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NASA Glenn Research Center has tested the BLI2DTF propulsor including the fan rotor. 

BLI2DTF stands for Boundary Layer Ingesting Inlet/Distortion-Tolerant Fan. A comparison of the 

vibratory response between analysis results and experimental wind tunnel test results yielded 

reasonable agreement, yet some differences were noted. Blade mistuning effects have been 

identified as a potential cause for these differences. A tuned forced response analysis in a 

turbomachinery engine rotor system assumes that all of the blades are identical, so that the natural 

frequencies of individual blades are the same. In contrast to this assumption, the wind tunnel tests 

of the BLI2DTF rotor system revealed that the individual blade response frequencies varied. These 

variations in individual blade frequencies may be attributed to blade mistuning due to potential 

differences in the structural and material properties of individual blades. For an understanding of 

these variations, it is necessary to analyze the influence of blade mistuning on the BLI2DTF rotor 

system, which will provide a more precise assessment of its vibratory stresses and high cycle 

fatigue life. The purpose of the study was to investigate the influence of blade mistuning on the 

dynamic characteristics of this rotor system. At the same fan operation condition, a comparative 

forced response analysis was performed for both tuned and mistuned BLI2DTF rotor systems. A 

comparison of the results from these analyses found that the mistuning effects on the present 

BLI2DTF rotor system are notable. As a result, fan blade mistuning is to be considered a 

contributor to the levels of vibratory dynamic stresses observed during the wind tunnel experiment. 

 

1. Introduction 

Relocating the aircraft engines from a podded position on the wing or fuselage and embedding 

them into the airframe can improve vehicle fuel burn, weight, noise, and emissions through engine 

cycle improvement. The Blended-Wing-Body (BWB) architecture is particularly suitable for 

embedded engines, where aft placement on the airframe offers maximum BLI benefits. A main 

feature of the aircraft incorporating BLI propulsion is the embedded aft-mounted engines that 

ingest part of the fuselage boundary layer airflow [1-3].  The NASA Glenn Research Center (GRC) 

has been working on a first-of-its-kind boundary layer ingestion (BLI) inlet flow distortion-

tolerant fan (DTF) rotor system (designated as BLI2DTF) to advance this concept. A detailed 

overview of this research as well as the wind tunnel test results are presented in Ref. [4].  

The current authors previously published the findings of the force response analysis performed 

on the BLI2DTF rotor system [5, 6] as well as the experimental wind tunnel test results [7, 8]. 

Modeling results at design speed were used to assess the forced responses to those observed during 

wind tunnel testing. While a comparison of numerical analysis and experimental wind tunnel strain 

measurements indicated reasonable agreement, some differences in response values were 

observed. Dynamic strains were measured using strain gauges at four surface locations (Fig. 1b) 

on eight blades (Fig. 1c) as shown in Fig. 1. Strain gauges were installed in regions where high 
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dynamic strain was predicted for the structural modes and engine orders of interest, as illustrated 

by the contour plot (Fig. 1a). All gauges were placed on the pressure side of the blade to reduce 

their impact on fan performance. More details on strain measurement and measurement techniques 

are found in References 7 and 8. 

 

 

 
 (a)       (b)          (c) 

Figure 1. Optimal strain gauge locations determined from the modal strain on the BLI2DTF 

finite element mesh with gauged blade numbers shown in red color [5,7,8] 

 
In the forced vibration response analysis of a turbomachinery bladed rotor system, cyclic 

symmetry is utilized, whereby all the blades are assumed to be identical. In reality, there are small 

differences in the structural properties of individual blades, possibly caused by manufacturing and 

material variations or in-service degradation, referred to as blade mistuning. The presence of 

mistuning breaks the nature of the cyclic symmetry configuration of the rotor system. As a result, 

the practical inability to completely eliminate blade mistuning can lead to a large increase in blade 

vibratory stresses, which can cause elevated levels of high cycle fatigue (HCF) life problems that 

ultimately lead to engine failures, posing a significant safety and cost concern. Previous study has 

also shown that the presence of high vibration energy in a few blades can result in response 

amplification of 100 percent or more in some blades [9, 21, 22]. This concern necessitated further 

research into the mistuning effects that may have influenced the fan blade response data during the 

BLI2DTF wind tunnel test. All of the blades were assumed to be same in our earlier research [5, 

6], i.e., the analysis was based on the assumption of a tuned blade row in which the individual 

blades are identical, are identically mounted and evenly spaced on the disk, and their natural 

frequencies and mode shapes are identical. On the other hand, certain blades in a mistuned system 

are  likely to have  considerably higher forced vibration responses than the idealized tuned system. 

