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ABSTRACT 
Turbomachinery blades are normally designed based on the 

tuned idealization. However, blade-to-blade variations will 

inevitably occur due to manufacturing and assembly processes 

as well as wearing and tearing during the operation. These 

variations are denoted as mistuning and it is known that 

mistuning can affect blade aeroelasticity performances. 

Although there have been various studies on mistuned cases, 

they typically are based on reduced methods with corresponding 

modeling assumptions. Direct fluid-structure coupled solutions 

of mistuned bladerows are rather limited, thus there is lack of 

clear and systematic understanding of physical behaviours and 

mechanisms of mistuned bladerows. The main objectives of the 

present work are two-folds. First, elucidate the basic vibration 

kinematics of a mistuned bladerow for both a structural 

mistuning and an aerodynamic mistuning. Second, examine the 

effects of mistuning on flutter susceptibility for a specific 

alternating arrangement. The present results show that firstly a 

mistuned configuration tends to vibrate with the same frequency 

and inter-blade phase angle. Vibration amplitudes of the blades 

however vary with a strong mode localization effect for a 

structural mistuning. For the concurrent structural-aerodynamic 

mistuning, the localization is stronger than the standalone 

structural mistuning case. Secondly, a monotonic increase of the 

aeroelastic stability with structural mistuning is observed. On the 

other hand, the aerodynamically mistuned cascade shows a 

stabilizing effect at a small amount of mistuning but exhibits a 

destabilizing effect at a large mistuning. At a low reduced 

frequency condition, there is a striking difference between the 

aerodynamically tuned and mistuned bladerows. Although the 

tuned cascade is stable, the aero-mistuned cascade can 

experience flutter. More remarkably, an additional structural 

mistuning seems to enhance the localization effect, leading to a 

larger vibration amplitude of the most unstable blade. 

INTRODUCTION 
Efficient and accurate modeling of the blade aeroelasticity 

performance has been continually pursued by the research 

community. As of today, it is the industry standard to utilize the 

phase-shifted single-passage approach such as Linear/Nonlinear-

Harmonic (Ning and He, 1998; He and Ning, 1998) and 

Harmonic Balance (Hall et al., 2002) methods to investigate the 

flutter and forced response characteristics of potential blading 

design candidates. These state-of-the-art simulation methods are 

highly efficient thanks to two main assumptions: a) the structural 

responses affect marginally their aerodynamic characteristics, 

thus the system is decoupled and b) the blades are identical, thus 

the system is tuned. Under these two assumptions, the whole-

annulus domain can be reduced efficiently to a decoupled phase-

shifted single-passage solution. 

As the technology is pushed, modern gas turbine 

architecture has the tendency to make more use of the composite 

material. The low mass ratio configuration has been reported to 

cause unusual aeroelastic phenomena in the literature due to the 

stronger coupling between the fluid flow and the structural 

dynamics. Sadeghi and Liu (2005) found a significant difference 

of the flutter boundary predicted by the decoupled and the fully-

coupled methods for a low mass ratio configuration at the 

subsonic flow condition. At the transonic flow condition, they 

reported that the blades may oscillate alternatingly around the 

nominal stagger angle due to alternating choked and unchoked 

flow in neighbouring passages. Similar nonlinear flutter 

phenomenon was also reported in prior publications by Carstens 

et al. (2001; 2003). Chahine et al. (2019) studied the transonic 

fan rotor at various combinations of mass ratio and stiffness 

using both decoupled and fully-coupled methods. They found 

that these two methods are in good agreement over a large range 

of conditions. However, for a representative composite fan blade 

with low mass ratio and low stiffness, the prediction discrepancy 
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between these methods can be as high as 27.3%. Nevertheless, 

fully-coupled simulation has not been a common practice due to 

its prohibitive computational cost. The method has typically 

been used to investigate the fundamental physical vibrations that 

lacks understanding. An early example of such effort is from He 

(1994), who compared the pure aerodynamic calculation with 

stationary blades to the aerodynamic-structural coupled 

computation. The former method was pointed out to be 

misleading in terms of stability assessment. Vahdati et al. (2011) 

used the fully-coupled method to study the interaction effect of 

stall flutter and acoustic flutter. They concluded that blade 

frequency was not an effective parameter to control acoustic 

flutter. Corral and Gallardo (2014) used both time-accurate 

coupled method and semi-coupled method to investigate the 

bladed disks dynamics with multiple unstable modes. 

