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As well known, the crack is a typical fault of turbine blades, which is difficult to detect due to the weak fault features contained in
the rotor vibration. Although some fault diagnosis methods based on blade tip timing (BTT) are proposed to detect blade cracks,
the limited fault features can be extracted because the BTT signals contain only one-dimensional fault information. Based on the
dynamic analysis, the cracked blade undergoes three-dimensional (3D) deformation so that it would be reflected in the changes of
the three-dimensional blade tip clearance (3D-BTC). Therefore, the dynamic characteristics of the 3D-BTC of turbine blades with
typical cracks should be investigated to obtain its change rule and achieve a more comprehensive diagnosis of blade cracks. In this
paper, the 3D finite element model of the turbine blisk is established, and the fluid-thermal-solid coupling analysis is implemented
to calculate the blade deformation. Then, a novel dynamic computation method is proposed to calculate the 3D-BTC based on the
blade deformation. The typical blade cracks are taken into consideration, and the dynamic characteristics of the 3D-BTC
regarding the typical cracks are analyzed to obtain its change rule. The results show that abundant crack fault information can

be obtained based on the 3D-BTC, which can facilitate the comprehensive diagnosis of turbine blade cracks.

1. Introduction

The turbine blade failures frequently occur due to the
extremely harsh working environment of aeroengines, and
the crack fault is particularly prominent for turbine blades,
which seriously affects the safety and reliability of aeroengines.
Thus, it is of great significance to monitor and diagnose the
crack fault of turbine blades. However, the conventional diag-
nosis method based on the vibration signals of the rotor has
difficulty detecting blade cracks due to the high complexity
of the coupled vibration of the turbine rotor system [1]. Thus,
the weak fault features of the crack are prone to be over-
whelmed by noise and hard to be extracted from the vibration
signals. Therefore, some more effective monitoring methods
for blade cracks are greatly demanded.

Nowadays, some noncontact measurement methods for
blade vibration are proposed, and the blade tip timing
(BTT) technology attracts wide attention [2]. Some basic
methods based on the BTT, such as the single-parameter
method and two-parameter plot, were proposed to extract
the vibration frequency of blades [3, 4]. In addition, the
compressed sensing theory and sparse representation
method were also combined with the BTT to analyze the
multifrequency vibration of blades [5, 6]. However, the
BTT signal is severely undersampled, and complicated signal
processing methods are required to analyze the blade vibra-
tion frequency [7]. Except for measuring the blade vibration,
scholars established some dynamic models to analyze the
vibration characteristics theoretically. Xu et al. proposed a
novel dynamic model and a thermoelastic model for a
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hemispherical shell resonator with thickness nonuniformity
and clarified the effect of thickness nonuniformity and thermal
deformations on the output error of the hemispherical shell
resonator [8, 9]. In order to analyze the blade vibration
response, Xie et al. established a dynamic model of a rotating
twisted shrouded blade based on Timoshenko beam theory
[10], and Oh and Yoo proposed a dynamic model for a rotating
blade with an arbitrary cross-section [11]. Actually, the crack
will lead to the deformation of the blade in three-dimensional
(3D) space under complicated loads, and the crack fault infor-
mation should have 3D characteristics. However, the blade
vibration or the BTT signals only contain one-dimensional
(circumferential vibration) information. Thus, the fault fea-
tures extracted from the blade vibrations cannot fully reflect
the crack fault information of turbine blades.

The blade tip clearance (BTC) is a core parameter of the
aeroengine, and the dynamic characteristics of BTC can reflect
the working conditions and fault information of turbine
blades [12]. Thus, the information of blade cracks can be
reflected in the change of the BTC, so it is crucial to under-
stand the dynamic characteristics and the change rule of the
BTC. Kypuros and Melcher and Agarwal et al. established a
reduced model of BTC by considering the radial deformation
of the turbine disk, blade, and casing so that the estimation of
the BTC was close to the measurement results [13, 14]. Chap-
man et al. used a first-principle approach to estimate the ther-
mal and mechanical deformations of the turbine and
presented a generic but realistic BTC model of the high-
pressure turbine [15]. Jia et al. investigated the effects of rotor
crack and rotor vibration on the change rule of high-pressure
turbine BTC based on a reduced model [16, 17]. Moreover, Ju
utilized the finite element method (FEM) to analyze the radial
deformation of the turbine blade, disk, and casing, and the
change rules of BTC were further obtained [18]. However,
the aforementioned researches only focus on the change of
radial BTC, which contains only one-dimensional fault infor-
mation. Hence, the fault features extracted from the radial
BTC are also insufficient.