Mistuning research has led to significant developments in computational modeling and analytic 

approaches in recent years. There has been an emphasis on the development of reduced order 

models (ROM), which enable the analysis of high fidelity mistuning models with a large number 

of degrees of freedom in realistic computer times. Rather than finite element modeling and analysis 

of the entire 360-degree fan rotor geometry, various reduced-order modeling techniques that 

efficiently analyze the structural mistuning responses of a bladed disk have been developed. 

Component mode synthesis or related methods [10-16], as well as classical modal analysis with a 

mistuning projection [17], are examples of these techniques. For many methods developed to date, 
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reduced-order modeling techniques have been developed by substructuring a bladed disk into disk 

and blade components [10, 11]. Castanier et al. [12-15] established a mistuning analytical 

modeling technique in a component-based reduced-order model using a mistuning projection 

method that projects stiffness mistuning matrices in physical coordinates to the normal modes of 

a tuned cantilevered blade fixed at the disk-blade interface. Few studies have also looked at the 

combined effect of aerodynamic coupling and mistuning on the forced response, which is 

accomplished by adding aerodynamic effects into structural mistuning [9, 16, 18, 19]. Significant 

progress has been made in the development of methodologies for ROM mistuning analysis. The 

current study uses the component mode synthesis (CMS)-based component mode mistuning 

(CMM) method [15, 18] in conjunction with the Ansys® code for small stiffness mistuning dealing 

with slight variations in the Young’s modulus of the blades. Given that the blade shape is not 

drastically altered, this methodology was determined to be well suited to the simulation of 

BLI2DTF. The displacements at the blade root are assumed to be very small in comparison to 

those at the airfoil portion of each blade for the current BLI2DTF fan design configuration; thus, 

the contribution of this feature to the mistuning projection of the boundary modes defined at the 

blade-disk boundary [13] is not considered in the current analysis modeling. A major advantage 

of this method is that arbitrary patterns of mistuning in the physical stiffness matrices can be 

efficiently and accurately implemented in a compact reduced-order model using modal mistuning 

values. If only stiffness mistuning is assumed, an equivalent stiffness mistuning parameter can be 

computed as described in Section 4.  

The blade tip timing laser probe data gathered during wind tunnel tests on a BLI2DTF rotor 

system exhibited variations in the amplitude and frequency of the blade response [7]. This data 

suggests that the observed variation in blade-to-blade response is caused in part by mistuning 

effects. Previous research has also  shown that structural and aerodynamic interactions can play a 

role in the mistuned response problem [9, 16, 18, 19]. The present study, on the other hand, did 

not aim to examine mistuning concerns by coupling aerodynamic motion-dependent aero-damping 

terms and structures for aerodynamic and structural mistuning interactions. The only aerodynamic 

terms employed in the present study are the forcing functions as an aerodynamic input that are 

relevant to the wind tunnel test.  

 
Figure 2. 2nd Engine Order in Mode 1 (M1/2EO) condition exhibited in BLI2DTF blade 

vibration Campbell diagram during wind tunnel test rig startup at blade root [8] 
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The goal of the present study was to look at the effects of mistuning on the BLI2DTF rotor 

system, utilizing frequency measurement data from a wind tunnel test to compute the effects of 

fan blade mistuning on the forced responses with BLI flow distortion. A more specific purpose  

was to investigate the significance of mistuning using the particular case of the BLI2DTF rotor’s 

2nd Engine Order in Mode 1 (2EO M1) critical condition (namely, a possible crossing at 51 percent 

off-design speed), which can be encountered near an engine order resonance (Fig. 2). The current 

study assumes that blade-to-blade variations can be completely defined by maximum response 

frequency recorded during the BLI2DTF experimental wind tunnel tests. In the future, the blade 

mistuning frequencies will be measured with a rap test as a more direct method. 

 

2. Structural Modeling and Forced Response Analysis Approaches 

 

 Individual blade modeling based on the assumption of a single cantilevered beam mounted at 

the blade root has limitations for accurately assessing the dynamic behavior of a full-bladed rotor 

system with the possibility of local mistuning. The forced response analysis for a case of 2EO in 

Mode 1, as represented in the Campbell diagram of the BLI2DTF rotor system (Fig. 3) was 

performed for the current study.  