Regarding the mistuning effects, the blades are not identical 

in practice since the blade-to-blade variations are inevitably 

present due to manufacturing tolerances, assemble processes as 

well as wear and tear. Mistuning can be classified into two main 

categories: structural mistuning and aerodynamic mistuning. 

Structural mistuning involves the change in structural parameters 

such as the blade mass and the blade stiffness, which in turn 

induces the change in the blade eigen-frequency. Aerodynamic 

mistuning involves variations in the blade stagger angle, leading 

and trailing edge shape, blade thickness, and camber. While 

structural mistuning has been studied extensively in the past, the 

number of aerodynamic mistuning study is fewer. Nevertheless, 

the findings of aerodynamic mistuning effect are still 

inconclusive. Although it is generally agreed that structural 

mistuning is beneficial for the aeroelastic stability (Castanier and 

Pierre, 2006), the effects of aerodynamic mistuning on the 

aeroelastic stability are more complicated. The early study from 

Hoyniak and Fleeter (1986) showed that the alternating 

circumferential spacing mistuning enhance the stability for cases 

with the elastic axis at or forward of the airfoil mid-chord. When 

the elastic axis moved to 60% chord, the stability enhancement 

was minimal. Sladojecvic et al. (2007) used a whole-annulus 

time-domain solver to investigate the effects of alternating 

stagger angle on the stability of fan blade. They found that small 

changes of stagger angle (0.5deg) did not have a significant 

effect, whereas a large value of mis-stagger (2deg) could be 

considerably destabilizing. Ekici et al. (2010) showed that the 

alternating blade spacing enhanced the blade stability, while the 

alternating blade staggering could be either beneficial or 

detrimental depending on the direction of mis-staggering. Leng 

and Key (2019) found that some non-uniformly spaced blades 

could even have negative aero-damping at certain excitation 

nodal diameters, while the tuned bladerow was stable. Malzacher 

et al. (2019) performed the mis-staggering experimental 

investigation on a low-speed linear cascade. They concluded that 

mis-staggering could either have a beneficial or detrimental 

effect depending on the mistuning strength. However, the 

cascade stability seemed not to be affected significantly by the 

aerodynamic mistuning. Franz et al. (2017) adopted the reduced-

order model based on an eigenvalue analysis of the linearized 

modal aeroelastic system combined with the aerodynamic 

influence coefficients. Their results indicated that frequency 

mistuning was always stabilizing while aerodynamic mistuning 

was destabilizing under certain conditions. 

For forced response problems, there were a few of studies 

that considered both structural and aerodynamic mistuning 

simultaneously (Sladojevic et al., 2006; Petrov, 2010; Gross et 

al., 2018). On the other hand, the number of studies involved 

concurrent structural-aerodynamic mistuning in the context of 

free-response vibrations (self-excited flutter) (e.g. Hoyniak and 

Fleeter, 1986b) are even scarcer. 

With the background introduced so far, one can see that 

fluid-structure interaction can induce significant effects on the 

blade aeroelastic response. Regarding mistuning, a fundamental 

question oftenly asked by practitioners in the field is, “what 

vibration kinematics should one expect to observe for a mistuned 

bladerow”. Unfortunately, the basic vibration kinematics of the 

mistuned bladerow is still not well understood even until now 

due to the lack of high-fidelity fluid-structure interaction 

computations of an oscillating mistuned bladerow. Thus, the first 

primary objective of the present work is to elucidate the basis 

vibration characteristics of a structural and/or aerodynamic 

mistuned bladerow using the fully-coupled method. 

