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Abstract: Vibration fatigue is one of the main failure modes of blade. The vibration fatigue life of blade is scattered
caused by manufacture error, material property dispersion and external excitation randomness. A new vibration fa-
tigue probabilistic life prediction model (VFPLPM) and a prediction method are proposed in this paper. Firstly, as
one-dimensional volumetric method (ODVM) only considers the principle calculation direction, a three-dimensional
space vector volumetric method (TSVVM) is proposed to improve fatigue life prediction accuracy for actual three-
dimensional engineering structure. Secondly, based on the two volumetric methods (ODVM and TSVVM), the
material C-P-S-N fatigue curve model (CFCM) and the maximum entropy quantile function model (MEQFM),
VFPLPM is established to predict the vibration fatigue probabilistic life of blade. The VFPLPM is combined with
maximum stress method (MSM), ODVM and TSVVM to estimate vibration fatigue probabilistic life of blade sim-
ulator by finite element simulation, and is verified by vibration fatigue test. The results show that all of the three
methods can predict the vibration fatigue probabilistic life of blade simulator well. VFPLPM & TSVVM method
has the highest computational accuracy for considering stress gradient effect not only in the principle calculation di-
rection but also in other space vector directions.

Key words: vibration fatigue; probabilistic life prediction; C-P-S-N fatigue curve; volumetric method; maximum

Vol. 35 No. 3

entropy quantile function

CLC number: V231 Document code: A

0 Introduction

The blade is one of the most important com-
ponents of aero-engine, which produces the pow-
er to propel the aircraft forward through blade in-
teracting with the air flow. The vibration fatigue
caused by periodic air flow is one of the main fail-
ure modes of blades. With the development of
modern high thrust and high bypass ratio engine,
blade vibration fatigue becomes more prominent.
The failure of blade not only influences the per-
formance reliability of whole engine but also
threatens people’s life. If blade resonance is inev-
itable, it has an engineering significance to pre-
dict accurately the vibration fatigue life for avoi-

ding the occurrence of major accidents.
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The vibration failure analysis and fatigue life
prediction of blade damaged in engine operation
have received extensive attention of investiga-

b7 1. P systemati-

tions"™. For instance, Zhang et a
cally introduced the fatigue failures, numerical
simulations of fatigue, and fatigue test of impel-
lers and blades in several typical turbo machines.
It was pointed out that high cycle fatigue (HCF)
caused by vibration was the main failure mecha-
nism, fatigue cracks was initiated from the loca-
tion of stress concentration, and the resonance
caused by the aerodynamic load was the main
cause of fatigue failure of impellers and blades in
a steady operating condition. Witek conducted

the experimental and numerical analysis to inves-

tigate both crack propagation and damage process
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of the compressor blade subjected to high cycle
fatigue, and pointed that the transverse vibrations
can be very dangerous for compressor blades be-
cause of large levels of stress occurring during

M) proposed a method to evalu-

resonance. Zucca
ate the friction damping due to the relative tan-
gential motion on the blade root joints and com-
puted its impact on the forced response of bladed
disks.

In the engineering practice, there are many
uncertain factors during design, manufacture and
operation, such as material properties, geometric
dimension, external excitation and so on. It is not
accurate and has shortages to employ the deter-
ministic approaches to evaluate the fatigue life of
the blade. Many researches show that probabilis-
tic approach is effective on predicting fatigue life
of bladet®™". Zhang et al. "™ proposed a probabili-
ty method called PHBA for prediction on HCF of
blades caused by aerodynamic loads. Based on the
PHBA, the probabilistic accumulative damages
altering with operation time were calculated, and
the operational reliabilities were also obtained.
Lin et al. ™! proposed an improved stress-strength
interference (SSI) model and nonlinear residual
strength model to analyze the reliability of aero-
engine blades with the fatigue failure mode. The
results show that an important advantage of the
nonlinear residual strength model and the im-
proved SSI model compared to classical approach
is their applicability to any actual component
through the finite element (FE) technique. Gao

1. J applied the collaborative response surface

et a
method to the reliability analysis of turbine blade
low-cycle fatigue damage. Through the compari-
son of methods, it reveales that distributed col-
laborative response surface method is superior to
response surface method in computational preci-
sion and efficiency, especially for low confidence
level.

In most of practical applications involving
probabilistic fatigue life analysis of blade, the re-
liability function is defined implicitly, and its e-
valuation requires numerical response calculations

by means of finite element analysis (FEA).

