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ABSTRACT 

This study numerically investigates the lock-in phenomenon of a fan blade with a flat-tip leading edge. A fully coupled, 
fluid-structure interaction method was applied to obtain the unsteady flows coupled with the blade vibrations. The results 
show that the disturbances of the unsteady aerodynamics become locked to the structural vibration, which indicates a lock-
in phenomenon. For a fixed modal velocity as the initial excitation, the frequencies of the structured mode were altered 
around the natural frequency to determine the lock-in boundary. In the lock-in region, the vibration amplitude grew 
exponentially, thus the blade vibration was unstable. The spectra of the displacement and the unsteady pressure associated 
with the structural response and the aerodynamic disturbance exhibit discrete peaks. The absolute difference of the coupled 
aerodynamic wave number (AWN) and the nodal diameter (ND) was equal to the blade number. In the unlocked region, 
the blade vibration exhibits the characteristics of the limit cycle oscillation. The pressure spectra present broadband peaks 
and the AWN was not matched to the concerned ND. However, the AWN and the ND changed in the cases with different 
vibration frequencies, and it indicates that there was still a coupling between the aerodynamic disturbance and the structural 
vibration. The lock-in phenomenon was consistent with the occurrence of NSV, evidenced by the fact that the frequency 
and phase of the aerodynamic disturbance can be locked to the structural vibration pattern. Hence, NSV could be induced 
by the lock-in phenomenon.  

INTRODUCTION 
Non-synchronous vibrations (NSV) in axial fans and compressors have been frequently reported in the past 30 years 

(e.g. Baumgartner et al, 1995; Kielb et al, 2003; Vo, 2010; Espinal et al, 2018; Brandstetter et al, 2018; Möller and Schiffer, 
2021). This is undoubtedly inseparable from the design trend of modern fans and compressors. Modern designs utilize 
lightweight blades by integrated disks (blisks) with negligible mechanical damping, and the blades are required to withstand 
unsteady aerodynamic disturbances imposed by the high loadings. Hence, the trend will intensify the coupling between the 
fluid and the structure, and it is not surprising that NSV have emerged as a focus of research.  

The distinguishing criterion for non-synchronous vibration is not just that the vibration frequency is not related to the 
rotational frequency, because if according to it, flutter is also a “non-synchronous vibration”. Putting aside the literal 
meaning, NSV could be interpreted as a combination of forced response and flutter. At the onset of NSV, the aerodynamic 
disturbance, such as rotating instabilities (RIs) or radial vortices (RVs), could exist in preference to the blade vibration. It 
can be considered a non-synchronous forced response, hence, in several studies (e.g. Im and Zha, 2014; Espinal et al, 2018; 
Patel et al, 2020), it seems reasonable to use an unsteady Reynolds-averaged Naiver-Stokes (URANS) solver to investigate 
the flow excitation of NSV. However, once a critical vibration amplitude is reached, the aerodynamic disturbance becomes 
locked to the structural vibration, and NSV behaves more like a flutter problem except for occurring at a high reduced 
frequency.  
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Several researchers consider the occurrence of NSV as a lock-in phenomenon (e.g. Kielb et al, 2003; Vo, 2010; 
Brandstetter et al, 2018; Möller and Schiffer, 2021), in which the frequency and phase of the aerodynamic disturbance are 
locked to the structural vibration pattern. The lock-in phenomenon has been well-studied for cylinders and wings (e.g. 
Karniadakis and Triantafyllou, 1989; Patnaik et al, 1999; Young and Lai, 2007; Besem et al, 2016). However, there are a 
few studies on the lock-in phenomenon in axial fans and compressors. Camp (1999) reports that the lock-in phenomenon 
has been observed in a low speed multistage compressor. As the rotational speed is changed, the vortex shedding frequency 
sweeps across a certain range, and there are step changes in the response frequency due to the vortex shedding frequencies 
locked to the frequencies of the acoustic modes. The step changes in the response frequency are also found experimentally 
by Kielb et al. (2003). The strain gage presents that the response switches from the 1T to the 2T mode excitation as the 
speed increases. Through the numerical studies, the lock-in phenomenon is related to the coupling between the vortex 
shedding generated from the suction side of the blade (SS) and the blade vibration.  

