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To ensure the working performance of mistuned blisks, a hybrid vibration reduction strategy using the material
damping and intentional mistuning capacities induced by the hard coating was proposed here. For solving vibration
characteristics of mistuned blisks deposited hard coating efficiently, a novel reduced-order model was established
using the improved component modeling method with dual reduction of degrees of freedoms (DOFs) firstly, and
then validated by comparing the simulation results from the testing. Next, by the material damping capacity of the
uniform-thickness hard coating, the passive vibration reduction strategy for mistuned blisks was investigated, and
the specific influence of hard coating on vibration characteristics of mistuned blisks was discussed for the selection
of intentional mistuning pattern. Finally, the small intentional stiffness and damping mistuning capacities were
constructed by various coating thicknesses of different sectors, and then the hybrid vibration reduction analysis for
mistuned blisks, which utilizes the material damping capacity and the small intentional mistuning induced by hard
coating simultaneously, was further investigated for strategy validation.

NOMENCLATURE

blisks integrally bladed disks
DOFs degrees of freedoms
HC hard coating

DHC  HC mistuned blisks with dual mistuning
FEM finite element model
ROM  reduce-order model

1. INTRODUCTION

Integrally bladed disks (blisks) were used widely in ad-
vanced aero-engines due to their simplified mechanical struc-
ture and superior aerodynamic performance.! In an ideal case,
the blisks were always designed as the tuned structure with
identical sectors. In fact, due to manufacture errors, wear dur-
ing service and other causes, some random deviations among
the blades, called mistuning, occur inevitably, which always
leads to the localization of vibration energy in certain sectors.’
Meanwhile, the structural damping of blisks was relatively low
due to the lack of friction damping originated from the dry
friction of components such as tenons and mortises.> Thus,
the mistuned blisks were more vulnerable to the high cycle
fatigue in an adverse environment.* Therefore, the damping
enhancement technologies for vibration reduction of the mis-
tuned blisks need to be conducted necessarily.

Considering the integrated structural characteristic, the
dry friction damping technology, such as under-platform
damper,>® commonly used in segmented bladed disks was
very difficult to applied to the mistuned blisks. Thus, New
damping technologies were proposed by some researchers for

the vibration suppression of mistuned blisks, such as the piezo-
electric shunt dampers,’'* the constrained layer dampers, ' 12
the absorbers array dampers,'3 and the hybrid flexible dampers
with dry friction and piezoelectric.'* However, these dampers
cannot bear the high temperature and strong corrosion durably
in the actual operating environment of engines. Moreover, the
frictional ring dampers were modified and used to conduct vi-
bration reduction,'*'% which were very difficult in industrial
applications because of the cumbersome implementation. In
addition, an approach by the hard coating materials, which
has been commonly used as the surface treatment for wear
resistance, high-temperature resistance, anti-friction and anti-
corrosion, with specific high damping capability were devel-
oped and the adopted to mistuned blisks, then the lumped-
parametric model,'®!° the continuous-parametric model'®>°
and the simplified finite element model?*23 were established
for vibration analysis of the realistic mistuned blisks with uni-
form hard coating, however the above-mentioned models can
only be employed for the approximate qualitative analysis dur-
ing the preliminary research, and cannot meet the accuracy re-
quirements in engineering applications.

Theoretically, the full order finite element model (FEM) of
realistic blisks, which has the large amount of DOFs, can be
effectively adopted to obtain vibration characteristics of tuned
blisks with identical sectors according to the cyclic symme-
try characteristics. However, the actual solution process for
the mistuned blisks was extremely time-consuming because
of the mistuning characteristics. Therefore, the reduced order
FEM was investigated firstly by Castanier,>* and employed by
some researchers to solve the vibration characteristics of mis-
tuned blisks>> and HC mistuned blisks>®-%° efficiently. How-
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ever, these studies do not consider the hybrid vibration re-
duction method for realistic mistuned blisks, and the reduce-
order model (ROM) of HC mistuned blisks with single reduc-
tion in these studies still retains a relatively high number of
DOFs (about fifty to sixty percent of DOFs full order model),
which bring about a prohibitively large computational cost in
vibration reduction analysis of the realistic mistuned blisks by
the intentional mistuning of hard coating, because the mistun-
ing pattern and its value in each HC blade were different and
always changes generated by adjusting coating thickness ac-
tively.