To overcome the deficiencies that the BTT signal and the
conventional BTC cannot fully reflect the fault information
of blade cracks, Teng et al. proposed the three-dimensional
blade tip clearance (3D-BTC), which contains comprehensive
crack fault information in three dimensions [19]. Moreover, in
order to realize the fault diagnosis of blade cracks based on the
3D-BTC, an optical fiber sensor with three sensing units was
designed to monitor the 3D-BTC [20]. Besides, the 3D-BTC
demodulation method was proposed, and a dynamic measure-
ment system was established so that the 3D-BTC could be
accurately measured [21-23]. In addition, the change rules
of the 3D-BTC of normal and cracked blades were studied uti-
lizing the FEM, and the nickel-based superalloy GH4169 was
used as the blade material [24], which also can be used in
the field of aerospace engineering, such as the electromagnetic
docking system due to its good mechanical properties [25, 26].
The effects of through-thickness crack on the 3D-BTC were
analyzed [19, 24], which indicates that the 3D-BT'C contained
abundant fault information on the blade cracks.

The change rule of 3D-BTC has been investigated in the
previous studies [19, 24], but there are still some deficiencies
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that need to be improved. First, the computation method of
3D-BTC is unreasonable in the previous studies. The 3D-
BTC refers to the spatial distance between the blade tip surface
and the casing inner surface, so it is more reasonable to select
the points on the casing inner surface as the reference points
to calculate the 3D-BTC. However, the reference points are
on the blade tip surface in the previous studies. Second, only
the through-thickness cracks at the blade trailing edge are
investigated in the previous studies. However, the surface crack
is also typical for turbine blades in practice, and it may appear
in different positions of the blade, such as the leading edge,
trailing edge, pressure side, and suction side [27]. Kianicova
and Pokluda performed the fractographic analysis on several
turbine blades and pointed out that the typical surface cracks
were initiated from the middle of the blade body close to the
trailing edge [28], and the surface crack at the blade trailing
edge will propagate due to the cycle load [29]. Besides, cracks
may appear on the leading edge of the blade due to the impact
of high-temperature and high-pressure gas [30]. Mokaberi
et al. revealed that the crack also initiated from the corrosion
pit on the blade leading edge according to the microstructural
features of the blade [31]. Moreover, the surface crack may also
appear on the pressure side and the suction side of the turbine
blades due to some factors such as high-/low-cycle fatigue,
manufacturing flaws, and stress corrosion [32-34].

To address the above problems, at first, a novel dynamic
computation method of 3D-BTC is proposed based on the ref-
erence points on the casing inner surface and the blade defor-
mation obtained from the FEM. Then, the typical cracks,
including the through-thickness crack and the surface crack,
on the leading edge, trailing edge, pressure side, and suction
side of the blade are considered in this paper. Lastly, the stress
field near the crack front and the effects of crack size and posi-
tion on the dynamic characteristics of the 3D-BTC are inves-
tigated. Compared with the conventional BTC, the 3D-BTC
provides abundant fault information on the typical crack of
the blade, which provides a theoretical basis for the fault fea-
ture extraction of blade typical cracks.

The rest of this paper is organized as follows. In Section
2, the FE analysis method for the turbine blade is briefly
introduced, and a novel dynamic computation method for
the 3D-BTC is proposed. The three-dimensional FE model
of the turbine blisk is introduced in Section 3, and both
the through-thickness crack and the surface crack are con-
sidered in this model. In Section 4, the stress field near the
crack is analyzed, the 3D-BTC of turbine blades with typical
cracks are obtained, and the effects of typical cracks on the
3D-BTC dynamic characteristics are analyzed. The results
indicate that the 3D-BTC is more sensitive to the blade typ-
ical crack than the conventional RTC, so more valuable
blade crack fault information can be obtained based on the
3D-BTC. Finally, some conclusions are given in Section 5.

2. Dynamic Computation Method for the 3D-
BTC of Turbine Blade

2.1. The 3D Blade Tip Clearance. The turbine blade usually
has a twist shape and undergoes complicated deformation
due to the working loads and the blade crack, which leads
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blades [19], as shown in Figure 1. It consists of radial tip
clearance (RTC), axial deflection angle (ADA), and circum-
ferential deflection angle (CDA), which can fully reflect the
3D spatial characteristics between the blade tip and the cas-
ing inner surface.

The 3D-BTC is mainly affected by the thermal load and
aerodynamic load caused by the high-temperature and high-
pressure gas and the centrifugal load caused by the high
rotating speed of the rotor. Therefore, these factors need to
be considered when analyzing the 3D-BTC dynamic charac-
teristics, and the analyzing flowchart for the 3D-BTC of tur-
bine blades is shown in Figure 2.

2.2. The FE Analysis for the Turbine Blades. According to the
flowchart shown in Figure 2, the fluid-thermal-solid sequen-
tial coupling analysis is implemented to obtain the deforma-
tion of turbine blades. First of all, it is essential to perform
the fluid flow analysis so that the temperature distribution
and pressure distribution of the blade surface can be
obtained. Thus, the commercial computational fluid dynam-
ics software CFX is used to solve the continuity equation,
momentum equation, and energy equation of the fluid
around the turbine blade, which can be expressed as [35]

P49 (pU)

5 0, (1)

(2)

a(g’tU) 1V (pU®U) = ~Vp+V - T+8$,,,

(3)