With the applications of the reduced models, the lock-in phenomenon has been deeply studied. Spiker et al. (2008) 
employ an enforced motion method based on a harmonic balance analysis to examine the blade design. The method 
enforces the blade to vibrate at a specified blade mode frequency and a fixed critical amplitude, which forces the fluid to 
lock-on to the blade vibration. It determines whether the design is acceptable by examining the aerodynamic damping at a 
range of inter-blade phase angles (IBPAs). Subsequently, Spiker et al. (2009) conduct the enforced motion method to 
investigate the lock-in region of a two-dimensional airfoil tip section of a modern compressor blade. Similar to the results 
of the cylinders, a V-shaped lock-in region is observed. The blade vibrations show that the maximum response is not at the 
natural shedding frequency. Moreover, Clark et al. (2012; 2013) use a multidegree-of-freedom traditional van der Pol 
oscillator to model the lock-in phenomenon in turbomachinery. Results show that the parameters in the model influence 
the maximum vibration amplitude. Recently, Stapelfeldt et al. (2020) develop a semi-analytic model to simulate the lock-
in phenomenon. The model shows that the lock-in is achieved by adjustment of the global propagation speed, and selection 
of matching nodal diameter (ND) and aerodynamic wave number (AWN).  

In addition, Gan et al. (2017) use a high-fidelity fully coupled fluid-structure interaction method to examine the lock-
in phenomenon of NSV in an axial compressor. Nine working conditions with different rotor speeds are simulated with 
rigid and flexible blades. They conclude that NSV is caused by the flow excitation instead of a lock-in phenomenon.    

In summary, most of studies about the lock-in phenomenon are based on reduced methods. The advantage of the 
methods is that the calculation results can be obtained quickly, and it is suitable for preliminary design work. However, for 
the complexly multi-physical coupling, a more accurate fully coupled FSI method is necessary. Moreover, most studies 
focus on 2D airfoils, which is not very helpful for understanding NSV with strong three-dimensional (3D) characteristics. 
More notably, the studies described above have different conclusions on the lock-in phenomenon of NSV. 

In previous studies, the lock-in phenomenon was identified to occur at the 82% rotational speed. Circumferential vortex 
propagation near the blade tip region was identified as the source of aerodynamic excitation, and its disturbance had a 
dominant frequency of 3219 Hz in the simulations with rigid blades. The frequency could be regarded as the free flow 
frequency of aerodynamic disturbance, because the aerodynamic disturbance was not affected by the blade vibration. In 
the case of the simulations with vibrating blades, the lock-in phenomenon was characterized by the aerodynamic 
disturbance locked to the structural vibration, thus the aerodynamic disturbance frequency was 3024 Hz the same as the 
natural frequency of the 2T mode. 

 The main objective of the current paper is to accurately simulate the lock-in phenomenon of a 3D fan blade, and to 
reveal the relationship between the mechanism of NSV and the lock-in phenomenon. Hence, the full-annulus, fully coupled 
FSI simulation is performed in a fan blade with a flat-tip leading edge. To determine the lock-in boundary, the frequencies 
of the structured mode are altered around the natural frequency under a fixed modal velocity as the initial excitation. The 
frequency spectra of the displacements and the unsteady pressure are presented. Characteristics of the structural vibrations 
and aerodynamic disturbances, and the coupling between them are analyzed in both lock-in and unlocked regions.  

METHODOLOGY 
The in-house code called HGAE (hybrid grid aeroelasticity environment) was used for all FSI simulations. A 3D 

unstructured finite-volume compressible solver was applied to the fluid domain and a structured dynamic solver was 
applied to the structure domain. More details about the validations for aerodynamic and aeroelastic cases can be found in 
the literatures (e.g. Zheng, 2004; Zheng and Yang, 2011; Zheng et al, 2020).   

Aerodynamic Model 
In the FSI models, the governing equations should be solved in Arbitrary-Lagrangian Eulerian (ALE) reference to 

consider the movement and the deformation of the fluid grid, as: 