In the second part of the paper, we will investigate the effects 

of mistuning on the aeroelastic stability. We will confine to a 

specific alternating arrangement, which has been popular in the 

literature as a passive control strategy for the flutter problems.  

NUMERICAL METHODS 

Fully-Coupled Fluid Structure Interaction 
The fully-coupled method involves the coupling between 

the fluid and the structure solver. On the fluid side, the unsteady 

Navier-Stokes equations are solved. The γ-θ transition 

correlation coupled with the Shear Stress Transport (SST) model 

is adopted in order to close the equations: 

 
𝜕𝜌

𝜕𝑡
+ ∇ ∙ (𝜌𝑼) = 0 

𝜕(𝜌𝑼)

𝜕𝑡
+ ∇ ∙ (𝜌𝑼⨂𝑼) = −∇𝑝 + ∇ ∙ 𝜏 

𝜕(𝜌𝐻)

𝜕𝑡
−
𝜕𝑝

𝜕𝑡
+ ∇ ∙ (𝜌𝑼𝐻) = ∇ ∙ (𝜆∇𝑇) + ∇ ∙ (𝑼 ∙ 𝜏) 

(1) 

 

On the structure side, the rigid body equations of motion are 

solved separately for bending and torsion vibration mode: 

 
𝑑𝑃

𝑑𝑡
= 𝐹𝑎𝑒𝑟𝑜 − 𝑘𝑏𝑒𝑛𝑑𝑖𝑛𝑔(𝑥 − 𝑥𝐶𝑂𝑀) 

𝑑Π

𝜕𝑡
= 𝑀𝑎𝑒𝑟𝑜 − 𝑘𝑡𝑜𝑟𝑠𝑖𝑜𝑛(𝜃 − 𝜃𝐶𝑂𝑀) 

(2) 

 

where 𝑃 is linear momentum, Π is angular momentum. 𝐹𝑎𝑒𝑟𝑜 and 

𝑀𝑎𝑒𝑟𝑜 denote the aerodynamic force and moment acting on the 
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blade, respectively. Similarly, 𝑘𝑏𝑒𝑛𝑑𝑖𝑛𝑔 and 𝑘𝑡𝑜𝑟𝑠𝑖𝑜𝑛 represent the 

stiffness in the respective degree of freedom.  

Fig. 1 illustrates the flow chart of the tightly coupled fluid-

structure interaction simulation method. There are two time step 

loop: the outer loop and the inner loop. The outer loop represents 

the physical timestep, while the inner loop represents the pseudo-

timestep. At each inner loop iteration, data are exchanged 

between the fluid and the structure solver. The structure solver 

receives the information of the aerodynamic forces acting on the 

blade, while the fluid solver receives the updated blade 

position/orientation. The iterations continue until reaching the 

convergence criteria. The coupling level depends on the 

frequency of data exchange. In the tightly coupled simulation 

process, data exchange occurs every inner loop iteration. On the 

other hand, if the loosely coupled simulation method is adopted, 

data exchange may take place at every outer loop iteration. 

Depending on the strength of fluid-structure interaction effects, 

a suitable coupling level can be used. In the present work, the 

tightly coupled method is adopted at the expense of 

computational resources.  

 

 
 

Fig. 1 Flow chart of the tightly coupled fluid-structure 

interaction method 

 

Because the tighly coupled fluid-structure interaction 

method is two-way iteratively implicit, the vibration 

characteristics is part of the solution. Thus, the method is suitable 

for an investigation of the unknown a-priori vibration 

characteristics as in the present work with the mistuned 

oscillating cascade. 

TEST CASE 
The control-diffusion compressor blade profile representing 

the modern blading design is adopted in the current work. 

Aerodynamics and aeroelastic experimental study of this 

compressor blade was carried out in University of Durham (Yang 

and He, 2004).  