 

Figure 3. Campbell diagram for the BLI2DTF created using the model and experimental test data 

(solid lines ― FEA; filled symbols ― wind tunnel results; unfilled symbols vacuum spin rig 

results; vertical lines ― rotor speed lines; diagonal lines ― engine order (EO) excitation 

frequencies) 

 

The BLI2DTF fan is a 22-inch diameter bladed disk with eighteen titanium blades [8]. The 

cyclic symmetry finite element forced response modeling approach was used in the present study, 

both ‘with mistuning’ and ‘without mistuning (tuned)’ to examine the mistuning effects on the 
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blade vibratory stress amplitudes. The individual blade modal data were computed using the same 

cyclic symmetric finite element model displayed in Fig. 4 to examine the mistuned bladed disk 

rotor system. More details on structural modeling techniques are found in Ref. 5. The finite element 

structural model was developed as part of the BLI2DTF fan rotor design process. For the airfoil 

region, the sector geometry of the fan rotor was meshed with higher-order 20-node hexahedral 

elements. The airfoil platform and disk portion were densely meshed with higher-order 10-node 

tetrahedral elements for more accurate stress prediction in local high stress regions. A symmetric 

sector was created to place eighteen blades symmetrically around the disk, resulting in a 20-degree 

sector. To effectively capture the bending stiffness, the airfoil was meshed with four hexahedral 

elements through the thickness. Fig. 4 depicts the complete mesh of a sector geometry with 

557,554 elements and 992,548 nodes. The CMM mode projection approach [15] was then used to 

generate the modal participation data of cantilevered-blade normal modes in tuned system normal 

modes from the tuned finite element model into the modal coordinates and the effect of mistuning 

was added.  

 

 

Figure 4. Finite element mesh of a cyclically symmetric base sector of BLI2DTF 

The modes and natural frequencies of the mistuned bladed disk are determined by the solution of 

this modal analysis. The mode superposition method is then used to carry out the forced response 

[20]. This analysis result provides the details of the effect of mistuning on the 2EO in Mode 1 with 

mistuning.  
 

3. Aerodynamic Modeling and Analysis Approaches 

 

The BLI2DTF fan was also subjected to an aerodynamic study in order to compute the steady 

and unsteady pressures on the blades that would be employed in the finite element forced response 

analysis model. To compute the vibratory dynamic stresses, the unsteady harmonic pressure was 

modeled as blade excitation force. While the 2EO  unsteady excitation at the off-design speed (51 

percent of the design speed) was required for the subject analysis, due to the unavailability of 

aerodynamic distortion pressure information at this off-design speed, the 1EO aerodynamic 

distortion pressure obtained at the design speed was used for the present analysis. The reasoning 
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behind this substitution was that the 1EO aerodynamic forcing is comparable to the 2EO forcing 

in prediction as shown in Fig. 5, and applying it consistently allows for the desired direct 

comparison of tuned and mistuned analyses. 

 

 
 

Figure 5: Blade unsteady force in terms of EO’s (harmonic numbers) at design speed [5] 

 

A brief overview of the previously reported aerodynamic analysis at design speed (Figs. 6 and 

7) [6] is provided as follows: Only the fan rotor is included in the current aerodynamic model. The 

boundary layer ingesting (BLI) inlet is not included in the aerodynamic computations. Instead, the 

boundary layer flow distortion extracted from a separate flow analysis was prescribed as an inflow 

boundary condition upstream of the rotor. It is expected that the first-order effects of the strong 

BLI distortion are captured adequately. 
 

                    
Figure 6. Aerodynamic mesh azimuthal and radial views for one blade passage [6] 

 

In this part of the work, a fan rotor flow solution is initially obtained using the circumferential 

average of the BLI distortion. Following this analysis, the BLI distortion inflow profile, which 

contains flow quantities that vary in both the circumferential and radial directions, was used as the 

inflow boundary condition. For the distortion patterns of the 1 EO aerodynamic condition at design 

speed, the relevant flow quantities required to properly prescribe the inlet boundary condition are 

illustrated in Fig. 7. 