 𝑾𝑑𝛺 ∮ 𝑭𝒄 𝑭𝒗 𝑑𝑆  𝑯𝑑𝛺 (1)  
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where 𝛺 is the control volume, 𝜕𝛺 is its boundary, and 𝑑𝑆 represents the surface area of an element. 𝑾 is the vector 
of conservative variables, 𝑭𝒄 and 𝑭𝒗 are the convective and viscous flux vectors respectively, and 𝑯 is the vector of 
the source term. The one-equation Spalart-Allmaras (S-A) turbulence modal was employed for its simple discretization 
scheme, well convergence, good computational efficiency and acceptable accuracy, and it was widely used in solving 
aeroelastic problems (e.g. Evans and Longley, 2017; Lee et al, 2017; Stapelfeldt et al, 2020). The governing equations and 
turbulence model equation were discretized with a node-centered finite volume method. Roe FDS upstream scheme was 
applied to compute the fluxes evaluation and a MUSCL extrapolation was employed to achieve the second-order accuracy. 
To enhance the accuracy of time-marching solution, Jamerson’s dual time-steeping technique which achieved a second-
order accurate implicit temporal discretization was adopted with 15 sub-iterations. With regard to time-accurate 
investigations, there were 50 physical time steps per vibration period of the 2T mode in full-annulus FSI simulations. Total 
temperature, total pressure and flow angles were specified at the subsonic inlet boundary. At the outlet, the static pressure 
at the hub was defined by a simple radial equilibrium equation. Near the tip region, the upstream and downstream 
boundaries were located 1.5 and 1.6 tip chord length in the axial direction respectively away from the rotor blade. Nonslip 
and adiabatic conditions were imposed on the solid wall. 

Structural Model 
The structural dynamic equation for the blade vibration is shown as:  

𝑴𝒙 𝑪𝒙 𝑲𝒙 𝑸 (2) 

where 𝒙 and 𝑸 stand for the vectors of the displacement and the aerodynamic force. 𝑴, 𝑪, and 𝑲 represent the 
matrices of mass, damping and stiffness respectively. For the linear aeroelasticity vibration, the blade deflection was 
decoupled with a modal super-position method:  

𝑴𝒈𝒒 𝑪𝒒 𝑲𝒒 𝑸𝐠 (3) 

𝒙 𝝓𝒒, 𝑴𝒈 𝜱𝑻𝑴𝜱, 𝑪𝒈 𝜱𝑻𝑪𝜱, 𝑲𝒈 𝜱𝑻𝑲𝜱, 𝑸𝒈 𝜱𝑻𝑸 (4) 

where 𝒒  is the modal displacement, 𝝓  is the modeshape. 𝑴𝒈 , 𝑪𝒈 , and 𝑲𝒈  are diagonal matrices.  𝑸𝒈  is the 
generalized aerodynamic vector. 

Fluid-Structure Coupling 
A fully coupled numerical method was applied to solve the FSI problems. It solved the aerodynamic and structural 

equations simultaneously, and the information of the boundary condition exchanged between two domains at each step. 
The first process was that the fluid solver computed the aerodynamic force vector, and sent it to the modal equation solver. 
Subsequently, the structural solver evaluated the generalized forces for vibration modes and solved the time-dependent 
modal equation. Then, a linear combination method was applied to compute the displacement vector. Finally, in the fluid 
grid, the resultant velocity and displacement of the boundary were updated with a grid deformation technique. 

RESULTS AND DISCUSSION 

CASE STUDY 
A transonic fan modal with a flat-tip leading edge (FLE) on the NASA rotor 67 test case (e.g. Strazisar et al, 1989) 

was used for current calculations. The aerodynamic loading in the blade tip region was higher than that at other parts of the 
rotating blade, thus the shape of the blade tip leading edge (LE) which influenced the flow incidence, might have had a 
significant impact on the formation of tip unsteady flows. Hence, the blade tip LE was cut to a flat shape by a curved cutting 
technology, and the model with the flat-tip leading edge is called the FLE fan. The geometries of the FLE fan and the 
NASA rotor 67 are presented in Figure 1, and the FLE fan is described in red lines. The cutting position started from the 

 

Figure 1 Geometry and Mesh of the NASA Rotor 67 and the FLE Fan 
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Table 1 Design Parameters of the FLE Fan 

Parameter Value 

Blade number 22 

Tip Mach 1.38 

Aspect Ratio 1.76 

Tip clearance, [mm] 1.016 

Inlet hub-tip radius ratio 0.375 

Rotor tip chord length, [mm] 81.83 

Design rotating speed, [RPM] 16043 

 
80% span to the blade tip. The design parameters of the FLE fan shown in Table 1, were basically the same as the original 
model except for the rotor tip chord length and the aspect ratio. 