Table 1 summarizes the operating conditions of the test case. 

All numerical values are matched to a less than 5% discrepancy 

from the experimental conditions.  

 

Table 1  Summary of operating conditions 

Conditions Experimental Numerical 

Inlet flow angle, deg 37.5 37.5 

𝑅𝑒 (based on blade chord 

and exit velocity) × 105 
1.95 1.967 

Exit isentropic velocity 𝑉𝑟𝑒𝑓 , 

ms-1 
19.5 20.4 

 

The torsional modeshape is used in the current test case. The 

torsional axis is assumed to be located at the blade mid-chord 

unless otherwise specified.  

There are two other parameters governing the vibration 

characteristics of the cascade: the mass ratio 𝜇 and the reduced 

frequency 𝑘. The mass ratio 𝜇 is the ratio between the blade mass 

and the mass of surrounding control-volume fluid, whilst the 

latter dictates the level of unsteadiness: 

 

𝜇 =
𝑚𝑏𝑙𝑎𝑑𝑒

𝜌𝜋(𝐶 2⁄ )2ℎ
   (3) 

 

where 𝐶 is the blade chord and ℎ is the blade height. 

The reduced frequency 𝑘 determines the unsteadiness level: 

 

𝑘 =
𝜔𝐶

𝑉𝑟𝑒𝑓
    (4) 

 

where 𝜔 is the vibrating frequency and 𝑉𝑟𝑒𝑓  is the reference 

isentropic velocity. 

In the current work, the reduced frequency 𝑘 = 0.8 is used, 

which is a representative for the torsional oscillation. For 

validation purposes against the decoupled method, a high mass 

ratio 𝜇 = 800 is adopted to improve the quasi-periodic vibration 

of the fully-coupled cascade. The mistuning effects will be 

studied under a large range of mass ratio. 

Validations of this oscillating cascade can be found in Phan 

and He (2020). Comparisons between the fully-coupled and 

decoupled method for the tuned cascade can be found in Phan 

and He (2021b).  

BASIC VIBRATION CHARACTERISTICS 

Structural Mistuning 

In this section, the adopted configuration is a 12-blade 

random structurally mistuned cascade. Structural mistuning is 

realized by changing the blade stiffness while retaining its mass 

and inertia, thus effectively changes the eigen-frequency of each 

individual blade. Hence, this type of structural mistuning is also 

known as frequency mistuning. The random mistuning pattern is 

illustrated in Fig. 2, where the mistuned frequency is within the 

range of ±1% from the nominal tuned cascade.  
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Fig. 2 Random frequency mistuning pattern 

 

Fig. 3 compares the eigen-frequency and oscillating 

frequency of the randomly mistuned cascade. The oscillating 

frequency is obtained for each individual mistuned blade by 

performing Fast Fourier transform (FFT) on its vibration history, 

while the eigen-frequency is the imposed frequency based on the 

specification of blade stiffness and blade mass/inertia. According 

to Fig. 3, although each blade has a random eigen-frequency to 

start with, the blades eventually couple and oscillate the same 

vibration frequency.  

 

 
 

Fig. 3 Frequency distribution of the free response of the 

random frequency mistuning 

 

Fig. 4 tracks the instantaneous phase evolution of each blade 

across the cascade with time. Vibrations of all blades follow a 

horizontal line (denoted as a white dashed line in Fig. 4), which 

mean that all blades are largely in phase with each other. This 

represents a standing wave with a constant IBPA 𝜎 = 00. 

 

 
 

Fig. 4 Phase angle evolution of the free response of the 

random frequency mistuning 

 

Fig. 5 presents the normalized vibration amplitude of each 

blade during a specific oscillation cycle. If the tuned cascade 

theory still holds (Lane, 1956), one would expect to observe a 

constant vibration amplitude across the cascade. Instead, 

vibration amplitudes can be seen to vary among blades. The 

variation pattern can be related to the imposed frequency 

mistuning pattern (see Fig. 2), in which high eigen-frequency 

blades tends to have high vibration amplitudes. The magnitude 

of variation is also large with up to ±40% difference compared 

to the mean value of the whole bladerow. 