7 
 

 

  a) total pressure                                  b) total temperature

   c) circumferential flow angle                         d) radial flow angle 

 

Figure 7. Distributions of flow profiles at the inflow plane for BLI distortion analyses for the 

BLI2DTF design condition [6] 

 

As already stated, while the 2EO crossing at the off-design speed (51 percent of the design 

speed) was the case for the subject mistuning analysis, the 1EO aerodynamic pressure values 

obtained at the design speed were used in a 2EO pattern for the current mistuning analysis. The 

time-averaged aerodynamic pressure on the blade surfaces was computed. Fig. 8 depicts its 

distribution on each side of the blade surfaces. This steady-state pressure load was applied to the 

finite element blade structural model prior to the cyclic symmetry modal analysis to compute a 

pre-stressed state condition at design speed.  

 
 

Figure 8. 1EO steady-state aerodynamic pressure (psi) distribution contours on blade pressure 

surfaces (left) and suction surfaces (right) mapped on a finite element cyclic symmetry sector 

model 
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For the tuned model, the free vibrations of the cyclic symmetric BLI2DTF rotor system have 

the characteristic that the mode shapes vary sinusoidally in the circumferential direction. This is 

indicated in Fig. 9 by nodal lines across the disk known as nodal diameters (ND), which are defined 

as the number of diameters in the rotor along which the displacements are zero.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. BLI2DTF fan nodal diameter (ND) patterns for mode 1, with the largest deformation 

shown in the red color contour. The dashed lines line represents zero displacement. 

 

The natural frequencies calculated by the pre-stressed finite element modal analysis of the 

BLI2DTF rotor are plotted in terms of nodal diameters in Fig. 10. In this figure, the nearly 

horizontal curves represent assembled fan rotor modes dominated by blade motions, whereas the 

slanted curves represent assembled fan rotor modes interacting with disk motions. The rapid 
 

  
 

Figure 10. The natural frequency map of tuned BLI2DTF in terms of nodal diameters for the first 

three modes for the design speed condition 
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change in frequency of disk-dominated modes at one nodal diameter (1 ND) is attributed to the 

disk-induced blade-disk interactions. The structural connection through the disk is often the main 

energy transfer path from blade to blade, which is related to the interaction of disk and blade 

dynamics. The variation of natural frequencies with nodal diameter (Fig. 10) shows that the first 

three mode families are well-separated and there is some limited blade-disk interaction for modes 

2 and 3. When analyzing with a finite element model, the elastic deformation resulting from disk 

motion is incorporated into the blade motion, and so the stress state for a blade in a bladed disk 

assembly can differ from that of a cantilevered blade. Earlier research [12, 15, 21, 22] has 

demonstrated that considerable increases in the mistuned forced response (100 percent or more in 

some blades), relative to the tuned response, are likely to occur in veering regions where two or 

more modes have close eigenfrequencies. However, the current BLI2DTF bladed disk in Fig. 10 

does not exhibit any typical veering characteristics as there are no closely spaced modes or 

significant modal interactions. 

Knowing that the modes of the BLI2DTF blade are well separated from one another, suggesting 

no dependency, mode interactions are not required in the current resonant forced response study 

with mistuning. Unless the modes are closely spaced, the fan blade forced response near a crossing 

(resonance) is dominated by a single nodal diameter mode. As a result, it was assumed for this 

analysis that 2EO excitation caused by a particular unsteady pressure force distribution 

corresponds to each blade passing through two evenly spaced forcing peaks in each rotation. This 

type of forcing only excites modes that match the engine order, so the 2ND mode would be excited 

by the 2EO unsteady excitation pressure force. As seen in the Campbell diagram (Fig. 3), the 2EO 

forcing excites the natural frequency of the  2 ND pattern of Mode 1, which has a 1.98 percent 

average damping ratio measured from wind tunnel testing. 

 

 
 

Fig. 11 Blade damping factor for three sweeps of 2EO Mode 1 in the wind tunnel 

 

The NASA Glenn Research Center Dynamic Spin Facility (spin rig) [7] was also used to test two 

of the eighteen blades in vacuum before the wind tunnel test to determine the blade damping factors 

and resonance frequencies in the absence of aerodynamic damping. Based on the four-probe non-

contacting stress measurement system (NSMS), the two blades in the vacuum spin rig had very 
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                                              (a) suction side-real part                           (b) pressure side-real part 

 

 

 
                                       (c) suction side-imaginary part                      (d) pressure side-imaginary part 

 

Figure 12. Unsteady real and imaginary aerodynamic pressure (psi) distribution on blade suction 

surfaces (a, c) and pressure surfaces (b, d) at design speed for 1EO conditions 
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low damping levels, roughly 0.19 percent with 2EO Mode 1. The spin rig damping is substantially 

lower than the wind tunnel result. Clearly, the airflow over the blades adds significant aerodynamic 

damping in this resonance mode of the blade. Figure 11 shows the damping factors for each blade 

in the wind tunnel test in three separate runs. The similarity of the pattern indicates that there has 

been no alteration in the qualities of the blades (such as blade damage) between runs. The present 

analysis applied the 1.98 percent average damping ratio measured from wind tunnel tests in Fig. 