In this research, the hybrid vibration reduction analysis of
mistuned blisks with small intentional mistuning, which was
generated by the various coating thickness, was investigated
using the improved component model. In Sec. 2, the ROM of
HC mistuned blisks with dual DOFs reduction was established.
The interface DOFs between the HC blade and the disk compo-
nents were first reduced, then the retained interface DOFs were
transformed into the internal DOFs of components; and the in-
ternal DOFs of components were reduced secondly by the free
and fixed interface method, respectively. Finally, a ROM for
HC mistuned blisks was established by modal synthesis. In
Sec. 3, an actual blisks deposited NiCrAlY hard coating on
mistuned blades was selected as benchmark case, and then the
model validation was verified by comparing with the testing
results in terms of the computational efficiency and calculation
accuracy. Particularly, the passive vibration reduction strategy
for mistuned blisks was developed using the material damping
capacity of NiCrAlY hard coating, and the specific influence
of hard coating on mistuned blisks was then studied; finally,
the small intentional stiffness and damping mistuning were
conducted by various coating thickness, and the hybrid vibra-
tion reduction strategy for the mistuned blisks, using the ma-
terial damping capacity and the intentional mistuning simulta-
neously, was further investigated.

2. REDUCED-ORDER MODEL
2.1. The First Reduction for Interface DOFs

The full stage and sector solid model of mistuned blisks
deposited hard coating damping on all blades was shown in
Fig. 1(a). Its corresponding FEM were then established using
the 3D SOLID185 elements, as shown in Fig. 1(b). In tra-
ditional component methods, the HC mistuned blisks can be
decomposed into the HC blade and the disk components, and
the whole interface DOFs between the HC blade and the disk
components were taken into consideration for vibration analy-
sis, nevertheless, this strategy exhibits negligible improvement
in computational accuracy while significantly increasing the
computational cost. Therefore, the aforementioned interface
DOFs can be rationally reduced, and its reduction principle,
specifically involving the dimensionality reduction of the inter-
face mode set within the Ritz basis of the component method,
was illustrated in Fig. 2. In which, on the premise that the
reduced interface nodes can still fully represent the interface
deformation, an efficient reduced-order model that accurately
simulates the structural deformation was developed finally.

Taking the HC blade component as an example, the specific
reduction process of interface DOFs was introduced. The mo-

tion equation without structural damping can be expressed as:

[Mb,BB Mb,BF] |:Xb,B:| n

Myrg Myrr| | Xpr
[Kb,BB Kb,BF] |:Xb,B:| _ [ 0 } . (1)
Kyrg Kyrr| | Xsr Fyr|’

where subscript b denotes the HC blade component; subscript
B denotes the internal DOFs of HC blade; subscript I" denotes
the interface DOFs; K, M, F', and X, were the stiffness,
mass, interface force matrices and the displacement vector, re-
spectively.

According to the proposed method,? the aforementioned in-
terface DOFs were selected evenly and reduced by half, and the
retained interface DOFs were transformed into internal DOFs
of HC blade component by the transformation matrix Us. It
can be expressed as:

X )_(b.,B I 0 0 X8
{Xb’B} = |Xpr | =10 0 I| [X,er| =
5T X,er 0 I o |X,r
Xb,B
U, [ber} . (2
In Eq. (2), the X 1, X b and U, were expressed as:
X ~ B I 0 O
Xb,F:|:Xb’F:|> Xb,B:|: b’B} Uy,=|0 0 I|;
re,I’ re,I’ oI o
(3

where X, 5 and X b were the pre-transformation and post-
transformation internal coordinates of HC blade, respec-
tively; X r and X »,r were the pre-transformation and post-
transformation retained interface coordinates of HC blade, re-
spectively; X . r denotes reduced interface DOFs coordinates
of HC blade, and I denotes identity diagonal matrix.

It should be noted that the matrix dimensions remain un-
changed before and after transformation. In the subsequent
component reduction process, the internal DOFs were con-
densed for the calculation of master mode matrix. The retained
interface DOFs were used to compute the constraint mode ma-
trix. By substituting Eq. (2) into Eq. (1) and transforming the
corresponding coordinate, we can obtain:

[J\:/Ib,BB ]\i/-’b,Br] j_fb,B 4
Myrp Myrr] | X,
|:Kb,BB Kb,BF] [X@B} _ {O } . @
Kyrz Kprr| | Xor Fyr|’
where
(a1 M _ M M _
Mo 55 Mopr| _ (O, b,BB 0B\
| Myrp  Moyrr Myrg My rr
i (Up)" MUy,
K K _ K K _
o5 Kppr| _ (O b,BB BB
| Korz Kyrr Kyrg Kyrr
) (Uy)"KUy,
0 _ 0
= (Up)"
| Fy,r Fyr
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Figure 1. Full stage model and a sector model of mistuned blisks with HC blade.

and M, K,, F}, denote the stiffness, mass matrix, and inter-
face force matrices of HC blade, respectively. Moreover, the
transformation order of DOFs was analogous to the coordinate
transformation sequence applied to displacements.