Here, U is the velocity vector of the fluid, p is the fluid’s
density, and p is the fluid’s pressure. The V refers to the
Hamiltonian operator. In Equations (2) and (3), E is the
total energy, k. is the effective thermal conductivity, h; is

the enthalpy, J; is the diffusion flux, and S, and S, are the

heat source and momentum source, respectively. Moreover,
7 is the viscous stress tensor, expressed as

T=p VU+(VU)T—§8V-U . (4)

Here, p is the dynamic viscosity, and § is the unit tensor.
In addition, the shear stress transport (SST) turbulence
model is used, which combines the advantages of the k — w
model and k —¢& model. The SST model accounts for the
transport of the turbulent shear stress so that the eddy vis-
cosity will not be overpredicted. Thus, it is more suitable
for the turbulence simulation in this paper. The SST model
can be expressed as Equations (5) and (6), and in Equation
(6), v, is the eddy viscosity, which can be expressed as [36]

6N 9. (puk) <. [(w &) Vk} + P~ B'pko, (5)

O3




FIGURE 3: Schematic of the computation of 3D-BTC. (a) Reference
points. (b) Schematic of the 3D-BTC computation.
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Here, k and w represent the turbulent kinetic energy and
the turbulent frequency, respectively. The y, refers to turbu-
lence viscosity, which is equal to pk/w. P, = min (P;, 108'p
wk), and P, is the turbulence production due to viscous
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FIGURE 6: The schematic of crack position. (a) The position of blade
cross-section. (b) The blade cross-section.

forces, which can be modeled as follows [36]:
2
Py =u,VU- (VU+VU") - 3V UGBu,V-U+pk). (8)

In the SST model, F, and F, refer to the blending func-
tions, which are critical to the SST model and can be
expressed as follows [36]:

F, =tanh (arg‘f), arg, = min | max \,/E , 5020\/ 5 4pk =1
ﬁ wy Yyw CDkwo-wa
F, =tanh (arg}), arg, = max %, 200V , )
By yw

2
CDkw=max< p Vka,lxlo-m).

O nWw
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FiGURe 7: The schematic of crack size. (a) The through-thickness crack. (b) The surface crack.

i
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F1gUrE 8: Computational mesh of the fluid passage and turbine blisk. (a) Mesh of the fluid passage. (b) Mesh of the turbine blisk. (c) Mesh of the
cracked blade with the surface crack at the suction side. (d) Mesh of the cracked blade with the through-thickness crack at the trailing edge.
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TaBLE 1: The heat transfer coefficient and its relative error on the blade surface.

No Node number Heat transfer coefficient Relative
’ (W/(m*K)) error (%)
1 0.93 x 10° 5510.34 —
2 1.22x 10° 5166.79 6.23
3 1.60 x 10° 5097.84 1.33
4 2.10x 10° 5112.92 0.30
5 2.76 x 10° 5135.25 0.4
6 3.61x10° 5148.32 0.25
5600 8
5400 -6
M —~
E 5200 A Ly &
z 5
= 5000 A )
4800 - Lo
1 2 3 4 5 6
Test number
I Heat transfer cofficient
—o—  Relative error
F1GURE 9: The results of the grid-independent test.
Here, y is the distance to the nearest wall, and v is the TABLE 2: Material properties of GH4169.
kinematic viscosity. In Equations (5)-(7), & B, B'> 0,y 03 S——
, and o}, are some constant coefficients. Through the fluid Temperature OU8S  poisson’s  Thermal expansion
. s . o modulus . . 60
flow analysis, the temperature distribution and pressure dis- (O ratio coefficient (107°/°C)
. . (GPa)
tribution of the blade surface can be obtained.
The heat of the high-temperature gas will be transferred 20 204 0.30 -
from the blade to the whole turbine disk. Thus, after the 100 - 0.30 11.8
fluid flow analysis, the thermal analysis is implemented to 200 — 0.30 13.0
obtain the temperature of the turbine blisk. As shown in 300 181 0.30 13.5
Figure 2, the temperature distribution of the blade surface 400 176 _ 14.1
is t.ransferred into the thermal. analysis as the bot.mdary con- 500 160 0.32 14.4
dition. In the thermal analysis, Equation (10) is solved so 600 150 0.32 148
that the temperature of the turbine blisk can be further ' '
obtained. Here, K; is the conduction matrix, T is the tem- 700 141 0.33 154
perature vector, and Q is the heat flow vector.
K, T=Q. (10) TaBLE 3: Loads applied in the numerical simulation.
Load Value
Then, the deformatior.l of the turbin.e bl.ade is obtained Inlet total temperature (K) 1400
through structur'fil analysis, as sho.wn. in .Flgure 2. In the Cooling air temperature (K) 700
structural analysis, the pressure distribution of the blade
. . Inlet total pressure (MPa) 3.60
surface and the temperature of the turbine blisk are taken '
as the aerodynamic load and thermal load, respectively, ~ Ovutlet static pressure (MPa) 2.16
The rotating speed of the turbine rotor is defined to apply ~ Rotating speed (r/min) 8000
the centrifugal load. The rotation angular displacement is Rotation angular displacement (*) 6

also defined for the turbine rotor considering the operation
of the turbine. Therefore, the dynamic equation of the struc-
tural analysis can be expressed as
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F: static structural
Total deformation 36
Type: total deformation
Unit: mm