The fluid model of the FLE fan was discretized by the structured grid with an OH4 topology. The thickness of the first 
near-wall cell was 10-5m and the y-plus at the first cell on the solid boundary was about 5, which was suitable for the 
employ of the one-equation S-A turbulence modal. For the spanwise direction, 73 nodes were set with 17 nodes in the tip-
gap region. To check the accuracy of the numerical results, a mesh independence verification was conducted for various 
grid resolutions. Four different resolutions, coarse mesh (344K), moderate mesh (491K), fine mesh (635K) and very fine 
mesh (822K), were generated. The numerical errors were estimated by the Richardson extrapolation method, and the results 
show that the grid independence was reached in the case of the fine mesh. Hence, the single passage mesh of 635,000 nodes 
was used for the fan blade under the consideration of the accuracy requirements and computational resource consumptions. 
A full-annulus computational domain assembled by copying the single passage mesh was used in the investigation of the 
lock-in phenomenon.  

 

     

a) 1F (485Hz)   b) 2F (1165Hz)  c) 1T (1819Hz)  d) 1C (2459Hz)  e) 2T (3024Hz) 

Figure 2 First Five Eigenmode of the Fan Blades 

 

Figure 3 Campbell Diagram 
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The structure model was discretized by the hexahedral elements with 40 elements chordwise, 65 elements spanwise, 
and 2 elements in the direction of thickness. The element type was the solid 185. The material of the blade was the TC4 
titanium alloy, which was commonly used in the modern design of fan blades. The structural solutions of the FLE fan blade 
were obtained from a commercial package ANSYS, and the first five eigenmodes were considered. Modeshapes for the 
first five modes are shown in Figure 2. The natural frequencies of the eigenmodes were obtained at the 82% rotational 
speed. Based on the natural frequencies obtained from the modal analyses, the Campbell Diagram is plotted in Figure 3, 
and the investigated condition marked in green circular lines is presented. 

NUMERICAL PROBES AND METHODS 
The numerical probes were assembled on the fan blades to obtain the static pressure thereby measuring the excitation 

of unsteady aerodynamics. As sketched in Figure 4 (a), there were total 132 points on the pressure surface and suction 
surface of blade 1 at numerous axial and spanwise locations. The first number represent the locations of blade span, the 
second and third number mean the locations of blade chord. The numerical data of the two rotor revolutions was used as 
the sampling point, and the sampling accuracy was about 110Hz, which was sufficient for distinguishing the difference in 
frequencies of aerodynamic disturbance and structural vibration. Moreover, monitoring lines were located at the rotor tip 
0.5 tip chord length upstream and downstream in Figure 4 (b). The line were composed of 1055 no uniform points in the 
circumferential direction. A curve fitting technology was applied to obtain the continuous data on the line, and the data 
was interpolated on 1000 uniform points in the circumferential direction, thus the range of absolute aerodynamic wave 
number available from the data was from 0 to 500.  

 

    

a) At Numerous Axial and Spanwise Locations  b) At Circumferential Locations 

Figure 4 Numerical Probes of the Fan Blade 

Investigation of the Lock-in Phenomenon 
To investigate the lock-in boundary, and have a more conclusive understanding on the coupling between the 

aerodynamic disturbance and the structural vibration in the lock-in and unlocked regions, more working conditions with 
different vibration frequencies need to be studied. Hence, the frequencies of the 2T mode were altered around the natural 
frequency (3024 Hz) under a fixed modal velocity as the initial excitation. Fast fourier transformation (FFT) of the modal 
displacement of the blade, the unsteady pressure and the displacement near the blade LE at 99% span (point 601) were 
subsequently analyzed. The numerical data on the last two rotor revolutions (4-6) presents the periodic oscillation, thus it 
was taken as samples for FFT analyses.   

 All the investigated working conditions are shown in Table 2, the blade vibrated at the natural frequency in the case 
4. Compared with the case 4, the maximum positive deviation of the blade vibration frequency was 15% (3477 Hz), whereas 
the maximum negative deviation was 10% (2721Hz). The frequency in the second row shows the natural frequency of the 
2T mode. The 4th row was the dominant frequency of the aerodynamic disturbance in the simulations with rigid blades 
(free flow frequency), and the 5th row was the ratio of the blade vibration frequency to the free flow frequency. In this 
study, the free flow frequency was defined as F-fluid, whereas the structural vibration frequency was F-structure. The ratio 
was similar to the ratio of the forced blade frequency to the natural shedding frequency defined in the literatures (e.g. Spiker 
et al, 2008; Spiker et al, 2009). For the 6th row, it was the dominant frequency of the aerodynamic disturbance in the 
simulations with flexible blades. The 7th row was the dominant frequency of the structural response obtained from the FSI 
analysis, which was the same as the frequency of the 2T mode. All cases were also plotted in the Campbell Diagram in 
Figure 3. There were no intersections between the engine order and the 2T mode, which indicates that all the blade 
vibrations were nonsynchronous to the rotational speed. In the case 4, 5, 6, and 7, the dominant frequency of the  
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Table 2 Test cases with different vibration frequencies 
Case 1 2 3 4 5 6 7 8 