2.2. The Second Reduction for Component
DOFs

In this section, the reduction for component DOFs was con-
ducted by the improved component method. In which, the
free-interface method was adopted for the interface treatment
of the disk component, while the fixed-interface method was
selected for that of each HC blade component. It should be
noted that each component of HC mistuned blisks was reduced
separately, and the specific procedure of component DOFs was
illustrated in Fig. 3.

For the HC blade component, its internal DOFs can be con-
densed as follows. Using the reduced interface mass and stiff-
ness matrices, the characteristics equation of HC blade com-
ponent can be expressed as:

[Kb,BB - WQMb,BB] @, = 0. 6)

The principal mode matrix of HC blade component ®; was
obtained as follows:

®, = (‘Pb,la Pp2s" <Aab,n); @)

and, using the solution method proposed by LI,*° the constraint

mode matrix of HC blade component ¥, can be obtained as:
= > T
U, = —Kypp (Kppr) (3)
Subsequently, based on the Craig-Bampton component
method, the modal matrii (i.e., the secondary reduced matrix)
of HC blade component U, can be derived as:
= [@b lIlb}

U=|"o 1 ©)

Finally, the mass matrix M p» and the stiffness matrix K p of
HC blade component after secondary reduction were obtained
and expressed as follows:

M, = ((:]b)TMbl:fbjfb = ([:Jb)TI_(bffb; (10)
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Figure 2. The first reduction principle of the interface DOFs.
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For the disk component, the motion equation can be ex-
pressed as:

12)

where subscript d denotes the disk component; F; denotes
the interface force matrix of disk component; X 4 and X 41
denote the interface displacement vector and the acceleration
vector of disk component after transformation, respectively;
M, and K ; were the stiffness matrix and the mass matrix of
disk component respectively, and can be expressed as:

Mg BB Md,Br] K— |:I_(d,BB Ifd,BF]
Myrg Marr|’ 7% |Ksrz Karr|’
(13)
The transformation relationship of the disk component be-
fore and after reduction can also be expressed as:

M, =

< S S S T
Xi=|pn V.| Xa=[Xap Xar] ; (14
where X' a8 denotes the reduced displacement vector of disk
component; ¢,, denotes the reduced displacement vector of
disk component; 1),,, denotes the remaining set of m higher-

order truncated modes of disk component.

By neglecting the influence of inertial forces, the Eq. (12)
can be simplified to the static equation. And then, the coordi-
nate transformation relationship Eq. (14) was substituted into
it, the equation can be obtained as:

= - 0 _ 0
Xa=0,K, 0, [Fd J + 9, K ¥, {Fd J ; (15

in which

In addition, the residual flexibility matrix G” which reflects
the flexibility contribution of the truncated higher-order modes
of disk component, can be derived from Eq. (17):

G=G-G=(Kq) '~ K 00 = 1, Kby, (17)

Next, using the solution method proposed by Li,*! the modal

matrix (i.e., the secondary reduced matrix) of disk component

U ;4 can be derived as:

_ I 0
Udz ~ A~ —1 3

(18)
GprGrr  ¢p, — Pra

where subscript D denotes the internal DOFs of disk compo-
nent.

Finally, the mass matrix M 4 and the stiffness matrix K a of
disk component after secondary reduction were obtained and
expressed as follows:

= (U)"™ MUy, Kq=Uy)"KUyg (19

2.3. Modal Synthesis for Model
Establishment
By assembling the HC blade and the disk components, the

reduced free vibration equation of HC blisks was obtained as
follows:

Mb 0 }:'(b Kb 0 Xb
_ ph = = =0 20
[0 Md] X, +[0 KJ [XJ o
in which
X - - - - T
[b]=[Xb,r Xop Xar Xapl 1 @D
X4

and the coordinates used in Eq. (20) were then converted into
the independent coordinates, according to the interface dis-
placement compatibility condition between the HC blades and
disk components, expressed in Eq. (22):

Xyr=Xar. (22)

The coordinates transformation formula for Eq. (20) was
given in Eq. (23).

gb,f‘ I 00 XI‘ XF

Xop| |0 T 01 2 =8| Xus|: @3
Xar I o oL P

= d,D d,D

Xd,D 0 0 I

International Journal of Acoustics and Vibration, Vol. 31, No. 2, 2026

273



F. Gao, et al.: A HYBRID VIBRATION REDUCTION STRATEGY FOR MISTUNED BLISKS USING INTENTIONAL MISTUNING OF...

§ |  HCmistunedbiisk - Hard-coating blades !
.§ component |
[o8
£ . s,
o] ~ ‘
: = i
: -
=)
3 oS |
= n |
n
o Full interface DOFs !  Retained interface DOFs |
S o | between disk and HC blade ! First reduction of between disk and blade !
sSo | 77T ! interface DOFs e v e s
ga 1oL ! between disk and blade N !
_g 8 = | % |
o © ! .
= + \ | |
Be Reduced | i i
S | g Rediced Coordinate .
by ddy d b d T : transformation matrix :