Time 1.25e-0.04
2022/4/2210:30

8.5235 Max
8.3621
8.2007
8.0393
7.8779
7.7165
7.5551
7.3937
7.2323
7.0709
6.9095
6.7481
6.5867
6.4225
6.264 Min

()

F: static structural
Equivalent stress 2
Type: Equivalent (von-mises) stress
Unit: MPa
Time 1.25e-0.04
2022/4/2210:31
3682 Max
3390
3097.2
2804.4
2511.5
2218.7

754.49
461.65
308.06

0.89621 Min

1925.8
1633

1340.2
1047.3

154.48

()

FiGUure 10: The contours of normal blades. (a) Deformation. (b) Stress.

Mii(t) + Cu(t) + Ku(t) = F, (£).

a (11)

Here, M, C, and K are the structural mass matrix, damping
matrix, and stiffness matrix, respectively. In addition, (), u
(), and u(t)refer to the acceleration vector, velocity vector,
and displacement vector. The F, is the applied load vector.

The fluid flow analysis, thermal analysis, and structural
analysis are sequentially coupled, so it is important to ensure
that the displacement, heat flow, temperature, and stress of
the fluid and solid at the interface are equal. Therefore, the
following conditions must be satisfied on the fluid-solid
interface:

df:ds’
q=9q,
s (12)
Tf:TS’

n-T=n-T.

Here, d, q, T, and 7 are the vectors of displacement, heat
flow, temperature, and stress on the fluid-solid interface,
respectively. The subscripts f and s represent fluid and solid,
respectively. The n is the unit normal vector of the fluid-
solid interface. The aforementioned sequential coupling
analysis is implemented in the ANSYS Workbench software,
and the deformation of the turbine blades can be obtained to
calculate the 3D-BTC.

2.3. Dynamic Computation Method for the 3D-BTC. In this
section, the dynamic computation method for the 3D-BTC
is introduced. First of all, the reference points to calculate
the 3D-BTC need to be determined. Since three parameters
need to be calculated, at least three reference points are
required. The 3D-BTC is measured by an optical fiber sensor
with three sensing units arranged in an isosceles right trian-
gle [21, 22], so three reference points (A,, A,, and A,) are
assumed to arrange in an isosceles right triangle, as shown
in Figure 3(a). Besides, in order to determine the axial rela-
tive position between the reference points and the blade
tip, the following factors are considered comprehensively.
First, the reference points should be as close as possible to
the crack so that the 3D-BTC can better reflect the crack
fault of the turbine blade [24]. Second, the distances between

the three reference points should be large enough to ensure
the calculation accuracy of the 3D-BTC. Third, the blade
tip should have sufficient thickness to ensure enough data
can be extracted to analyze the dynamic characteristics of
the 3D-BTC. Therefore, the axial locations of reference
points are selected at the middle part of the blade tip, as
shown in Figure 3(a).

In addition, the reference points should be located at the
casing inner surface instead of the blade tip surface. There-
fore, a coordinate system oxyz is established at the position
of the initial radial clearance above the blade tip, and the y
oz plane represents the inner surface of the casing. Thus, ref-
erence point A is assumed to be the origin of the coordinate
system oxyz, and the reference points A; and A, are located
in the yoz plane, as shown in Figure 3(b).

Based on three reference points on the casing inner sur-
face, a novel dynamic computation method for the 3D-BTC
is proposed. The reference points are static, when the turbine
blade passes below the reference points, the 3D-BTC can be
calculated. As shown in Figure 3(b), assuming that at time
t;(i=1,2, -, n), the radial projection points of the reference
points Ay, A, and A, are simultaneously located on the
blade tip surface and can be expressed as A,’, A4,’, and A,',
respectively. The radial distances between A, and A,', A,
and A,’, and A, and A," are expressed as I,(t,), I,(t;),
and I,(t;), respectively. According to the geometric relation-
ship between the blade tip surface and casing inner surface,
the RTC r(t;), ADA «(t;), and CDA f3(¢;) can be calculated
by Equation (13). Here, d refers to the distance of A, and
A, from A,. The a; and f3, refer to the initial values of
ADA and CDA, respectively.

-,

Lt ;zo(t,.)]

a(t;) = arctan [ 1 (1)

(13)

At -t [AH08) g

The initial values of ADA and CDA exist because the
blade tip is usually a curved surface, which can keep the
BTC consistent throughout the whole blade tip surface.
After the reference points are selected, the initial values of
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FiGurg 11: Turbine blades with through-thickness cracks. (a) The through-thickness cracks with different lengths. (b) The through-thickness

crack with different positions.
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FIGURE 12: The 3D-BTC of blades with through-thickness crack of different depths. (a) RTC. (b)ADA. (c) CDA.