2T (Frequency, Hz) 2721 2873 2948 3024 3175 3219 3326 3477 
Deviation (%) -10.0 -5.0 -2.5 0.0 5.0 6.5 10.0 15.0 

Rigid blade 
(Dominant pressure 

frequency, Hz) 
3219 3219 3219 3219 3219 3219 3219 3219 

F-structure/ 
F-fluid 

0.845 0.892 0.916 0.939 0.986 1.000 1.033 1.080 

Flexible blade 
(Dominant pressure 

frequency, Hz) 
3060 3235 3156 3024 3175 3219 3326 3300 

Flexible blade 
(Dominant response 

frequency, Hz) 
2721 2873 2948 3024 3175 3219 3326 3477 

 
aerodynamic disturbance was equal to that of the structural vibration, thus the lock-in phenomena were identified. In the 
other cases, the frequency was not synchronized with the vibration frequency, which shows that the aerodynamic 
disturbance was not locked to the structural vibration. Hence, a rough lock-in boundary was obtained in red dotted oval 
lines in Figure 3.    

To compare the differences in the characteristics of the aerodynamic disturbance and the structural vibration in the 
two regions, the modal displacements and the spectra of modal displacements, displacements, and unsteady pressure of 
case 5 (in the lock-in region) and case 8 (in the unlocked region) are shown in Figure 5 and Figure 6. The modal 
displacements show that the blade vibration was dominated by the M5 (2T) mode in both regions. In the lock-in region, 
the amplitude of the 2T/-8ND mode grew exponentially, as shown in Figure 5 (a), thus the blade vibration was unstable. 
From Figure 5 (b) to Figure 5 (d), the spectra of the displacements and unsteady pressure exhibit a single peak owing to 
the aerodynamic disturbance resonant with the structural vibration. With respect to the unlocked region, Figure 6 (a) 
presents that the modal displacements of the 2T/-10ND mode show a typical nonlinear vibration pattern of limit cycle 
oscillation (LCO), which was neither convergent nor divergent in time. The two frequencies as the component of the LCO 
pattern were shown in Figure 6 (b) and the spectra corresponding to the aerodynamic disturbance present broadband peaks 
in Figure 6 (d). 

Figure 7 compared the maximum amplitudes of the blade vibration and aerodynamic disturbance in all cases. The 
amplitude in each case was normalized by the results of the case with the largest amplitude (case 5). On the whole, the 
amplitude in the lock-in region was larger than that in the unlocked region, and it was consistent with the fact that the 
coupling between the aerodynamic disturbance and the structural vibration was stronger in the lock-in region. Similar to 
the results in the literatures (e.g. Spiker et al, 2008; Spiker et al, 2009), the maximum vibration did not occur at a frequency 
ratio of 1.0, whereas at a condition when the free flow frequency was not coincident with the natural frequency of the 
structure. 

To examine the coupling between the aerodynamic disturbance and the structural response in both regions, the 
temporal and spatial evolutions of unsteady pressure were plotted in Figure 8. The aerodynamic wave number (AWN) was 
calculated by the circumferential FFT of unsteady pressure at the rotor tip 0.5 tip chord length upstream. In the previous 
studies, the position cannot identify the locked-in pressure wave associated with the aerodynamic disturbance near the 
blade tip leading edge (AWN𝑥), whereas the modulated wave (AWN𝑥 AWN22) induced by the modulation between the 
locked-in wave and the rotor blades was identified. Hence, it was feasible to use the modulated wave at this position to 
represent the aerodynamic disturbance. In the lock-in case, as shown in Figure 8 (a), the aerodynamic disturbance was 
dominated by a single aerodynamic wave number (AWN14), and the disturbance induced by the blade vibration can be 
identified (ND-8). In the unlocked case, as presented in Figure 8 (b), the aerodynamic disturbance was dominated by several 
AWNs (AWN13, AWN14, and AWN15), and the vibrational disturbance (ND-10) cannot be identified. Moreover, in the 
lock-in case, during the last two rotor revolutions (4-6), the amplitude of the AWN14 was developing towards an increasing 
trend and the amplitude of 2T/N-8ND modal displacements grew over time, which indicates that the coupling between the 
aerodynamic disturbance and the structural vibration was increasing. In the aspect of the unlocked case, there was no 
obvious coupling between the aerodynamics and the structure.  