5 Component DOFs reduction ‘ LY ! _ Duzl redu%e(:-

cw " ' interface 8 order mode

20 Retained loading i coordination 8

50 DOFs ‘ - inati = “"

S - I'| conditions < @ ’

85 . i G S *

<o ¥ Retained interface ' i ] §, i o W
Q. <X S

S e

o Disk components Blade components | © "sl‘u‘

(free interface) (fixed interface) |

Figure 3. The second reduction of the component DOFs and modal synthesis of HC mistuned blisks.

where X b and X ap were the internal displacement vectors
of the reduced HC blade and the disk components, respec-
tively; X denotes the interface displacement vector of the
reduced component.

By combining Eq. (21) and Eq. (23), we can obtain the fol-
lowing result:

- - . T
X =elxe 2 xw] s
d

By substituting Eq. (24) into Eq. (20) and premultiplying the

resulting equation by B7, the integrated mass matrix M and

stiffness matrix K of HC blisks were obtained as:

M =g" [z‘g ’ ]\gd] 8, K=p" [Igb Igd} 8. (@)
The Eq. (25) can be expanded further and expressed as:

M = 8" (U0)" []‘04 b ]\gd} UuUg; (26a)

K = g"(00)" [Ig” Igd] oos;  (26b)

o[ &) o-[b 2] e

2.4. Vibration Analysis of the HC Mistuned
Blisks

The kth angular frequency and corresponding mode shapes
 of HC mistuned blisks can be obtained from the characteris-
tic’s equation, which was shown as:

(K —wiM]p = 0; (28)

and then, the natural frequency fj, of HC mistuned blisks can
be solved as:

fe=5

The hard coating deposited on the blades was treated as the

proportional damping model, therefore the modal loss factors

1, of HC mistuned blisks can be obtained by the modal strain

energy method:*?

(29)

_ }/coating,k .

Nk = 1] (30)

“ Yolisk b |
where 7). denote the material loss factor of hard coating;
Yeoating, - and Yyiisk . denote the kth mode strain energy of the
hard coating and the mistuned blisks (substrate structure), re-
spectively.

Then, the Rayleigh damping was used to substitute into the
calculation model. The damping matrix D can be given by
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Hard coating h,

substrate blade h/2

Figure 4. Schematic diagram of the blade deposited hard coating.

proportional constants g and /, combining with the mass matrix
and the stiffness matrix, expressed as:

D =g¢M + K, (31a)

g+ lw,% = NpWk- (31b)

Finally, the forced vibration response :f( of HC mistuned
blisks were solved under excitation force F':

(f( tiwD — w2M) X=F. (32)

3. STRATEGIES FOR THE VIBRATION
REDUCTION STRATEGY

3.1. Passive Vibration Reduction Strategy
by The Damping Capacity of Hard
Coating

For passive vibration reduction strategy of the mistuned
blisks, the material damping capacity of hard coating was taken
into consideration firstly. The schematic diagram of one typ-
ical HC blades was shown in Fig. 4. The hard coatings with
uniform coating thickness of h. were deposited on both sides
of all blade substrate (its thickness was h;). For the purpose
of ensuring the satisfactory bonding state between the inter-
face of the blade substrate and the hard coating layer, the hard
coating layer in FEM was constructed by offsetting the blade
surface with uniform thickness (the initial coating thickness
was 0.2 mm, about 1% of blade thickness).

The HC blades, as the composite structures, can be equiv-
alent to the homogeneous structure. In this process, the Ej,
and F. were defined as the elastic modulus of the blade sub-
strate and the hard coating layer, respectively; 7, and 7). were
the material loss factors of that, respectively. By the derivation
method developed in our previous research,?? the equivalent
elastic modulus E., and loss factor 7, of HC blade were ob-
tained as:

1+ 2E,(2h, + 3hZ +2h3) 4+ E2h;}

E, " T Ey; o (33)
< 1+ Evhy) (1 + hy)? ’
fiow = Tip + Erhr
Neb = Mo 7(1 Y E )
3+ 6h, + 4h? + 2E,h3 + E2h} o
( i L (=) (34

(1+4E.h, + 6E.h2 + 4E.h3 + EZh?)

hy, E,

Considering that the elastic modulus and the loss factor of
the blade will change simultaneously after the surface coating
treatment, thus the complex modulus Ecb of HC blade, which
enables the coupling of the stiffness and damping characteris-
tics, can be further obtained as follows:

hy = (35)

Eey = Eap (1 + iy (36)

It was roughly predicted from Eqs. (33)—(36) that the elastic
modulus and loss factor of mistuned blisks will also change af-
ter the surface coating treatment, which presents the forced vi-
bration response of mistuned blisks that can be suppressed with
natural frequency variation simultaneously. The specific influ-
ence of material damping capacity of hard coating on the vi-
bration characteristics of the mistuned blisks will be addressed
in detail in Section 4.3.