ADA and CDA can be determined, as shown in Figure 4.
Assuming that the casing inner surface is cylindrical, the blade
tip should be a cylindrical surface coaxial with the casing inner
surface. Therefore, from the view of the circumferential direc-
tion of the turbine, the projection of the blade tip on the xoz
plane can be regarded as a straight line, as shown in
Figure 4(a). Thus, «,, can be calculated by Equation (14), which
is equal to 0° indeed. Meanwhile, from the view of the axial
direction of the turbine, the projection of the blade tip on the
xoy plane can be regarded as a circular arc, as shown in

Figure 4(b). According to the geometrical relationship, 8, can
be calculated by Equation (14). The distances [, [;, and I, can
be easily calculated after the reference points are selected, and
they are determined by the radius of the blade tip surface and
the coordinate values of Ay, A, and A,.

L=l
o, = arctan ,
0 d

14
Lo, (14)

d

B, = arctan
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I 3619.8 Max
3217.6
2815.5
2413.3
I 2011.2
1609
1206.8
804.69 4
402.53
I 0.37652 Min!
()
4717.5 Max
I 4190.4
3663.4
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2851.3
2566.3
2281.3
I 1996.2
1711.2
1426.2
1141.2
856.19
571.18

I286.17
1.154 Min

(0

4401.5 Max
4063
3724.5
3385.9
3047.4
2708.9
2370.3
2031.8
1693.2
1354.7
1016.2

(b)

FIGURE 13: The stress distributions of blades with through-thickness cracks. (a) 2mm. (b) 5mm. (c) 8 mm.

The 3D-BTC can be calculated according to Equations (13)
and (14), and the dynamic characteristics of the 3D-BTC can
be further obtained. It should be noted that the 3D-BTC can
be effectively calculated only when the projection points (A,
A,',and A,") are simultaneously located on the blade tip.

3. Numerical Model for the Turbine
Blade with Cracks

3.1. Geometric Model of Turbine and Typical Cracks of Blade.
Considering that modern aeroengines are constantly seeking
higher thrust-weight ratios, the geometric model of the tur-
bine is established based on the integral blade disk. Two geo-
metric models are established in this paper. One is the fluid
flow model used in the fluid flow analysis, as shown in
Figure 5(a). A turbine blade and the flow passage around
the blade are built in this model. The other is the geometric
model of the turbine blisk used in both thermal analysis and
structural analysis, as shown in Figure 5(b). The complete
turbine blisk has 60 blades, but the sector part with only
one blade is built due to the rotational symmetry structure
of the turbine blisk. The cyclic symmetry boundary condi-
tion is applied so that the computational cost of the FEM
can be reduced.

In order to investigate the effect of the typical blade
cracks on the 3D-BTC, cracks need to be added to the model
of the turbine blade. First, to describe the crack position, the
coordinate system 0,x,y,z, is established at the leading edge
of the blade root plane, as shown in Figure 6(a). Assuming
that the crack is parallel to the blade tip surface, a blade
cross-section can be selected as the crack plane, whose radial
distance from the blade root plane is x;. In the crack plane,
the crack position can be determined by the axial coordinate
zy,, as shown in Figure 6(b). When the axial position z, is
determined, the cracks can only appear in two positions.
One is the P, on the pressure side, and the other is the S,
on the suction side. Therefore, P, and S, are used to describe
the crack on the pressure side and the suction side of the
blade, respectively, and the subscript z represents the axial
position of the crack. In this paper, the range of z; is from
0 mm to 40 mm, so z;, equal to 0 mm and 40 mm means that
the crack is located at the leading edge and trailing edge of
the blade, respectively.

Both the through-thickness crack and the surface crack are
considered in this paper, and the crack front of the through-
thickness crack is straight, while that of the surface crack is
usually semielliptical [27]. Thus, in order to describe the size
of two cracks uniformly, the coordinate system o.x.y .z, is
established at the crack plane, as shown in Figure 7. The axes
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FIGURE 14: The 3D-BTC of blades with through-thickness cracks at different positions. (a) RTC. (b) ADA. (c) CDA.

x, and z_ lie in the crack plane, and the axis y, is perpendicular
to the crack plane. The positive direction of x, represents the
growth direction of the crack, and the origin of the coordinate
system is located at the crack initiation position. Therefore, the
crack size can be described with the crack length 24, crack
depth ¢, and crack opening width b. The schematics of the
crack size for the through-thickness crack and surface crack
are shown in Figures 7(a) and 7(b), respectively.

3.2. Mesh of Turbine Blisk and Cracked Blades. For the fluid
flow model shown in Figure 5(a), the structured hexahedral
mesh is generated for the computational domain, as shown
in Figure 8(a). In order to accurately obtain the thermal
and flow characteristics of the boundary layer between the
blade and fluid, the grid is refined to ensure that y+ is equal
to 1 within the boundary layers. Besides, the grid indepen-
dence test is performed to ensure the reliability of the simu-
lation results and determine the number of nodes. Six tests
are performed with the node number increasing from 0.93
million to 3.61 million, as shown in Table 1. The area-
averaged heat transfer coefficient h and its relative error E,,

on the blade surface are calculated to determine the proper
grid, which can be expressed as

h=q(T,-T,), (15)
h.,—h;
E,= i =1l 10005, (16)
Here, g is the heat flux of the wall surface, T, is the

constant wall temperature under isothermal boundary
conditions, and T, is the adiabatic wall temperature under
adiabatic boundary conditions. The results of the grid-
independent test are shown in Figure 9. It can be found that
when the node number exceeds 2.1 million, the relative error is
less than 1%, and the change is very small. Therefore, nearly
2.1 million nodes are generated for the fluid flow model.