 

 
 

Fig. 5 Amplitude distribution of the free response of the 

random frequency mistuning 

 

Aerodynamic Mistuning 

Another important type of mistuning is aerodynamic 

mistuning, which has been somewhat less popular among 

research community but rejuvenating recently. In this section, 

aerodynamic mistuning is realized in the present work by 

changing the blade stagger angle. Fig. 6 illustrates the 

convention of increasing/decreasing stagger angle in the 

aerodynamically mistuned cascade. Because the flow angle is 

fixed, a decrease in stagger angle (negatively mis-staggered) 

would mean an increase in flow incidence.   
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Fig. 6 Aerodynamic mistuning illustration 

 

Fig. 7 presents the imposed steady mis-staggered pattern 

and the mean vibration position. The mis-staggering pattern is 

randomly distributed within the range of ±0.5deg from the tuned 

nominal position. The mean vibration positions can be seen to be 

consistent with the steady mis-staggered pattern. This suggests 

that the unsteady interactions of the aero-mistuned blades in this 

particular test case and condition have small influence on the 

time-averaged (steady) responses.  

 

 
 

Fig. 7 Steady/mean misstaggering of the random 

aerodynamic mistuning 

 

All blades in the aerodynamically mistuned cascade have 

the same structural properties, thus eigen-frequency. Therefore, 

it is not surprising that all blades oscillate at the same coupled 

frequency. We then turn our attention to the phase angle 

distribution of the aerodynamically mistuned cascade as shown 

in Fig. 8. The inter-blade phase angle remains constant across the 

cascade, evidenced by the white dashed line in Fig. 8. 

 

 
 

Fig. 8 Phase angle evolution of the free response of the 

random aerodynamic mistuning 
 

Fig. 9 presents the normalized vibration amplitude of the 

aero-mistuned cascade in comparison with the expectation from 

the tuned cascade. Vibration amplitudes can be seen to vary 

among blades, although the variation (±15%) is much less than 

that of the frequency mistuned configuration (±40%).  
 

 
 

Fig. 9 Amplitude distribution of the free response of the 

random aerodynamic mistuning 

 

Concurrent Structural-Aerodynamic Mistuning 

In reality, both structural and aerodynamic mistuning will be 

inevitably co-existing in a bladerow. A standalone structural or 

aerodynamic mistuning is still a simplified representation of the 

mistuned system, although it has been useful to investigate its 

effect in a separate manner. In this section, we attempt to study 

the concurrent structural-aerodynamic mistuned bladerow. The 

mistuned eigen-frequency distribution is the same as in the 

standalone structural mistuning case, while the mis-staggered 

angle distribution is the same as in the standalone aerodynamic 

mistuning case. From Fig. 10, the mean vibration positions of the 

concurrent structural-aero mistuning resemble that of the aero 

mistuning only configuration. This suggests aero-mistuning is 

responsible for the mis-staggering characteristics.  
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Fig. 10 Steady/mean mis-staggering of the concurrent 

structural-aerodynamic mistuning 

 

Fig. 11 shows the frequency distribution of the concurrent 

structural-aero mistuned cascade. Similarly to the case with 

structural mistuning only, the coupled oscillating frequency is 

constant across the cascade regardless of the initial randomly 

distributed eigen-frequency. 

 

 
 

Fig. 11 Frequency distribution of the free response of the 

concurrent structural-aerodynamic mistuning 

 

Fig. 12 tracks the instantaneous phase temporal evolution of 

each blade across the concurrent structural-aero mistuned 

cascade. Vibrations of all blades follow a horizontal line 

(denoted as a white dashed line in Fig. 12), which mean that all 

blades are largely in phase with each other. This represents a 

standing wave with a constant IBPA 𝜎 = 00. 

