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below, substantially differs from the identification procedure proposed in [14].
Step 1: Quantification of residual inter-blade coupling.
This step aims to numerically estimate the a-priori unknown influence coefficients in ¢, rather than to exactly

reproduce the realistic blade detuning test results. To this end, the experimentally determined blade modulus mistuning

V _ Egbdt
patternd" = ~6,;

The superscript (.)V reads as virtual test by numerical simulation. Similar to the preceding realistic blade detuning tests,
the virtual test yields an isolated peak frequency ‘”X j for the m-th mode of the blade j. At this point, Eq. 8 for all the N

blades in the virtual tests are collected and reshaped as:
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where A is a circulant matrix that is composed of the prescribed blade modulus mistuning values 61‘.’ withi =1,2,...N.

The influence coefficients in ¢ (£8°9) can be obtained by solving Eq. 9. Moreover, ¢ (£6°%) is considered as a

close approximation of ¥ (£ 6,,) in the sense that the experimentally determined blade mistuning pattern £624 in the
pp rof p y gp m

realistic blade detuning tests is a fair approximation of the ‘true’ blade modulus mistuning pattern ifd‘m.

Step 2: Inclusion of residual inter-blade coupling for mistuning identification.
The second step is to identify the ‘true’ blade modulus mistuning pattern rh; (Om by Eq. 8. The residual inter-blade
coupling within the real blisk test piece is included by assuming ¥ (£ 8,,) ~ ¢ (£6°%"). Recall Eq. 8 for all the N blades

ref

in the realistic blade detuning tests and rewrite them as:
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where W is a circulant matrix that is composed of the influence coefficients in ¢ (£6%%), already available after Step 1.

E
ref

In practice, the identified blade modulus mistuning pattern is transformed into £8BPTIP or the equivalent frequency

BDTID
6m

mistuning pattern with a zero mean.
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into a tuned blisk FEM with detuning mass, and then the blade-by-blade impact tests are simulated.

6., which is also referenced to wyer previously prescribed in Eq. 9 can be readily identified by solving Eq. (10).
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The identification results by BDTID are graphically presented in Fig. 7. The mode-depend blade decoupling
performance in Fig. 6 can be well explained by observing the influence coefficients for the target 1B and 1T blade
mode, respectively. Note that o = 0.462 for 1B mode in Fig. 7a indicates that there remains a high level of residual
inter-blade coupling during the blade detuning tests and that the experimentally determined blade mistuning pattern
! 65"1]3‘ is not accurate enough. The correction procedure compensates for the inadequate mass detuning effect, and gives

the identified blade mistuning pattern /85D

quite different from /6% in Fig. 7c. On the contrary, Fig. 7b reveals that
the residual inter-blade coupling is negligible for the 1T mode with g = 0.944 close to 1. This implies that the blade
detuning tests already give a fairly good estimation of the ‘true’ mistuning pattern by / 65’%3 Improvement of / 6]13%)“[) by

the correction procedure is thus barely visible in Fig. 7d.
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Fig. 7 Identification results by BDTID: (a) influence coefficients for 1B mode; (b) influence coefficients for 1T
mode; (c¢) 1B blade mistuning pattern; (d) 1T blade mistuning pattern.

The mode-dependent blade detuning tests and mistuning identification results are attributed to the different inter-blade
coupling strength of the blisk mode families, since the quantity and position of blade detuning mass is fixed during the
test. Compared with the 1B mode family, the 1T mode family, having a favorable lower inter-blade coupling strength

(see Fig. 2), is better decoupled into a single blade mode by the detuning masses.

2. Robustness of BDTID

Robustness of the BDTID method with respect to different blade detuning test quality is hereafter examined. Similar
with the preceding test setup in Fig. 5a, blade detuning tests are carried out with 4 squared magnets (a total weight of
4m¢ = 7g, see Fig. 8a) and 8 squared magnets (a total weight of 8m? = 14g, see Fig. 8b) on each blade, respectively.
Position of the multiple magnets is basically consistent to cover the blade surface area with high kinetic energy density
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for both 1B and 1T blade modes.