3.2. Hybrid Vibration Reduction Strategy
by the Intentional Mistuning of Hard
Coating

The elastic modulus and the loss factor of mistuned
blisks vary consistently with coating thickness variations, this
thereby provides a novel strategy for the hybrid vibration re-
duction of mistuned blisks, which can be realized by inten-
tional mistuning (it was small mistuning) designed by the var-
ious coating thickness. Here, the intentional stiffness and
damping mistuning variations of the pth HC blade were re-
alized by means of the variations of the elastic modulus AE ,,
and the loss factor A, of hard coating, which can be ob-
tained as:

AE., = E.Ag; (37a)

A77(:,[1 = ﬁcAQ; (37b)

where Agq denotes the expression form of intentional mistun-
ing patterns. The Harmonic-wave mistuning pattern was con-
sidered in this paper, and the Ag can be expressed in detail

as:
21Qp
P

Ag = AH,H = sin ( ; (38)
where A denotes the maximum value of intentional mistuning,
p denotes the number order of HC blade, P denotes the to-
tal number of all HC blades, ( denotes the wave number and
determined as 2 here. The results of H in Eq. (38) which re-
flect the variation rule of intentional mistuning were solved in
Fig. 5.

Finally, by combining Eqgs. (37a) and (37b) with (38), the
elastic modulus E., and the loss factor 7)., of hard-coating
blades with the intentional Harmonic-wave mistuning can be
expressed as:

2
E.,=E, {1 + Agsin (@)} ;

21Quw
Tep = Te [1+ALsin< Wg p)};

where Ap and A}, denote the maximum value corresponding
to the elastic modulus and loss factor.

(39)

(40)
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Figure 5. Intentional mistuning quantities of each HC blade.

As reported in the literature, the optimal vibration suppres-
sion of mistuned blisks can be achieved with small intentional
mistuning, which effectively reduces the forced response while
causing only minimal natural frequency variations.>> So, the
magnitude of intentional damping mistuning should exceed
that of intentional stiffness mistuning. Here, the maximum
variation of intentional mistuning generated by the various
coating thickness was set as 10%. By the Eq. (33) and Eq. (34),
the maximum value of the elastic modulus Ag and the loss
factor Ay, were determined as 1.6% and 3.1, respectively. The
specific influence of intentional mistuning designed by hard
coating on hybrid vibration reduction of the mistuned blisks
will be investigated comprehensively in Section 4.4.

4. BENCHMARK CASE

4.1. Description of the HC Mistuned Blisks
and Test Condition

A mistuned blisks specimen manufactured by the wire-
electrode cutting technique was taken as the benchmark case in
this paper. The mistuned blisks specimen with 18 sectors and
the blades deposited NiCrAlY hard coating (the blade surface
treatment was conducted by the atmospheric plasma spraying
technology) were shown in Fig. 6.

The mistuned blisk specimen was rigidly connected to a
dedicated fixture using eight high-strength bolts with a tighten-
ing torque of 40 Nm. Moreover, the inherent mistuning levels
of each blade were obtained by normalizing the natural fre-
quencies of mistuned blisk specimen, as illustrated in Fig. 7.
And these natural frequencies of mistuned blisks were ob-
tained by the hammer-peening method, as illustrated in Fig. 8.
In which, some professional testing devices, including but
not limited to the PCB® modal hammer, the BK®-4517 ac-
celerometer, LMS® mobile front-end controller and DELL®
mobile workstation, were used together to solve the natural
characteristics of mistuned blisks specimen before and after
surface coating treatment.

In addition, the geometric parameters and the mechanical
parameters associated with the mistuned blisks specimen and
the NiCrAlY hard coating were listed in Table 1 and Table 2,
respectively. It should be noted that the elastic modulus and
the loss factor of NiCrAlY hard coating was obtained by the

(a) mistuned blisk

NiCrAlY
hard coating

(b) hard-coating blades

Figure 6. The solid model of mistuned blisks and the blades deposited hard
coating.

identifiable investigation at room temperature, whose discrete
data was equivalently processed and verified here.