 

 
 

Fig. 12 Phase angle evolution of the free response of the 

concurrent structural-aerodynamic mistuning 
 

Fig. 13 presents the normalized vibration amplitude of the 

concurrent structural-aero mistuned cascade in comparison with 

the standalone structural mistuning. Vibration amplitudes can be 

seen to vary among blades with the variation magnitude up to 

±60%. This variation magnitude is higher than both standalone 

structural or aerodynamic mistuning, which suggests that 

structural mistuning interacts with aerodynamic mistuning to 

amplify the mode localization effect. 
 

 
 

Fig. 13 Amplitude distribution of the free response of the 

concurrent structural-aerodynamic mistuning 

 

EFFECTS OF ALTERNATING CONFIGURATIONS 
Alternating mistuning has been a popular passive flutter 

treatment reported in the literature. In the present work, we will 

investigate the influence of mistuning with this specific 

arrangement on the aeroelastic stability.  For a more systematic 

study, we will first examine two aero-damping characteristics for 

two aeroelastic stable cases at a high reduced frequency (k=0.8): 

Then two further cases will be used to illustrate how the 

structural mistuning behaves in an aero-mistuning induced 

flutter at a low frequency (k=0.3).  
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Structural Mistuning (Aero-Tuned, k = 0.8) 
Fig. 14 compares the normalized log-dec of an alternating 

frequency mistuned cascade with a range of mistuning strength 

and mass ratio. Frequency mistuning is observed to be stabilizing 

for all investigated cases. The stabilization effect increases 

monotonically as the mistuning strength increases. In addition, 

the mistuned cascade with higher mass ratio shows stronger 

stabilization effect.  

 
 

Fig. 14 Alternating frequency mistuning log-dec 

 

In addition, the vibrating amplitudes of mistuned cascade 

are observed to be localized. Fig. 15 presents the modal 

amplitude ratio for a range of mistuning strength and blade mass 

ratio. The modal amplitude ratio is the proportion of vibration 

amplitudes of the odd-numbered blade to that of the even-

numbered blades. It can be seen that the modal amplitude ratio 

increases with the mistuning strength. The amount and rate of 

modal amplitude ratio increase is more obvious as the mass ratio 

rises. The trend of modal amplitude ratio (Fig. 15) is similar to 

that of log-dec (Fig. 14), thus highlighting their close 

relationship.  
 

 
 

Fig. 15 Alternating frequency mistuning amplitude ratio 

 

Fig. 16 illustrates the vibration histories of the 1% frequency 

mistuning (Fig. 16a) and 4% frequency mistuning (Fig. 16b) for 

a few oscillation cycles once the cascade has been coupled. The 

mode localization effect can visualized clearly, where the odd 

blades have higher vibration amplitudes compared to the even 

blades. Both odd and even blades seem to vibrate in-phase with 

each other. 

The above results suggest that there exists a correlation 

between the mode localization and the stabilization effect for the 

free response of a frequency mistuned cascade. To aid 

understanding of the mode localization effect, we shall 

investigate unsteady blade responses for the tuned and the 

frequency mistuned cascade as shown in Fig. 17. The odd-

numbered and even-numbered blades have identical responses 

for the tuned cascade as the vibration is at IBPA  𝜎 = 00. On the 

other hand, odd-numbered and even-numbered responses 

differently with a non-zero phase angle for the mistuned cascade. 

As a result, new inter-blade phase angle responses, which are 

more stable than the minimum IBPA, have been introduced to 

the mistuned cascade (Bendiksen, 2000). Thus, the mistuned 

cascade is stabilized via the mode localization effect. In addition, 

mode localization increases monotonically with mistuning 

amplitude. Interestingly, it is also observed that mode 

localization increases when blade mass ratio increases. Because 

no structural coupling is present in our computational model, the 

blade-to-blade coupling takes place via surrounding 

aerodynamics. As blade mass ratio increases, the blade is more 

rigid, thus weaker aerodynamics inter-blade coupling. The 

vibration energy cannot be communicated easily across the 

cascade, giving rise to the mode localization effect. 