As for the turbine blisk model shown in Figure 5(b), the
tetrahedral mesh is generated at the rim of the disk due to its
complex shape, and the hexahedral mesh is generated for the
rest part of the turbine blisk to reduce the node number, as
shown in Figure 8(b). Two typical cracks are added to the
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F1GURE 15: The stress distributions of blades with through-thickness cracks. (a) 0.1H. (b) 0.5H. (c) 0.9H.

Blade cross
section

FiGure 16: Different positions to add the surface cracks.

turbine blade, and the meshes of blades with the through-
thickness crack and surface crack are shown in Figures 8(c)
and 8(d). Because of the singularity of the stress field at the
crack tip, the tetrahedral mesh is employed in the area
around the crack front [37]. Besides, the mesh is further
refined around the crack tip, and the hexahedral mesh is
applied to the rest part of the cracked blade.

3.3. Material Properties, Loads, and Boundary Conditions.
The turbine blisk is usually made of heat-resisting material

due to its high-temperature working environment. Thus, the
nickel-based superalloy GH4169 is used as the material of
the blisk. The density of GH4169 is 8240 kg/m’, and Young’s
modulus, Poisson’s ratio, and thermal expansion coefficient
depend on the temperature, which is listed in Table 2 [38].
The turbine is assumed to operate under steady-state
conditions, and the loads and boundary conditions of the
FE analysis are determined according to the typical working
conditions of the turbine. In the fluid flow analysis, the inlet
total temperature and total pressure of the turbine are
1400K and 3.6 MPa, respectively, the outlet static pressure of
the turbine is 2.16 MPa, and the rotating speed is 8000 r/min.
The rotational periodic boundary conditions are applied on
both lateral sides of the computational domain. In the thermal
analysis, the temperature distribution of the blade surface is
imported as the thermal boundary condition. Moreover, con-
sidering that the turbine disk is subjected to cooling air from
the compressor, a constant temperature (700K) is applied to
the surface of the turbine disk. In the structural analysis, the
pressure distribution of blade surface and the temperature of
turbine blisk are imported as aerodynamic load and thermal
load, respectively. The centrifugal load is simulated by
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FIGURE 17: The 3D-BTC of blades with surface cracks of different positions. (a) RTC (b) ADA. (c) CDA.

applying the rotating speed of 8000 r/min. Because only a sec-
tor of the turbine blisk is modeled, the cyclic symmetry
boundary condition is applied to the turbine disk. Besides,
the rotation angular displacement of 6° is applied to the tur-
bine, so the relative position change between the blade tip
and reference points can be simulated, and the dynamic char-
acteristics of the 3D-BTC can be further obtained. All loads
applied in this paper are summarized in Table 3.

4. Dynamic Characteristics Analysis of the 3D-
BTC of Cracked Blades

The FE analysis is performed on the normal blade at first so
that the crack position can be better determined according
to the FE analysis results. The deformation and stress con-

tours of the normal blade are shown in Figure 10. It can be
found that the maximal blade deformation appears at the
blade tip while the maximal stress occurs at the blade root.
The larger stress is more likely to lead to crack initiation,
so the cracks are mainly located near the blade root in the
following analysis. The through-thickness crack and surface
crack are the most typical cracks of the turbine blades [27],
so the 3D-BTC of blades with the through-thickness crack
and surface crack is analyzed in this section.

4.1. 3D-BTC Dynamic Characteristics Analysis of Turbine
Blades with Through-Thickness Cracks

4.1.1. Effect Analysis of Through-Thickness Crack Depth on
the 3D-BTC. As shown in Figure 7(a), the crack size can be
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described with three parameters. The crack length 2a of the
through-thickness cracks is mainly determined by the blade
thickness, and the crack opening width b is relatively small
and usually changes little. Therefore, the effects of crack
depth ¢ on the 3D-BTC are analyzed. In this paper, the
through-thickness crack with the crack depth of 2mm,
5mm, and 8mm is investigated, and the crack opening
width b is 0.1 mm, as shown in Figure 11(a). The through-
thickness cracks usually appear in the position where the
blade thickness is thin, so the crack position is selected at
the trailing edge of the blade. Besides, according to the stress
distribution of the normal blade, as shown in Figure 10(b),
the crack plane is selected at the distance of 0.1H from the
blade root plane, where H refers to the height of the blade.