4.2. Vibration Analyses for Model Validation

The corresponding full stage FEM of HC mistuned blisks,
as shown in Fig. 9(a), was established using the 3D SOLID185
elements, whose numbers of the elements and the DOFs were
385992 and 1.337 million, respectively. And then, the ROM of
the HC mistuned blisks was built by using the improved com-
ponent method developed in Section 2. The DOFs numbers of
the established ROM was about 203224, which were reduced
by 85% approximately compared with that of full stage FEM.

In the calculation process, the loading location of excitation
force along the axial direction, and the pick-up location of vi-
bration response of HC blisks were the tip nodes of HC blades.
And the natural frequencies and mode shapes of HC mistuned
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Table 1. Geometrical parameters of the mistuned blisks and the hard coating.

Component catalog | Geometric parameters Value | Component catalog | Geometric parameters Value
length 50 mm inner radius 50 mm
width 25 mm disk outer radius 200 mm
blades thickness 3 mm thickness 20 mm
number 18 . area ratio 100%
- . hard coating -
installation angle 45° thickness 0.2 Omm

Offset values of the
dimensionless frequency /%

M4 6 s 0 12 14 16 18
Blade order

Figure 7. Dimensionless natural frequency deviation values of blades.

Table 2. Material parameters of the mistuned blisks and the hard coating.

Component catalog blades disk hard coating
Material type Q235 steel | Q235 steel NiCrAlY
Elastic modulus (GPa) 208 208 54.5
Mass density (kg/m?) 7860 7860 2840.7
Material loss factor 0.0005 0.0005 0.0099
Poisson’s ratio 0.277 0.277 0.300

blisks can be solved using the established ROM. Moreover, a
testing model of HC mistuned blisks was established in the
LMS Test Lab, as shown in Fig. 9(b). The excitation points in
the hammer-peening test were consistent with the axial blade
tip excitation position used in the above finite element simu-
lation. Then, the natural frequencies and mode shapes of HC
mistuned blisks can be obtained by the testing model.

The first fifteen orders natural frequencies of HC mistuned
blisks obtained from the ROM and the test model were listed
in Table 3. For the explicit verification of data accuracy, its
relative errors (absolute value) were also solved and listed. It
clearly shows that relative errors of natural frequencies ob-
tained by the two methods exist, with the relative errors rang-
ing from 0.36% to 5.86%. The larger errors for the 11th and
12th modes were caused by the modal truncation in the estab-
lished ROM. However, these high-order modes were not within
the main resonance region of the mistuned blisk, such errors
did not affect the accuracy of vibration response suppression in
the studied frequency band. Moreover, the average relative er-
ror was 3.35%, and the maximum relative error was limited to
6%. Overall, the natural frequencies of hard-coated mistuned
blisks calculated by the established ROM can be considered
acceptable here.

The first eight orders mode shapes of HC mistuned blisks
obtained from the established ROM were presented in Ap-
pendix section. For the explicit verification of data accu-
racy, the modal assurance criterion (MAC)**3 was employed
widely to evaluate the correlation of mode shapes originat-

Table 3. Natural frequencies and percent errors of the HC mistuned blisks
obtained by the ROM and the test.

Mode order | ROM /Hz | Test/Hz | Relative error/ %
1 663.07 660.71 0.36
2 667.36 670.48 0.47
3 677.60 686.04 1.25
4 684.78 696.52 1.71
5 689.26 709.49 2.94
6 699.17 721.11 3.14
7 702.78 731.14 4.04
8 712.21 744.03 4.47
10 729.46 765.55 4.95
11 731.79 774.64 5.86
12 746.29 786.62 54
13 757.02 797.35 5.33
14 1236.98 1260.92 1.94
15 1341.56 1389.98 3.61

ing from different models, always range from 0.0 to 1.0, and
the higher MAC value indicates the higher similarity between
mode shapes. Commonly, if the value was lower than 0.8, the
mode shape correlation was generally considered poor, and the
simulation model needs to be modified. The first fifteen MACs
of HC mistuned blisks between the ROM and the test model
were calculated and shown in Fig. 10. It can be seen that
the MAC values for the same mode order (marked in blue at
the upper-right diagonal position) were all larger than 0.875,
nearly to 1.0, and the other MAC values were close to 0. In
general, mode shapes of HC mistuned blisks obtained by the
ROM were accurate and can be accepted here.

The first fifteen order modal loss factors of HC mistuned
blisks, an important parameter for evaluating damping capac-
ity, obtained from two different ways were plotted in Fig. 11.
In which, the blue solid lines with square symbols represent
the modal loss factors obtained from the ROM, and the red
dashed lines with circular symbols were the modal loss factors
obtained from the test model. It can be observed that the small
deviations among these results exhibit at the same mode or-
der (the maximum deviation was less than 1%), and the results
trends were nearly consistent. In general, the modal loss fac-
tors of HC mistuned blisks from the ROM were reliable here.