There are several different possible methods for
reliability analysis with implicit reliability func-
tion. Those methods mainly contain the first-
order second-moment (FOSM)™*, second-order
second-moment ( SOSM )™, response surface
method (RSM )} and Monte Carlo method
(MCM)™ | However FOSM and SOSM are only
applied to the low nonlinear reliability problem
and possess low analytical precision for high non-
linear reliability problems. The conventional
RSM requires large computational efforts and
shows loss of accuracy in the case of problems ex-
hibiting acute nonlinearity. The MCM holds low
computation efficiency and the simulation credi-
bility depends on the size of samples'®,

The maximum entropy method is a distribu-
tion free technique for estimating the reliability
function of the response such as cumulative distri-
bution function (CDF). It is widely studied and
recognized as an efficient stochastic modeling tool

when a small number of samples is available/* %7,

155 proposed a distribution free method for

Pandey
estimating the quantile function of a non-negative
random variable using the principle of maximum
entropy subjected to constraints specified in terms
of the integral-order probability-weighted mo-
ments (IPWM) estimated from observed data.
Deng!'®

weighted moments (FPWM) based quantile func-

proposed the fractional probability

tion to improve the computational accuracy of IP-

D7) proposed a

WM based quantile function. Deng
distribution free method for the estimation of the
quantile function of random variable using a cen-
sored sample of data, which was based on the
principle of partial maximum entropy with con-
straints in terms of partial probability-weighted
moments (PPWM).

Bending vibration fatigue is one of the main
failure modes of blade. When the blade is subjec-
ted to bending vibration, there exists stress gra-
dient in the thickness direction. The fatigue pre-
diction accuracy of blade can be improved through
considering the effect of stress gradient. In the
engineering practice there are many researches

about the effect of stress gradient on the fatigue
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life prediction™®?, Qylafku et al. "' introduced a
new macro-mechanical model for fatigue life pre-
diction, considering an elastic-plastic stress distri-
bution and the stress gradient evolution. Adib-
Ramezani et al. ® proposed a new method called
polynomial volumetric method, which satisfies
weight function conditions, removes numerical
derivation errors and elucidates effective stress
terms as subtraction of average stress and relative
stress gradient based phrase. Moustabchir et
al. Y proposed a safety methodology to detect
the boundary of failure assessment diagram
(FAD), as a new solution to predict the service
life of pipeline products. The methodology was
connected to the modified FAD approach, where-
as the specific parameters were settled using the
volumetric method calculation, based on the
notch stress intensity factor determined in the
elasto-plastic field. However, the volumetric
method applied by these literatures to study the
effects of stress gradient is one-dimensional, so it
is not convenient to use such the method to pre-
dict the fatigue life of actual three-dimensional
engineering structure.

In this paper, compared with one-dimension-
al volumetric method (ODVM) firstly, a three-
dimensional space vector volumetric method (TS-
VVM) is proposed to improve fatigue life predic-
tion accuracy for actual three-dimensional engi-
neering structure. Secondly, based on the volu-
metric method (ODVM or TSVVM), material C-
P-S-N fatigue curve model (CFCM) and maxi-
mum  entropy  quantile  function  model
(MEQFM), a vibration fatigue probabilistic life
prediction model (VFPLPM) is built and a meth-
od is established to predict the vibration probabi-
listic life of blade. Finally, the vibration test and
numerical simulation of blade simulator are con-

ducted to verify the validation of the VFPLPM

and method.

1 Experiments

1.1  Ti,AINb titanium-aluminium alloy fatigue
test

Ti, AINb titanium-aluminium alloy is a kind

of casting alloy, whose nominal chemical compo-
sition is Ti22Al124Nb. It has excellent compre-
hensive properties, and is mainly applied in the
fan blade and compressor wheel and blade.

The tension-compression symmetric fatigue
test of Ti, AINb was conducted under stress con-
trol on the fatigue testing machine (Fig. 1) with
room temperature (25 ‘C) and 10 Hz test fre-
quency. The test specimens were designed and
manufactured to round dumbbells (Fig. 2). Four
test stress levels, 80% 6,, 70% ¢,, 60% 5,, and
50%¢, were chosen, where ¢, is the ultimate
stress and the value is 1 212. 592 MPa. The fa-
tigue life of each specimen was obtained while
fracture failure occurred. Different numbers of fa-

tigue test data could be obtained on each stress

level.