Fig. 8 Blade detuning tests with: (a) 4 squared detuninng masses; (b) 8 squared detuninng masses.

In order to portray the impact of the varying detuning mass on the blade detuning test quality, the experimentally
acquired FRFs at blade 1 are collected and compared in Fig. 9. For instance, the FRF derived in the blade detuning test
with 2 squared magnets is denoted as ‘BDT-2S’, and so forth. In the frequency range of the 1B mode family, a general
frequency shift to the left can be observed for the BDT FRFs with increasing detuning mass in Fig. 9a. Meanwhile,
the minor peaks gradually fade out of the frequency range of interest. This signifies that the increasing detuning mass
quantity gives an improved blade mode decoupling performance for the 1B mode. However, it is not the case for the 1T
mode in Fig. 9b. In spite of the increasing detuning mass, the single peak arising in the individual BDT FRFs around 1T

mode family nearly overlap with each other, giving always a good blade mode decoupling performance.
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Fig. 9 FRFs at blade 1 in blade detuning tests with different detuning masses: (a) around 1B mode family; (b)
around 1T mode family.

The experimental evidence above is in excellent agreement with identification results by BDTID presented in Fig. 10.

It can be seen in Fig. 10a that v , as an indicator of the residual inter-blade coupling and blade mode isolation for
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1B mode, escalates from 0.462 (BDT-2S) to 0.652 (BDT-4S) and to 0.705 (BDT-8S). This quantitative measurement
validates the experimental observation in Fig. 9a. Due to the strong inherent inter-blade coupling of the 1B mode family,
the increasing detuning mass does not necessarily lead to a perfect vibration isolation for 1B blade mode since the value
of ¥ is still far below 1. Nevertheless, Fig. 10c shows that, after the correction procedure, a satisfactory consistency
is achieved among the identified 1B blade mistuning patterns in the three cases. This highlights the robustness of
proposed correction procedure. It succeeds to capture the inherent blade mistuning even in the event of less adequate
mass detuning effect, e.g. in the BDT-2S case. By comparison, it can be observed that the influence coefficients for 1T
mode (see Fig. 10b) and the identified 1T blade mistuning patterns (see Fig. 10d) are insensitive to the variation of the
detuning mass. Once again, the reason is that the relatively weak inter-blade coupling of the 1T mode family already

leads to a good blade mode isolation during the blade detuning tests.

P(" %) p("ar)

In sum, blade detuning test quality is governed by a number of factors, including the inherent inter-blade coupling

©
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Fig. 10 BDTID results with different detuning mass: (a) influence coefficients for 1B mode; (b) influence
coefficients for 1T mode; (c) 1B blade mistuning pattern; (d) 1T blade mistuning pattern.

strength of the blisk mode family, the position and quantity/magnitude of the detuning masses. A fundamental function
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of the proposed correction procedure, is to quantitatively evaluate the blade detuning test quality by the value of influence
coefficient . Most importantly, by compensating for the residual inter-blade coupling, this correction procedure is

capable of retrieving the ‘true’ blade mistuning even when the blade detuning test quality is not so good.

3. Model-BDTID

From here on, for the sake of conciseness, only the representative blade mistuning patterns identified from the blade
detuning tests with 8 squared magnets as detuning mass (BDT-8S) are presented. The Model-BDTID is constructed
by injecting the blade modulus mistuning patterns £65PTIP into a tuned blisk FEM. Note that the tuned blisk FEM is
a-priori calibrated to account for the non-ideal boundary condition. This is realized by respectivly adjusting the Young’s
modulus values of the blades and disk part within the blisk such that its natural frequency of the 1B mode family at NDO
(which is barely affected by blade mistuning) matches the corresponding peak frequency clearly identifiable in the CBT

FRF. The resultant mistuned blisk model (Model-BDTID) should then represent the real blisk with high accuracy.