11 for all blades, even though the damping ratios for each individual blade indicate substantial 

variability [7, 23]. 

 While the effects of structural and aerodynamic coupling with mistuning are not directly 

formulated within the equation of motion, steady and unsteady aerodynamic pressure values from 

an external aerodynamic code [6] are mapped onto finite element meshes for forced response 

analysis with mistuning. The pressure quantity displayed in Figs. 8 and 12 represents the 2EO 

steady and unsteady surface pressure applied to the finite element cyclic symmetry forced response 

analysis model with and without mistuning. 

 

4. Mistuning Modeling and Analysis Approaches 
 

In order to develop a CMM-based reduced-order model for mistuning analysis, two tuned finite 

element models are required: a sector model consisting of an airfoil-part and disk-part (illustrated 

in Fig. 4) and an airfoil-alone model are required. The normal modes of the tuned fan rotor system 

are obtained using cyclic symmetry pre-stressed finite element modal analysis, as previously stated 

in Section 2. The blade-alone modal analysis yields the cantilevered-blade normal modes. In 

addition, the CMM-based mistuning analysis model must incorporate the degrees of freedom 

(DOF) at the interface between the blade and the disk. As stated in Section 1, the current study 

was carried out by integrating the proportional small stiffness mistuning methodology. If there is 

a large mistuning, such as fractures at the tip of a blade or a significant geometric deviation, the 

model needs to incorporate many more tuned-system modes or tuned components (disk and blade) 

modes. This is because the mass or stiffness matrices can be substantially changed, and the modes 

of a mistuned blade can be very different from those of a tuned blade. The present analysis did not 

account for such a large amount of mistuning since it was not expected to be present in the 

BLI2DTF fan rotor. 

 For a small proportional mistuning condition, the mistuning is introduced to the full finite 

element model by varying Young’s modulus in the blade elements [15]: 

 

𝐸𝑛  = (1 + 𝛿𝑛)𝐸𝑜 ,       n = 1, 2, 3, . . . , N                      (1) 

 

where n is the blade number, 𝛿𝑛is the mistuning value for blade n, and N is the total number of 

blades. A mistuned Young’s modulus value is described for each individual blade. It was assumed 

that, as the result, the percentage deviations of the cantilevered blade natural frequencies are the 

same for all modes, and the mode shapes of the tuned and mistuned blades are the same. When 

this occurs, the natural frequencies of the blade are altered by a common factor. A frequency-

dependent mistuning parameter is calculated in order to individually change each natural or 

resonant frequency: 

  

𝛿𝑛 = 𝛿𝑓𝑖
𝑛 = (𝜔̅𝑖

𝑛 𝜔𝑖
𝑛⁄ )2 − 1              (2) 
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where 𝜔𝑖
𝑛 is the ith  tuned natural frequency of blade n and 𝜔̅𝑖

𝑛 is the ith  measured natural or 

resonant frequency of blade n.  
 

 
 

Figure 13. Variations in resonant frequency detected in wind tunnel testing for individual blades 

at the critical 51 percent off-design speed for 2EO, Mode 1 condition. The 2ND frequency from 

the tuned analysis model is 201 Hz. 

 
 

 
Figure 14. Mistuning parameter variations in blades and mistuning patterns utilized for the 

condition of 2EO, Mode 1;  is the tuned natural frequency, and  is the  measured resonant 

frequency of bladed disk system 
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Fig. 13 displays the BLI2DTF blade frequency variations measured for individual blades during 

wind tunnel tests and refers to the frequency predicted by the tuned analytical model. The 

component mode mistuning model for the present investigation makes use of these bladed disk 

system frequencies. It should be noted that the mistuning of a specific mode of 2EO in Mode 1 

was only considered in this investigation. The mistuning parameters, 𝛿𝑓𝑖
𝑛, considered in the 

analysis for each blade are presented in Fig. 14. 