Fig. 1 SDS-50 electro hydraulic servo dynamic static and

dynamic testing machine

Fig. 2 Tension and compression fatigue test specimen

1.2 Vibration fatigue test of blade simulator

The blade simulator (Ti, AINb titanium-alu-
minium alloy flat plate with notches, Fig. 3) was
adopted because of the complex shape and high

processing cost. Moreover, the vibration forms

and characteristics of external excitations are dif-

Fig. 3 Blade simulator specimen



No. 3

Lou Guokang, et al. Vibration Fatigue Probabilistic Life Prediction Model and Method for Blade

497

ferent, such as wake excitation, inlet flow distor-
tion, and rotating stall. In this section, founda-
tion excitation vibration fatigue test was adopted

to verify the VFPLPM. Fig. 4 shows the founda-

tion excitation vibration fatigue test equipment.

Blade simulator

test results are listed in Tables 1—2.

There were four steps to obtain those sample
values of the design parameters and results of vi-
bration fatigue.

(1) The length, width and height of blade
simulator could be measured by vernier caliper.

The density could be estimated by mass and vol-

Fixture Weighting block

ume which were measured by FA2004CS elec-

tronic scales and UG software respectively.

Extending table

. (2) The estimation of elastic modulus of each
Dynamic shaker

blade simulator. (D) The 1st order resonance fre-
quency of each blade simulator could be obtained
by free decay oscillation method. After hammer-
ing the simulator blade, the strain response was

SCXI-1000

(Figs.5—6). The 1st order resonance frequency

collected and processed by NI
of each blade simulator is equal to the period of
oscillation of the strain time curve. @ The func-

tional relationship between 1st order resonance

frequency and elastic modulus could be obtained
Fig. 4 Vibration fatigue test equipment by finite element analysis and polynomial fitting
(Fig. 7). The elastic modulus of each blade simu-
In order to study the vibration fatigue proba- lator was estimated through polynomial fitting at
bilistic life of blade simulator, 15 test samples corresponding 1st order resonance frequency.
were designed based on the uniform design ta- (3) The estimation of the material damping
blel#: %,

values of design parameters and vibration fatigue

The probability distribution and sample of blade simulator. (D 15 blade simulators were

subjected to the single frequency harmonic foun-

Table 1 Experimental design parameters and vibration fatigue test results
Blade . . Elastic Density/  Material ExciAtation Excitation .
simulator Length/ Width/  Height/ modulus/ (107 ?t+ damping at amplitude/ frequency/ Fz.ltlgu‘e test
No. mm mm mm MPa mm=) 60 Ha (9 806. 65>< Hy life/Cycle
mme*s )

14 99.902 19. 962 3. 496 122 218 5.351 0. 100 9.982 60. 006 14 023
24 99. 948 19. 986 3.51 119 280 5.343 0.130 10. 146 59.951 27 673
34 99.928 19. 970 3.496 120 616 5. 384 0.100 9.944 60.019 15 375
44 99. 966 20,042 3.506 120 449 5. 347 0.096 10.079 59.974 8 156
54 99.916 20.126 3.48 120 686 5.352 0.118 9. 894 60. 035 9 905
6+ 99. 988 19. 960 3.482 124 768 5.373 0.100 10. 037 59. 988 12 765
7H 100.012  20. 000 3.486 122 867 5. 440 0.102 9. 700 60. 100 26 266
84 100. 024  20.024 3.488 122 260 5. 350 0.121 10. 000 60. 000 22 880
94 100.032  20.014 3. 484 122 192 5.372 0.130 10. 300 59.900 25 637
10+ 100. 036  20.062 3.492 120 143 5. 354 0. 080 9.963 60.012 13 284
11+ 99.976 19. 888 3.476 125 327 5. 377 0.094 10. 106 59. 965 21 546
12+ 100. 01 19.992 3.504 120 877 5.349 0.102 9.921 60. 026 7 323
13+ 100. 01 19. 988 3.494 121 847 5.338 0.120 10. 056 59. 981 14 275
14 # 100.034  20.002 3.502 119 563 5.343 0.093 9. 854 60. 049 9 055
15+ 100. 106  20. 056 3.492 122 920 5. 347 0.126 10.018 59. 994 34 538
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Table 2 Probability distribution of design parameters and vibration fatigue test results