II1. Model Verification for the Mistuned Blisk
The different dynamic models of the blisk previously presented will be verified against the experimental data extracted
from the modal test (i.e. measured natural frequencies and one-point-per-blade mode shapes). Their performance in

predicting the modal behaviours of the blisk test piece will be evaluated.

A. Model-FMMID

Model-FMMID of the blisk takes the form of a FMM reduced-order model. It enables to calculate the mistuned system
frequencies and modes at negligible computational cost. Modal correlation by the Modal Assurance Criterion Analysis
(MAC) is carried out to quantify the discrepancy between the experimental reference data and the model-reconstructed
data sets, as presented in Fig. 11.

Clearly, correlation between the experimental/numerically reconstructed full-blisk modes of 1B family is not close
enough since the MAC matrix in Fig. 11a shows a certain number of off-diagonal terms. By contrast, a very good match
is achieved in Fig. 11b for both the mistuned blisk frequencies and mode shapes of the 1T mode family, indicating
that the identified 1T blade mistuning is of high accuracy. Notice that the 1B mode family is characterized by stronger
inter-blade coupling, and accordingly by more disk participation in the modal vibration, than the 1T mode family (see
Fig. 2). It is thus inferred that the high disk participation is responsible for inadequate accuracy of the identified 1B
blade mistuning. It is well known that FMMID requires that the target blisk mode family should have the modal strain
energy primarily in the blades, e.g. the 1T mode family in the current case. However, as for the 1B mode family,
FMMID identifies the blade mistuning with less accuracy, depending on the extent to which the ideal condition for

FMMID is violated.
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Fig. 11 Modal correlation between experimental reference data and numerically reconstructed data by
Model-FMMID: (a) 1B mode family; (b) 1T mode family.

B. Model-CMMID

Similarly, Model-CMMID is a CMM reduced-order model, which allows to compute the mistuned system dynamics
in an efficient way. Modal correlation is implemented between the experimental derived/ numerically reconstructed
modal datasets by Model-CMMID. An improved mode correlation for 1B mode family is observed in Fig. 12a, where
there are less off-diagonal terms in the MAC plot, compared with Fig. 11a. Once again, excellent modal correlation is
achieved for 1T mode family in Fig. 12b. Although derived in a different form, CMMID shares a common prerequisite
as FMMID that the mistuned blisk modes are closely spaced in a narrow frequency range with blade-dominant motion.
Similar to the previous findings, the distinguishing modal correlation results are also attributed to the level of disk

participation in the target mode family.

C. Model-BDTID

Model-BDTID is a full-order blisk model with an assigned blade modulus mistuning pattern obtained by BDTID. In
order to avoid the computationally expensive full blisk simulation, the CMM ROM techniques well suited for blisks
with small stiffness mistuning is adopted to compute the mistuned blisk dynamics. Fig. 13 shows that for the majority of
blade-dominant modes of both 1B and 1T family, the numerical blisk modal properties reconstructed by Model-BDTID
generally show high correlations with the experimental counterparts. As for the first 1 ~ 4 modes of 1B family with low
frequencies in Fig. 13a, the modal discrepancies are due to uncertainties arising from the clamping boundary conditions
in the disk center. Note that these 4 modes correspond to the split modes of the tuned blisk at ND1~2, which actually
tend to behave as disk-dominant modes (see Fig. 2). Accordingly, the relatively high disk contribution makes them
heavily affected by the disk clamping uncertainties.

In spite of the disparity for the first 4 blisk modes with relatively high disk participation, it is proved that blade
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Fig. 12 Modal correlation between experimental reference data and numerically reconstructed data by
Model-CMMID: (a) 1B mode family; (b) 1T mode family.
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Fig. 13 Modal correlation between experimental reference data and numerically reconstructed data by
Model-BDTID: (a) 1B mode family; (b) 1T mode family.
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mistuning of both 1B and 1T modes are identified with fairly good accuracy. The resultant Model-BDTID exhibits high

accuracy in reproducing the mistuned frequencies and mode shapes of the blisk.