 
 
 



7 

        

a) Modal Displacements                    a) Modal Displacements 

        

b) FFT of M5/-8ND Modal Displacements      b) FFT of M5/-10ND Modal Displacements 

         

c) FFT of Displacements                     c) FFT of Displacements 

           

d) FFT of Unsteady Pressure                d) FFT of Unsteady Pressure 

Figure 5 Case 5 (In the Lock-In Region)      Figure 6 Case 8 (In the Unlocked Region) 
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Figure 7 Amplitude of the Blade Vibration and the Aerodynamic Disturbance 
 

 

a) Case 5 (In the Lock-In Region) 

 

b) Case 8 (In the Unlocked Region) 

Figure 8 Temporal and Spatial Evolutions of Unsteady Pressure 
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Table 3 summarizes the dominant circumferential mode orders in all cases. The second row was the AWN of the 
modulated pressure wave (AWN𝑥 AWN22), and the third row was the AWN of the locked-in wave (AWN𝑥), which 
was converted from that of the modulated wave. The 4th row was the ND of the structural wave, and the 5th row was the 
absolute difference of the AWN and the ND. Results show that the absolute difference was equal to the blade number (22) 
in the lock-in region owing to the spatial aliasing, whereas the AWN was not matched to the ND in the unlocked region. 
However, the AWN and the ND changed in the cases with different vibration frequencies in the unlocked region, which 
indicates that there was still a coupling between the aerodynamic disturbance and the structural vibration. In summary, the 
lock-in phenomenon was characterized by the frequency and phase of the aerodynamic disturbance locked to the structural 
vibration pattern, which was consistent with the occurrence of NSV. Hence, the lock-in phenomenon could be the 
mechanism of NSV. 

 
Table 3 Circumferential Mode Orders in All Cases 

Case 1 2 3 4 5 6 7 8 

Modulated wave, AWN 14 13 14 15 14 14 13 14 

Locked-in wave, AWN -30 -31 -30 -29 -30 -30 -31 -30 

Structural wave, ND -5 -6 -6 -7 -8 -8 -9 -10 

|AWN ND| 25 25 24 22 22 22 22 20 

CONCLUSIONS 
This paper conducts a numerical study on the lock-in phenomenon of a FLE fan blade. A fully coupled, FSI method 

was applied to obtain the unsteady flows coupled with the blade vibrations in the full-annulus computational domain. The 
main objective was to accurately simulate the lock-in phenomenon and to have a more conclusive understanding on the 
mechanism of the coupling between the aerodynamic disturbance and the structural vibration. 

The previous studies identified the lock-in phenomenon, evidenced by the fact that the aerodynamic disturbance 
became locked to the 2T mode. The frequencies of the 2T mode were altered around the natural frequency in a certain 
range, and a rough lock-in boundary was obtained. The amplitude of the blade vibration grew exponentially in the lock-in 
region, and the resonant system exhibits a single peak in both spectra of the displacements and the unsteady pressure. In 
the aspect of the unlocked region, the vibration history shows a LCO with the component of the two frequencies, and the 
aerodynamic disturbance have broadband spectra characteristics. In the lock-in region, the amplitude of the blade vibration 
and the aerodynamic disturbance was larger than that in the unlocked region, and the maximum structural response occurred 
at a condition when the free flow frequency was not coincident with the blade natural frequency.   

With respect to the coupling between the aerodynamic disturbance and the structural vibration, the lock-in case 
presents a strong coupling effect, and the intensity grew over time. The absolute difference of the AWN and the ND was 
equal to the blade number. In the unlocked case, the coupling was not obvious, and the AWN was not matched to the ND. 
Even so, there was still a coupling between the aerodynamic disturbance and the structural vibration in the unlocked region, 
because the AWN and the ND changed in the cases with different vibration frequencies. In conclusion, the lock-in 
phenomenon was consistent with the occurrence of NSV, in which the frequency and phase of the aerodynamic disturbance 
became locked to the structural vibration pattern. Hence, the lock-in phenomenon could be the mechanism of NSV. 
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NOMENCLATURE 
DX    Displacement in the x direction 
DY    Displacement in the y direction 
DZ    Displacement in the z direction 
MD    Modal displacement 
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