The equation of motion, Eq. (3), for a mistuned system for harmonically varying forced 

response is solved in Ansys® code as follows: 

 

([𝐾𝑠] − Ω2[𝑀𝑠]){𝑢𝑠} = {𝐹𝑠}               (3) 

 

where  

 
[𝐾𝑠] = stiffness matrix of the bladed disk rotor system 
[𝑀𝑠] = mass stiffness of the bladed disk rotor system 
{𝐹𝑠} = complex load vector (unsteady aerodynamic pressure) 
{𝑢𝑠} = displacement vector 

Ω = engine order (EO) forcing frequency 

s = represents that matrices refer to the entire 360-degree system. 

 

Eq. (3) is transformed into modal space by 

 
{𝑢𝑠} = [𝑠]{𝑞𝑠}                    (4) 

 

where 

 
[𝑠] = eigenvectors of the full system 
{𝑞𝑠} = modal coordinate vectors 

 

As previously stated, stiffness mistuning can be defined as a variation of a system's nominal 

stiffness; thus, the stiffness matrix can be expressed as, 

  
[𝐾𝑠] = [𝐾𝑜

𝑠] + [𝐾𝛿
𝑠]                  (5) 

 

where subscript o indicates the nominal value and  indicates deviation from the nominal value. If 

the mistuning is assumed to be in the blade only and to be proportional mistuning [15], 

 

[𝐾𝛿
𝑠] = 𝐵𝑑𝑖𝑎𝑔[𝛿𝑓𝑖

𝑛 [𝐾𝑜
𝑠]]                (6) 

 

where  

 
[𝐾𝑜

𝑠] = nominal stiffness matrix for a blade, including any pre-stress effects 

𝛿𝑓𝑖
𝑛 = dimensionless eigenvalue frequency mistuning deviation parameters for blade n,  

being considered as deviation in Young’s modulus 

𝐵𝑑𝑖𝑎𝑔[. ] = block diagonal matrix 
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This implies that Eq. (6) is suitable for implementing mistuning by individually modifying the 

material stiffness of each blade. Combining Eq. (4) through Eq. (6), the mode-superposition forced 

response equation, Eq. (7), is expressed and solved, 

 

([[𝑠] + ∑ {[𝑛
𝑠 ]𝑏𝑙𝑎𝑑𝑒

𝑇  𝛿𝑛[𝐾𝑜] [𝑛
𝑠 ]𝑏𝑙𝑎𝑑𝑒}𝑁

𝑛=1 ] − Ω2[𝐼]) {{𝑞𝑠}} = [𝑠]𝑇{𝐹𝑠}   (7) 

 

where the matrix with a subscript “blade” represents the blade-only degrees of freedom from the 

system eigenvectors. 

 

where 

 
[𝑠] = diagonal matrix of the rotor natural frequencies squared 

[𝐼] = identity matrix 

[𝑠]𝑇 = transpose of eigenvectors of the full system [𝑠] 
𝛿𝑛 = mistuning value for blade n 

 

The degrees of freedom of Eq. (7) is significantly smaller than that of Eq. (3) in the computational 

processes. Once again, it should be noted that both tuned and mistuned forced response evaluations 

were performed under identical load and structural damping conditions. To allow for a direct 

comparison of tuned and mistuned forced response simulations, a total damping of 1.98 percent as 

combined structural and aerodynamic damping was used in the current investigation. Typically, 

aerodynamic damping is a function of the nodal diameter pattern or interblade phase angle, but it 

was treated as a constant value in this analysis. 
 

5. Results and Concluding Remarks 
 

First, the objective of this work is to evaluate a forced response mistuning approach and analysis 

that may be used as a guide in the design of a robust distortion-tolerant fan (BLI2DTF) rotor 

system. Second, a specific case of the BLI2DTF rotor’s 2nd engine order unsteady pressure 

excitation acting on the fan blades in Mode 1 (2EO Mode 1) with and without mistuning has been 

investigated at a critical part-speed condition near an engine order crossing (resonance) indicated 

in Figs. 2 and 3, where the excitation forcing frequency range was limited to a small range around 

the 1st mode (Mode 1) frequency.  