 

 
a) 1% frequency mistuning 

 

 
b) 4% frequency mistuning 

 

Fig. 16 Alternating frequency mistuning modal 

displacement at 𝝁 = 𝟐𝟎𝟎 
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Fig. 17 Alternating frequency mistuning unsteady blade 

moment at 𝝁 = 𝟐𝟎𝟎 

 

Aerodynamic Mistuning (Structurally-Tuned, k=0.8) 
An aerodynamic mistuning is created where the odd-

numbered blades are positively mis-staggered, while the even-

numbered blades are negatively mis-staggered. The mean 

stagger angle of the mistuned cascade is the same of that in the 

tuned cascade. Three mis-staggered amplitudes will be studied, 

namely 0.5, 1.0, and 1.5 degrees. 

Fig. 18 compares the normalized log-dec of an alternating 

aerodynamic mistuned cascade with a range of mistuning 

strength and mass ratio. Interestingly, log-dec first increases for 

small values of mis-staggered angle then decreases as the mis-

staggered amplitudes become bigger. This tendency is affected 

marginally by the blade mass ratio.  

 

 
 

Fig. 18 Alternating aerodynamic mistuning log-dec 

 
Fig. 19 illustrates the vibration histories around the mean 

stagger angle of the 0.5deg mis-staggering (Fig. 19a) and 1.0 deg 

mis-staggering (Fig. 19b) for a few oscillation cycles once the 

cascade has been coupled. Unlike the case of the structurally 

mistuned cascade, the mode localization effect is not strong in 

the aerodynamically mistuned cascade. Both odd and even 

blades vibrate in-phase with each other. The only difference 

exists in this aerodynamic mistuning test case is the varying 

mean stagger angles, around which the blades oscillate. 

 

 
a) 0.5deg mis-staggering 

 

 
b) 1.0deg mis-staggering 

 

Fig. 19 Alternating aerodynamic mistuning modal 

displacement around mean position at 𝝁 = 𝟒𝟎𝟎 

 

Aerodynamic Mistuning-Induced Flutter (k=0.3) 
It has been observed that the aero-mistuned cascade is more 

destabilizing at high values of mis-staggering compared to the 

tuned cascade (see Fig. 18). However, the aero-mistuned cascade 

is still stable without any sign of flutter. It would be of interest to 

explore and answer two different but related questions: 

a) Firstly, if a blade row is structurally tuned, can there be 

an operating condition at which the aero-mistuned 

cascade is unstable but the aero-tuned cascade is stable?  

b) Secondly for this aeroelastic unstable cascade induced 

by the aero-mistuning, what will happen then if a 

structural mistuning is introduced?   

To address question a), we iteratively decrease the reduced 

frequency by raising the domain flow velocity. At a reduced 

frequency 𝑘 = 0.3, a contrasting behaviour between the fully 

tuned cascade and the aero-mistuned but structurally tuned 

cascade can be observed as shown in Fig. 20. Although the fully 

tuned cascade’s vibration is decaying (thus stable, as shown in 

Fig. 20a), the vibratory displacement of the aero-mistuned but 

structurally-tuned cascade is amplified with time, i.e. unstable 

(Fig. 20b).  
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a) Aerodynamically and structurally tuned 

 

 
 

b) Mis-staggered 1.5deg + Structurally tuned 

 

Fig. 20 Modal displacement history for the tuned and aero-

mistuned cascade 

 

Next, we try to address question b). Frequency mistuning is 

further added to the unstable aero-mistuned cascade. The 

objective is to investigate whether the frequency mistuning could 

stabilize the aerodynamic mistuning-induced flutter, which is 

underpinned by the conventional wisdom to introduce structural 

mistuning to suppress flutter. A range of frequency mistuning 

from 1% to 4% is studied.  