The change rules of the 3D-BTC for different turbine blades
are shown in Figure 12. It can be seen that the 3D-BTC is
calculated only in a small period because the 3D-BTC can be
effectively calculated only when the projection points are
simultaneously located on the blade tip, as mentioned in
Section 2.3. The 3D-BTC of the normal blade and cracked
blades has an identical change trend, and the RTC is almost
the same, as shown in Figure 12(a). The RTC is mainly
affected by the radial deformation caused by the centrifugal
load and thermal load. As the through-thickness crack will
lead to the blade stiffness reduction, the radial deformation
of the cracked blade under the centrifugal load will be larger
than that of the normal blade. However, the effect of centrifu-
gal load on the blade radial deformation is relatively small
compared with that of the thermal load. Therefore, under
the thermal load and centrifugal load, the normal blade and
cracked blades have similar RTC.

The change rules of the ADA and CDA of different tur-
bine blades are shown in Figures 12(b) and 12(c), respec-
tively. It can be observed that both the ADA and CDA get
larger with the increase of crack depth. The ADA and
CDA are mainly affected by the bending deformation of tur-
bine blades, and the blade bending stiffness is highly depen-
dent on the crack fault. The blade with a deeper crack has a
smaller bending stiffness, so the bending deformation of
which is more obviously under identical bending loads.
Therefore, the blade with a crack depth of 8 mm has the
maximal ADA and CDA.

To better understand the effects of the through-thickness
crack depth on the 3D-BTC, the stress distributions of differ-
ent cracked blades are obtained based on the FE analysis, as
shown in Figure 13. It can be found that the butterfly-shaped
stress distribution zone appears at the crack front, and the
stress near the crack front increases with the crack depth.
Combined with Figure 12, the ADA and CDA not only
increase with the crack depth but also reflect the increase
of the stress near the crack front.

According to the change of the conventional RTC, it is
really hard to distinguish the turbine blades with different crack
depths. However, the fault information of blade crack depth can
be obtained based on the 3D-BTC, which indicates that the 3D-
BTC can provide more fault information on blade cracks.

4.1.2. Effect Analysis of Through-Thickness Crack Position on
the 3D-BTC. The turbine blades with the through-thickness
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crack at different positions are shown in Figure 11(b). The
distances between the crack plane and the blade root plane
are 0.1H, 0.5H, and 0.9H, respectively. The crack opening
width b is 0.1 mm, and the crack depth ¢ is 8mm. The
change rules of the 3D-BTC for cracked blades with different
positions are shown in Figure 14.

The RTC of blades with different crack positions is
almost the same, as shown in Figure 14(a). As mentioned
before, the radial deformation of the blade is dominated by
the thermal load, so the position of the through-thickness
crack has little effect on the RTC of blades. Moreover, com-
bined with Figure 12(a), it can be found that the conven-
tional RTC is insensitive to the depth and position of the
through-thickness crack. However, the effects of the
through-thickness crack position on the ADA and CDA
can be observed, as shown in Figures 14(b) and 14(c). Both
the ADA and CDA decrease gradually with the crack posi-
tion away from the blade root. Thus, the blade with the
through-thickness crack near the blade root has larger
ADA and CDA. The ADA and CDA are mainly dependent
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on the blade bending deformation caused by the aerody-
namic load. The through-thickness crack near the blade root
leads to the larger stiffness reduction of the blade, which fur-
ther results in the larger blade bending deformation and
larger ADA and CDA.

The stress distributions of blades with through-thickness
cracks at different positions are also obtained based on the
FE analysis, as shown in Figure 15. It can be found that
the stress near the crack front decreases when the through-
thickness crack position is away from the blade root. The
variation trend of the stress near the crack front is coincident
with that of the ADA and CDA. Therefore, the ADA and
CDA can also reflect the stress change near the crack front
at different positions.

Compared with the conventional BTC, the 3D-BTC can
better reflect the fault information of turbine blades with
through-thickness cracks. The information of the through-
thickness crack depth and position can be reflected on the
3D-BTC, which is beneficial for the comprehensive fault
diagnosis of blade cracks.

4.2. 3D-BTC Dynamic Characteristics Analysis of Turbine
Blades with Surface Cracks

4.2.1. Effect Analysis of Surface Crack Positions on the 3D-
BTC. According to the stress distribution of the normal blade,
as shown in Figure 10(b), the stress near the blade root is
larger, so the blade cross-section 0.1H away from the blade
root is selected to add the surface cracks. Besides, the surface
crack may appear at the leading edge, pressure side, and suc-
tion side of the turbine blade [27], so five positions are selected
to add the surface crack to investigate the effects of surface
crack position on the 3D-BTC, as shown in Figure 16. The
position P, represents that the crack is located at the leading
edge of the blade. The other four positions are selected at the
areas with larger stress gradients according to Figure 10(b),
and the subscripts 20 and 35 represent that z; is 20 mm and
35mm, respectively. The crack length 2a is 2mm, the crack
opening width b is 0.1 mm, and the crack depth ¢ is 1 mm.
The change rules of the 3D-BTC for turbine blades with sur-
face cracks of different positions are shown in Figure 17.
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According to Figure 17, the 3D-BTC of the blades with
surface cracks on the pressure side (P,, and P5) is almost
the same as that of the normal blade. Because the surface crack
does not penetrate the thickness of the blade, its effects on the
blade stiffness reduction are relatively small compared with
the through-thickness crack. Besides, the crack size is quite
small in this paper. Therefore, the surface cracks on the pres-
sure side of the blade have limited effects on the 3D-BTC,
which also indicates that the 3D-BTC is insensitive to the sur-
face crack with a small size on the pressure side. Moreover, the
stress distributions of blades with surface cracks at P,; and P;;
are obtained, as shown in Figures 18(d) and 18(e). Compared
with the stress distribution of the normal blade, as shown in
Figure 10(b), it can be observed that the surface cracks at P,
and Pj; have little effect on the stress distribution of the blade,
so their effects on the 3D-BTC are also unobvious.