D. Summary

A complete collection of the experimentally identified blade frequency mistuning patterns are depicted in Fig. 14.
In order to facilitate the like-for-like comparison, it is reasonable to take the blade mistuning pattern derived by BDTID
as a reference. The Pearson correlation coefficient R is then computed to quantify the consistency between a certain
mistuning pattern with respect to the reference. Its value is expected to be greater than 0. Values of R close to 1 denote
high consistency.

Overall, there are basically good consistency (R = 0.91 by FMMID and R = 0.93 by CMMID) for the 1B blade
mistuning patterns in Fig. 14a. While Fig. 14b shows close-to-perfect consistency among the 1T blade mistuning
patterns. Considering the preceding model verification results, it is obvious that all the three methods give accurate
blade mistuning identification results for 1T mode family with weak inter-blade coupling. It is further inferred that more
disk participation in 1B mode family makes FMMID/CMMID sensitive to modal input errors. By comparison, BDTID

is advantageous in this case, since it is able to capture the underlying blade mistuning with superior accuracy.
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Fig. 14 Comparison of identified blade frequency mistuning patterns: (a) 1B mode; (b) 1T mode.

IV. Forced Response Tests & Model Validation
The vibration response of a blisk under traveling wave excitation typically occurring in the aero-engine is generally
of great interest in practice. The point is: can the described mistuned blisk models predict the traveling wave response
of the blisk with an acceptable degree of accuracy? In this section, the blisk undergoes forced response tests in a
well-developed stationary traveling wave excitation test rig [22], which has already been shown in Fig. 1a. The traveling

wave excitation system consists of N cyclically repeated electromagnetic (EM) units to produce the Engine Order-like

19
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(EO) excitation. Each EM unit under individual blades is fed by a harmonic input voltage with controlled frequency,
amplitude and inter-blade phase shift driven by the EO, to exert a non-contact force onto the target blade, as shown in
Fig. 1c. As a prerequisite, this system requires a subtle calibration step to ensure a uniform excitation force amplitude by
each EM as much as possible [23].

With a upper frequency limit of 600 Hz, this test rig allows to perform forced response tests in the frequency range
covering the 1B mode family. This paper presents the forced response tests under a representative EOO and EO3
excitation, respectively. Forced responses at the target resonant frequencies are measured at the tip of each blade in
the axial direction. They are further used to validate the predictive performance of different mistuned blisk models,

respectively.

A. Forced response to an EQ0 excitation

Forced response amplitudes of the blisk under an EOO excitation are measured at the resonant frequency by LDV,
and collected as the Operational Deflection Shape (ODS) shown in Fig. 15a. The EOO excitation imposes the same force
amplitude on each blade without inter-blade phase shift. The measured fluctuation of blade vibration amplitudes is in
consequence of blade mistuning. Fig. 15b exemplifies the forced response at blade 1 computed by the Model-FMMID. As

expected, the principal resonance peak signifies that a dominant NDO mode component is strongly excited. Comparison

Model-FMMID

Amp [m]

<= Wex

130 135 140 145
Freq [Hz]

(b)

Fig. 15 Forced response to an EO0 excitation: (a) Measured ODS at the resonant frequency; (b) forced response
curve at blade 1 predicted by Model-FMMID.

of the tested ODS and its numerical counterpart predicted by Model-FMMID is plotted in Fig. 16a. Since the excitation
force amplitude is not available, the ODS is normalized for comparison so that the maximum blade amplitude is equal
to 1. A value of MAC = 0.994 indicates a high correlation between the tested/Model-FMMID predicted ODS. Similarly,

the other mistuned blisk models also predict the relative blade amplitudes with high accuracy, as shown in Fig. 16.
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Fig. 16 Comparison of tested/model predicted ODS under an EOO0 excitation: (a) Model-FMMID; (b) Model-
CMMID; (¢) Model-BDTID.