The tuned response shown in Figs. 15 and 16 is the same for all 18 blades. The resonance with 

mistuning occurs at various excitation frequencies for separate blades, as shown in Fig. 15, with 

the largest response amplitude occurring at 198.7 Hz on blade number 2 and the lowest response 

amplitude occurring on blade number 3 at 198.4 Hz. Furthermore, as indicated in Fig. 15, blade 

mistuning can  substantially affect the forced response compared to the tuned response. It was also 

noticed during the current investigation that there is a frequency shift between the tuned CMM 

resonance frequency and mistuned CMM resonance frequencies, which is known as the cyclic 

modeling error [24] in the CMM modeling method and can be interpreted as deviations of the 

actual eigenvalues from the tuned ones. Thus, the averaged wind tunnel resonance frequency was 

utilized to update tuned CMM resonance frequency using the method outlined in Ref. 24. When 

small mistuning methods (such as CMM) are applied, the mistuning pattern usually has a zero 
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mean and thus the Young's modulus or bulk modulus of the tuned CMM model is aligned with the 

average modulus from the experiments [25]. 

 

 
 

Figure 15. Comparison between tuned and mistuned displacement responses at SG locations 

 

 

Figure 16. Comparison between tuned and mistuned stress amplification index at SG locations 
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The amplitude magnification factor is commonly used to quantify the degree of mistuning 

effects on the bladed disk forced response. The normalized forced response stress amplitudes, i.e., 

stress at a strain gauge location, on each of the eighteen blades of the BLI2DTF rotor system are 

shown in Fig. 16. It should be reiterated that the current analysis was performed using the 1EO 

unsteady pressure excitation at design speed because aerodynamic distortion pressure information 

at this off-design operating condition is unavailable. Thus, the measured blade amplitudes of the 

2EO Mode 1 response for each blade were not directly compared with the current analysis results. 

The amplitude magnification indices were instead used to compare tuned and mistuned forced 

responses. The normalized stress amplification index (factor) was calculated by normalizing the 

mistuned forced response stresses at each frequency by a maximum tuned forced response stress 

at the resonance condition corresponding to the stress amplitude of interest in the current study. 

That is, the largest mistuned forced response amplitude is of our primary interest. The mistuned 

response amplification index larger than 1 indicates the increase in stresses due to mistuning. These 

amplification factors provide a quantifiable assessment when the effect of mistuning is critical 

during the BLI2DTF blade design process. As illustrated in Fig. 17, at its resonance frequency of 

198.7 Hz, the maximum blade amplitude has increased by roughly 19% in blade number 2 when 

compared to a tuned blade. 

The present study has used a comparative forced response calculation for both tuned and 

mistuned BLI2DTF rotor systems at the same fan operation condition to demonstrate the effect of 

blade mistuning. While the current analysis shows a stress amplitude increase of 2.2% to 19% as 

a result of mistuning for the potential resonance condition at 2EO in Mode 1, it can be significantly 

higher depending on other engine orders of excitations and modes. In terms of comparing analysis 

with wind tunnel measurements, the amplitude variations in the wind tunnel for 2EO in Mode 1 

ranged between 8% and 19% from the average amplitude, depending on the test run [7], which is 

similar to the analysis results. 

 

 
Figure 17. Stress amplification index at a resonance frequency of 198.7 Hz 
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Also, as shown in Figs. 15 and 16, analysis results indicate that resonance does not occur 

simultaneously in blades. When the bladed disk is operated, all of the mistuned blades on the rotor 

display their maximum response at different resonance frequencies.  

Meanwhile, the present study has used a constant damping value averaged from the damping 

of each individual blade, but more validations are needed to address the following challenge: the 

effect of damping variances seen in individual blades during wind tunnel testing, in combination 

with stiffness mistuning, on the forced response of the BLI2DTF blade rotor system, which may 

affect the present analysis results. While mistuning is involved in the coupling of aerodynamic 

motion-dependent aerodynamic damping terms and structures for aerodynamic and structural 

mistuning interactions, such effects were not explored in the present analysis and will be addressed 

in the near future. 

Although there are identified areas for further research and exploration, the current mistuning 

analysis results provide insight into complexity and uncertainty concerns, such as optimizing blade 

designs, adjusting manufacturing processes, or implementing control solutions, with advantages 

such as more informed confidence checks in tuned analysis predictions. Using data from the 

BLI2DTF wind tunnel test, a method for analyzing fan blade mistuning has been demonstrated. 
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