It can be seen from Figure 17 that the 3D-BTC of the
blades with the surface crack at S,, S;5, and Py is coincident
with each other. However, the 3D-BTC of these blades can
be distinguished from that of the normal blade. Under the
direct impact of the aerodynamic load, the direction of blade

bending deformation is from the pressure side to the suction
side. When there is a surface crack on the suction side or
leading edge of the blade, the bending deformation of the
blade is more prominent and further results in the larger
3D-BTC. Besides, the stress distributions of blades with sur-
face cracks at S,;, Ss5, and P, are shown in Figures 18(a)-
18(c), respectively. The butterfly-shaped stress distribution
zone can be observed near the crack front, so the 3D-BTC
of blades with surface cracks at S,, S;5, and P, can be distin-
guished from the normal blade.

The surface crack is relatively weak compared with the
through-thickness crack because it does not penetrate the
blade, so the surface crack has weaker effects on the 3D-
BTC. Therefore, the 3D-BTC is insensitive to surface cracks
at different positions, but the blade with surface cracks on
the suction side and leading edge can be preliminarily distin-
guished from the normal blade based on the 3D-BTC.

4.2.2. Effect Analysis of Surface Crack Length on the 3D-BTC.
As for the surface crack, the crack length 2a can be directly
observed, as shown in Figure 7(b), so it is more intuitive to
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describe the severity of the surface crack by the crack length
instead of the crack depth. Therefore, the effects of surface
crack length on the 3D-BTC are investigated. Besides, con-
sidering that the surface cracks are relatively weak, the posi-
tion P, is selected to add surface cracks of different lengths
because the blade thickness is thinner at P55. The crack plane
is 0.1H from the blade root. The surface cracks with lengths
of 2mm, 4mm, and 6 mm are added to the blade, and the
crack opening width b is 0.1 mm, and the crack depth c is
I mm. The change rules of the 3D-BTC for turbine blades
with surface cracks of different lengths at the position P;5
are shown in Figure 19.

It can be found that with the increase of the surface crack
length, the RTC remains unchanged, while the ADA and
CDA increase slightly. As aforementioned, the surface crack
does not penetrate the blade, so its effects on the blade stiff-
ness reduction are much less than the through-thickness
cracks. Therefore, the effects of the surface crack length on
the 3D-BTC are relatively small compared with that of the
through-thickness crack. Nevertheless, the blades with dif-
ferent surface crack lengths can still be better distinguished
based on the 3D-BTC compared with the conventional
RTC. Besides, the stress distributions of blades with surface
cracks of different lengths are shown in Figure 20. With
the increase of the surface crack length, the stress near the
crack front increases slightly, which also indicates that the
surface crack length only has slight effects on the 3D-BTC.

According to the above analysis, the 3D-BTC can reflect
the severity of two typical cracks and the position of the
through-thickness crack. Besides, the position of the surface
crack on the leading edge and suction side of the blade also
can be preliminarily distinguished from the normal blade
based on the 3D-BTC. Therefore, the 3D-BTC is a better
blade crack fault information carrier compared with the con-
ventional RTC.

5. Conclusions

In this paper, a novel dynamic computation method is pro-
posed to calculate the 3D-BTC based on the reference points
on the casing inner surface and the blade deformation
obtained from the FEM. The stress field nearing the crack
front and the dynamic characteristics of the 3D-BTC regard-
ing the typical cracks are obtained, and the effects of crack
position and crack size on the 3D-BTC are analyzed. As
for the through-thickness crack, the ADA and CDA of
cracked blades increase with the through-thickness crack
depth and decrease gradually when the through-thickness
crack is away from the blade root, while the RTC of cracked
blades is insensitive to the through-thickness cracks. Besides,
the ADA and CDA can reflect the stress near the crack front.
The effects of the surface crack on the 3D-BTC are relatively
small compared with the through-thickness crack because
the surface crack does not penetrate the blade, so it has little
effect on the blade stiffness reduction. The blades with sur-
face cracks on the suction side and the leading edge can be
preliminarily distinguished from the normal blade based
on the 3D-BTC. Moreover, the ADA and CDA increase
slightly with the surface crack length despite the weak sur-
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face crack. Compared with the conventional RTC, the 3D-
BTC contains more useful fault information about the posi-
tion and size of turbine blades with typical cracks, which can
be utilized to facilitate the comprehensive diagnosis of tur-
bine blade cracks.
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