B. Forced response to an EO3 excitation

When it comes to the EO3 excitation, things become different. Due to blade mistuning, the tuned blisk mode pair at
ND3 is split into 2 closely spaced mistuned blisk modes. They are fully excited by the EO3 excitation, giving rise to 2
tested ODS measured respectively at the corresponding peak frequency in Fig. 17. These ODS exhibit a modulated

spatial wave shape, a hint of moderate mode localization due to mistuning [23].

Fig. 17 Tested ODS under an EO3 excitation: (a) at wex 13 (b) At wex 2.

A complete comparison of the tested ODS under the EO3 excitation against numerical predictions is given in Fig. 18.
Each row of subplots corresponds to a specific mistuned blisk model. For instance, Fig. 18a depicts the forced response
curve at blade 1 computed by Model-FMMID. It enables to conduct the ODS correlation analysis at the peak frequency
wex,1 (Fig. 18b) and wex 2 (Fig. 18c), respectively.

In general, poor correlations occur between the tested ODS and the numerical counterparts by Model-FMMID and
Model-CMMID, as indicated by the low MAC values below 0.726. A close examination of the forced response curves
further reveals that the forced response test & model validation results are in line with the preceding modal correlation
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Fig. 18 Comparison of tested/model predicted ODS under an EO3 excitation.

results in Sec. III. More specifically, it can be found in the MAC plot of both Fig. 11a and Fig. 12a that there exists a

mismatch between the experimentally/numerically derived modes with the index of 6 and 7, which happen to match the

EO3 excitation. Apparently, insufficient accuracy of the 1B blade mistuning pattern identified by FMMID and CMMID

is the most likely reason for the spurious forced response prediction.

On the contrary, the model-BDTID gives a very good prediction performance with MAC values up to 0.997 and

0.982. Hence, the previous observation about the high confidence of Model-BDTID is hereby consolidated.
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V. Conclusion

In this paper, intensive test campaigns and numerical analyses were conducted for the blade mistuning identification
and predictive dynamic modeling of a simplified blisk test piece. A complete assessment of the different mistuned blisk
models was realized by the forced response tests and correlation analysis for the subject blisk in a stationary traveling
wave excitation rig. In particular, emphasis is put on the emerging blade mistuning identification method based on blade
detuning tests.

The frequency-mistuning modeling approach of blisks relies on the experimental identification of the blade mistuning
in the form of blade-alone frequency/ modulus variations. Exploiting suitable reduced-oder modeling techniques, the
conventional FMMID and CMMID are numerically efficient in finding a mistuning pattern that gives the best fit to the
input measured blisk modes. A high-quality experimental modal analysis is thus crucial to ensure adequate accuracy of
FMMID and CMMID procedures. However, this usually requires considerable expertise and intensive experimental
effort. It is also found that a relatively high disk contribution in the 1B mode family is responsible for inadequate
accuracy of the identified blade mistuning. Due to the high sensitivity of the blisk’s response to blade mistuning, it
might further lead to an inaccurate forced response prediction under engine order excitation.

On the contrary, the BDTID method consists of blade-by-blade detuning tests followed by a correction procedure.
The detuning tests enable to approximately evaluate the ‘blade-alone’ frequencies in a direct way. The core of the
correction procedure is the quantification of the residual inter-blade coupling due to mass detuning effect and its
compensation in the identification of blade mistuning. It also enables to quantitatively evaluate the detuning test quality
by observing the influence coefficient . Effectiveness and robustness of BDTID has been fully demonstrated in the
sense that it is able to capture the ‘true’ blade mistuning even in case of poor blade detuning test quality. The resultant
mistuned blisk model exhibits high accuracy in the modal correlation and forced response validation results. The
relatively low experimental effort requirement and proved robust performance put the BDTID at an advantage over the
conventional FMMID and CMMID methods. BDTID is therefore recommended for a wide variety of scenarios in the

identification practice for the purpose of predictive dynamic modeling of blisks.
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