Fig. 21 presents the angular displacement history for the 

aero-mistuned cascade subject to 1% frequency mistuning (Fig. 

21a) and 4% frequency mistuning (Fig. 21b). It can be seen that 

both configurations still experience flutter with amplifying 

vibration amplitudes. It is reminded that for the baseline aero-

tuned case, 4% frequency mistuning by itself could increase five-

fold the aero-damping (see Fig. 14). However, the additional 

frequency mistuning in the present aero-mistuned unstable 

cascade is shown to behave completely differently. Quite 

remarkably, the additional frequency mistuning seems to result 

in an opposite adverse effect now. The seemingly destabilizing 

effect of the structural mistuning manifests in terms of a strong 

localization which exacerbates the instability of the most 

unstable blade. This is evident by the difference in blades 

amplitude evolution between a small (1%) frequency-mistuning  

(Fig. 21a) and the large (4%) one (Fig. 21b). As the frequency 

mistuning increases from 1% to 4%, the amplitude scatter among 

the blades is stronger, which makes Blade 2 reaching a larger 

amplitude after a fewer number of oscillation cycles. This 

observed behaviour seems to be consistent with the earlier case 

of the concurrent structural-aerodynamic damping (see Fig. 13), 

in which the amplitude scatter is observed to be stronger than the 

standalone structural mistuning case. 

 

 
 

a) Mis-staggered 1.5deg + 1% frequency mistuning 

 

 
 

b) Mis-staggered 1.5deg + 4% frequency mistuning 

 

Fig. 21 Modal displacement history for the aero-mistuned 

cascade subject to additional frequency mistuning 

 

CONCLUSIONS 
In the first part of the work, the fully-coupled method has 

been used to analyse the basic vibration kinematics of the free-

response mistuned bladerow. The main observations are: 

 

1) Standalone structural mistuning: blades vibrate with 

the same coupled frequency, a largely constant inter-

blade phase angle, but non-uniform amplitudes with a 

strong amplitude localization. 
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2) Standalone aerodynamic mistuning: blades vibrate with 

the same coupled frequency, a constant inter-blade 

phase angle, a weak amplitude localization, and varying 

mean positions. 

 

3) Concurrent structural-aerodynamic mistuning: blades 

vibrate with the same coupled frequency, a largely 

constant inter-blade phase angle. The amplitude 

localization is stronger than the standalone structural 

mistuning case. The mean positions are similar to the 

standalone aerodynamic mistuning case. 

 

In the second part of the paper, the influence of mistuning 

on the aeroelastic stability is investigated using the specific 

alternating arrangement. The main conclusions are:  

 

1) Alternating structural mistuning in an aero-tuned 

cascade always has the stabilization effect for all 

combinations of mistuning amplitude and blade mass 

ratio. This is thanks to the mode localization effect that 

introduces new interblade phase angles’ responses at 

non-constant vibration amplitudes. The degree of 

stabilization is dependent on the relative strength 

between mistuning and aeroelastic coupling in terms of 

the blade mass ratio. 

2) Alternating aerodynamic mistuning in a structurally-

tuned cascade has a non-monotonic tendency. A 

stabilizing effect is observed at a small amount of aero-

mistuning amplitude but a destabilizing effect is 

observed at large values of aero-mistuning. 

 

Finally at a low reduced frequency condition, a remarkably 

contrasting behaviour has been observed for aero-mistuned 

cascade. At this condition, the aerodynamically tuned cascade is 

still stable but the aero-mistuned cascade can experience flutter. 

Furthermore for this case, adding frequency mistuning to the 

unstable aero-mistuned cascade does not seem to alleviate the 

instability, quantitatively or qualitatively. On the contrary the 

added structural mistuning seems to amplify the vibration 

amplitude of the most unstable blade, most likely due to the 

associated strong modal localization. 
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