On the premise of ensuring calculation accuracy, the solu-
tion efficiency for vibration characteristics of the ROM was
investigated. Under the same computational platform, the vi-
bration analysis of HC blisks was also conducted using the
full stage FEM. And the first 130 orders time-consuming ra-
tios (defined as ?:ﬁ) were calculated and expressed in Fig. 12.
It can be found that compared with the full stage FEM, the
computational efficiency of the ROM was enhanced by at least
85%. In addition, the higher the mode was, the more efficient
the ROM will be.
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Figure 8. Testing condition for of the HC mistuned blisks.

4.3. Damping Vibration Reduction Analysis

Using the reliable ROM established in Section 2, the damp-
ing vibration reduction analysis for mistuned blisk was con-
ducted here. The coating thickness of different blades were
uniform (about 0.2 mm), the specific influence of material
damping capacity of hard coating on the mistuned blisks were
detailly discussed in terms of natural frequencies and forced
responses, which can provide a reference for the selection of
intentional mistuning parameters.

Natural frequencies of the mistuned blisks and the HC mis-
tuned blisks were listed in Table 4, and its change rates were
also solved for the quantitative evaluation. It can be found ex-
actly that natural frequencies of mistuned blisks were lower
than that of HC mistuned blisks generally, but all the change
rates were limited to 2%. Moreover, these corresponding
results obtained from the test model were also obtained for
numerical validation, whose change rates always range from
0.45% to 3.49%. Generally, the influence of NiCrAlY hard
coating on natural frequencies of mistuned blisks was rela-
tively weak.

The forced responses of each blade (remarked by the left red
bars and defined as “no coating”) and HC blade (remarked by
the right blue bars and defined as “uniform coating”) obtained
from the ROM under same exaction were shown in Fig. 13(a),
and its responses decreased rates were also solved for elaborat-
ing quantitatively on the damping vibration reduction perfor-
mance of hard coating, as plotted in Fig. 13(b). It can be seen
clearly that the forced responses of all blades were suppressed
obviously by the hard coating, and the response decreased rates
were larger than 20% commonly.

Moreover, the maximum responses of the mistuned blisks
(marked by solid lines) and the HC mistuned blisks (marked by
dashed line) in frequency domain were shown in Fig. 14. From
the perspective of horizontal coordinates, resonant frequency
of mistuned blisks decrease slightly, which was consistent with
the results variation trend showed in Table 4; meanwhile, the

forced vibration response of mistuned blisks was less than that
of HC mistuned blisks remarkable from the perspective of ver-
tical coordinates, which was consistent with the results vari-
ation trend showed in Fig. 13. In general, the NiCrAlY hard
coating has a significant performance on damping vibration re-
duction of mistuned blisks without altering natural frequencies
significantly.

4.4. Hybrid Vibration Reduction Analysis

According to the foregoing research, the small intentional
mistuning of each blade designed by various coating thick-
ness was conducted for the hybrid vibration reduction of mis-
tuned blisks, and the forced responses of HC mistuned blisks
with dual mistuning (including the blades intrinsic mistuning
and the intentional mistuning induced by hard coating), called
DHC mistuned blisks, were solved effectively by using the re-
liable ROM.

The forced responses of each blade of DHC mistuned blisks
(remarked as green bars and defined as “intentional coating”)
were shown in Fig. 15(a). And, the forced responses of each
blade (remarked by the red bars and defined as “no coating”)
and HC blade (remarked by the blue bars and defined as “uni-
form coating”) were also shown for comparison straightfor-
wardly. It can be seen exactly that the forced responses of
mistuned blisks were largest, and that of HC mistuned blisks
were intermediate, and that of DHC mistuned blisks and mis-
tuned blisks were the smallest. Moreover, the corresponding
response decreased rates between DHC mistuned blisks and
mistuned blisks (marked by blue lines and defined as “inten-
tional coating/no coating” or “IN”), between DHC mistuned
blisks and HC mistuned blisks (marked by red lines and de-
fined as “intentional coating/uniform coating” or “IU”) were
obtained for quantitative analysis, as shown in Fig. 15(b). It
can be found that the response decreased rates of “IN” were
larger that of “IU”, which indicates the vibration reduction per-
formance of mistuned blisk was further enhanced obviously
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Table 4. Natural frequencies of the mistuned and HC mistuned blisks obtained by the ROM and the test.

! 108 excitation points

hard-coating blades

Fe ! pick-up point

(b) testing model

Figure 9. Vibration models of the HC mistuned blisks.

by the intentional mistuning. It can be attributed to the fact
that the passive vibration reduction method merely utilizes the
damping capacity of hard coating, whereas the hybrid vibration
reduction method integrates two mechanisms, namely damp-
ing capacity and intentional mistuning.

