at the interface is obtained to take the flow variables, including inlet total pressure, total 
temperature, and the inlet angle, as the inlet boundary conditions of the rotor domain. The unsteady flow field of the rigid 
rotor domain is calculated until the periodic solution is obtained. The periodic unsteady force acting on the blades is shown 
in Fig. 4: 

 

 
Fig. 2 The surface pressure of STCF10 

 
 

 
 

(a) Stator domain (b) Rotor domain 

 
(c) Computational domain 

Fig. 3 The grids of the rotor and stator blade passage 
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Fig. 4 The periodic aerodynamic force acting on the rigid rotor 

 

When it comes to the aerodynamic force model, the blade moves along the y-axis with the 1% chord-wise amplitude. 
Chirp signal is chosen as the input. The structural frequency is 1569.87Hz. The spectrum of the signal is required to cover 
the structural frequency. The signal and its power spectral density (PSD) are shown in Fig. 5.  

As to the modelling, seven-passage domain, as shown in Fig. 6, is used to build the model, and Blade 4 is enforced to 
move as the given signal. After the training calculation, the ARX model is used to build the aerodynamic force model. The 
result is shown in Fig. 7. 

To verify the proposed ROM method, the time-domain response of the nine-passage rotor blade row is calculated by 
the ROM method, the energy method and the CFD/CSD method respectively. The time-domain response of the ROM 
method with the periodic unsteady aerodynamic excitation is calculated by the discrete analytic solutions, while that of the 
CFD/CSD method by the third-order four-step Rungekutta method with the periodic inlet boundary condition. Compared 
with the energy method, the result of the ROM method shows better agreement with that of the CFD/CSD method, as 
illustrated in Fig. 8, which validates the feasibility of the ROM method to calculate the forced response analysis of the 
blade row.  

 

  
(a) The signal (b) Power spectral density 

Fig. 5 The signal and the power spectral density 
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Fig. 6 The computational domain for the modelling 

 
Fig. 7 The unsteady aerodynamic forces by ARX model and CFD method 

 
Furthermore, it illustrates that the results of three methods are coincident with one another at the beginning stage, as 

shown in Fig. 8 (a). However, at the stable stage, the amplitude of the energy method is smaller than those of the other two 
methods, as shown in Fig. 8 (b). It is possibly caused by ignoring the fluid and structural interaction. The resonant 
amplitudes of the three methods are shown in Table 1. It demonstrates that the ROM method improved the resonant 
amplitude relative error from 12.5% to 0.06% as compared with that obtained with the energy method.  

All of the three methods are run in a four-core computer with a 2.50 GHz processor. The comparison of the 
computational efficiency of three methods is shown in Table 2. The computational time of ROM method has already 
included the time of bulding the ROM mehod and fininshing the forced response analysis. It demonstrates that the 
efficiency of the ROM method is increased by 46.36 times as compared with the CFD/CSD method. 
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(b) At the stable stage 

Fig. 8 The displacement of Blade1 

Table 1 The comparison of the computational precision of three methods 

Method Amplitude/m Relative error 
CFD/CSD method 3.0542e-4 - 

ROM method 3.0523e-4 -0.06% 
Energy method 2.6722e-4 -12.5% 

 

Table 2 The comparison of the computational time of three methods 

Method Computational time/min Comparison of efficiency 
CFD/CSD method 28,791 46.36 

ROM method 621 1 
Energy method 636 1.02 

 
This section concentrates on the stable amplitude of the blade vibration when the structural frequency changes. The time 

domain method is often used in the CFD/CSD method to analyze the blade vibration. With a variety of structural 
frequencies, a lot of aerodynamic damping need to be calculated in the energy method, which requires large computational 
cost. The proposed ROM method can quickly calculate the forced response of different structural frequencies and different 
mass ratios. 

Fig. 9 shows the response amplitude of different mass ratios via the frequency domain method. The horizontal axis 
represents the structural frequency, and the vertical the amplitude of the response. To study the effects of different structural 
parameters, the response amplitude is calculated by the ROM method via the frequency domain method, while the structural 
frequency is changed with different mass ratios. It illustrates that the stable amplitude of the structure increases along with 
the structural frequency approaching the excitation frequency, and decreases along with that getting away from the 
excitation frequency. Moreover, the vibration amplitude of the lower-mass-ratio structure will be larger with the same 
structural frequency except the resonance region. 

 

  

Fig. 9 The structural stable amplitude via frequency method 
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CONCLUSIONS 
The aeroelastic model, based on the ROM method, is built to analyze the forced response of the rotor blades. Take the 

force acting on the rigid rotor blades due to the rotor-stator interaction as the excitation, the forced response of the rotor 
blades is calculated by the ROM method. To validate the method, the forced response of the 2nd-stage rotor airfoil at 50% 
height is analyzed under the excitation of the rotor-stator interaction for the 1st- stage stator 50% height airfoil by the 
CFD/CSD method and the ROM method respectively, and the result of the ROM method shows better agreement with that 
of the CFD/CSD method than the energy method. Moreover, the ROM method is more efficient than the CFD/CSD method. 
The amplitudes of different structural parameters can be obtained rapidly by the ROM method via the frequency method. 
It illustrates that the peak amplitude is higher than that at the frequency coincident point because of the fluid-structural 
interaction. The resonance bandwidth will be wider along with the decrease of the mass ratio, while the vibration amplitude 
of the lower-mass-ratio structure will be larger with the same structural frequency except the resonance region. 
Furthermore, the deviation between the structural and excitation frequency at the peak amplitude will increase along with 
the decrease of the mass ratio. 
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