In addition, the maximum frequency-domain responses of
the DHC mistuned blisks under same exaction was shown in

Mode ROM Testing model
order | Mistuned blisks / Hz | HC mistuned blisks / Hz | Change rate / % | Mistuned blisks / Hz | HC mistuned blisks / Hz | Change rate / %
1 653.03 663.07 1.54 655.73 660.71 0.75
2 658.69 667.36 1.32 665.09 670.48 0.80
3 667.50 677.60 1.51 678.42 686.04 1.11
4 674.80 684.78 1.48 688.14 696.52 1.20
5 679.09 689.26 1.50 702.45 709.49 0.99
6 690.74 699.17 1.22 711.56 721.11 1.33
7 694.83 702.78 1.14 721.36 731.14 1.34
8 703.05 712.21 1.30 731.18 744.03 1.73
9 711.84 723.13 1.58 739.11 754.55 2.05
10 716.34 729.46 1.79 747.40 765.55 2.37
11 720.31 731.79 1.59 753.87 774.64 2.68
12 734.57 746.29 1.60 764.19 786.62 2.85
13 74491 757.02 1.63 778.81 797.35 2.33
14 1215.94 1236.98 1.73 1221.97 1260.92 3.09
15 1317.40 1341.56 1.83 1341.48 1389.98 3.49
15 0
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(a) FEM Figure 10. Modal assurance criterion of the HC mistuned blisks obtained

between the ROM and the test.
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Figure 11. Modal loss factors of the HC mistuned blisks.

Fig. 16. Compared the results of line A, the forced responses
of mistuned blisk, presented by line C, were suppressed re-
markably; compared the results of line B, the forced responses
of mistuned blisk were further suppressed obviously, which in-
dicated that the hybrid vibration reduction strategy was supe-
rior to the passive damping reduction strategy. This charac-
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Figure 12. Ratios of computational time of the HC mistuned blisks.

teristic shows an excellent consistency with that illustrated in
Fig. 15. From the perspective of horizontal coordinates, res-
onant frequency of mistuned blisks decreased slightly, which
was consistent with the results variation trend showed in Ta-
ble 4; meanwhile, the forced vibration response of mistuned
blisks was less than that of HC mistuned blisks remarkable
from the perspective of vertical coordinates, which was con-
sistent with the results variation trend showed in Fig. 13.

5. CONCLUSION

For the vibration reduction of mistuned blisks effectively,
a novel strategy by the intentional mistuning of hard coating
damping was developed. Then, by the improved component
method, a reliable ROM of HC mistuned blisks was established
for solving vibration characteristics and verifying vibration re-
duction strategies efficiently.

By combining the first reduction of interface DOFs and the
second reduction of components DOFs, an efficient ROMof
mistuned was established for model validation. Compared
with the test model and full stage FEM, the calculation preci-
sion and efficiency of the established ROM was verified. It laid
a reliable foundation for the investigation on passive vibration
reduction strategy by the damping capacity of hard coating.

The NiCrAlY hard coating was deposited on both sides of all
blades with uniform coating thickness, and the passive damp-
ing vibration reduction strategy for mistuned blisks was con-
ducted. The results reveal that the forced responses of mis-
tuned blisk were suppressed remarkably by the hard coating
with decreasing natural frequencies slightly. It was mainly at-
tributed to the material damping capacity of the hard coating.
This lays a reliable foundation for the hybrid vibration reduc-
tion strategy by the small intentional mistuning of hard coating
damping.

The hybrid vibration reduction strategy by the intentional
mistuning of hard coating was then conducted. The results re-
veal that the forced responses of mistuned blisks can be further
suppressed obviously based on the damping vibration reduc-
tion, which indicated the hybrid vibration reduction strategy
for mistuned using two mechanisms simultaneously was bet-
ter than the passive vibration reduction strategy using single
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rates.

mechanisms.

In addition, the hybrid vibration reduction strategy proposed
in this study features more flexible and broader applicability.
It can effectively suppress the vibration localization caused by
different degrees of passive mistuning by applying a hard coat-
ing with different thicknesses and types at various positions.
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APPENDIX

The Appendix section illustrates the partial mode shapes of

the HC blisks obtained by the simulations for full stage FEM
and ROM (see Fig. 17), and the partial mode shapes of the HC
blisks obtained by the experimental testing (see Fig. 18).
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Figure 17. Partial mode shapes of the HC blisks obtained by the simulations (full stage FEM and ROM).
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Figure 18. Partial mode shapes of the HC blisks obtained by the experimental testing.
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