Excitation
Elasti Densit Material . Excitati .
Length/ Width/ Height/ astic anll v/ a ?rla amplitude/ xcitation Fatigue test
Property modulus/ (10 °t+ damping at (9 806. 65X frequency/ life/ Cyel
mm mm mm ) ¢ .65 i “ye
MPa mm *) 60 Hz -, Hz eryee
mm-e*s °)

Distribution ~ Normal Normal Normal Normal Normal Normal Normal Normal Lognormal
type distribution distribution distribution distribution distribution distribution  distribution  distribution  distribution
Mean 99.993 20,005 3.493 12173469 5. 361 0.105 10 60 4,197

Standard
eer 0,055 0,055 0.010 176345  0.026 0,015 0.1 0,033 0.211
deviation

: among material damping, excitation frequency
Hammer pomt

Strain gauge position and strain response could be obtained by the finite
element analysis and B spline interpolation sur-

face method (Fig. 9). The material damping of
Wire for strain

cauge each blade simulator could be estimated by the in-

terpolation surface at corresponding excitation

Fig.5 Position of hammer point and strain gauge frequency and strain response (Figs. 9—10). It is
shown that material damping decreases with the
600 600 . o ‘
400 00l increase of excitation frequency, and material damp-
200 200+ ing at each excitation frequency are dispersed.
;&i 0] i-g& ONT (4) Vibration fatigue test. The blade simula-
g g .
'E 200 E 2001 tor was mounted on the dynamic shaker through
' -400 ' -400 - : : b i
the fixture (Fig. 4) to be subjected to single fre-
-600 -600}
-800 -go0L—**. . 2000
35 40 45 375 376 377 378 | 800
t/s t/s 1 600
(a) Global drawing (b) Local enlarged drawing ] 1400
) o ) = 1200
Fig. 6 Strain time curve of 8 # blade simulator r% 1000
66 800
[ 600
65 400
200 L L L L L L L L L )
64 57.057.5 58.0 58.5 59.0 59.5 60.0 60.5 61.0 61.5 62.0

Frequency / Hz

Fig. 8 Functional relationships between strain response

[=)
S}
T

and excitation frequency of 15 blade simulators

N
—
T

Fitting curve
= Predicted point

1st order resonance frequency / Hz
[=))
w

[=))
(=)

1.2 1.3 1.4
Elastic modulus / 10°MPa

o
—

Response surface
Predicted point

N
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(=

(=}
I

Strain / pe

Fig. 7 Functional relationship between 1st order reso-
nance frequency and elastic modulus of 8 # blade

simulator

dation excitation with excitation amplitude

58 59 60 61 62

9 806. 65 mm/s” and excitation frequency range

Frequency / Hz

57—62 Hz. The strain responses of 15 blade sim- . . o
Fig.9 Interpolation surface of excitation frequency, ma-

ulators were collected and processed by NI SCXI-
1000 (Fig.8). @ The functional relationship

terial damping and strain response of 8 # blade

simulator
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Fig. 10 Functional relationships between material damp-
ing and excitation frequency of 15 blade simula-

tors

quency harmonic foundation excitation. The vi-
bration fatigue lives of blade simulators were ob-
tained when the fracture failure occurred under

designed excitation amplitude and frequency listed
in Table 1.

2  VFPLPM and Method

The vibration fatigue life of blade is scattered
because of manufacture error, material property
dispersion and external excitation randomness. It
is significant to establish vibration fatigue proba-
bilistic life prediction model ( VFPLPM) and
method.

2.1 C-P-S-N fatigue curve model (CFCM)

From the Ti, AINb titanium-aluminium alloy
fatigue test (see Section 1. 1), different numbers
of fatigue test data on each stress level could be
obtained. It is verified that fatigue test data of
each stress level follow the lognormal distribution
(Fig. 11).

According to the existed error between the
estimated distribution parameters and real value
on the small samples, scatter factor method
(SFM)™ is introduced to improve confidence
level of distribution parameter estimation.

The fatigue test data of each stress level are
represented by random variable X with the order
statistics (x, < X << *** << T ) » and the ran-
dom variable Y =1gX follows normal distribution.
The quantile function Q(y, p) of random variable

X with confidence level y , and reliability p can be

99.990
99.865
99.000

90.000

70.000+---
50.000¢--
30.000

10.000

Reliability / %

1.000

0.135

0.010 i e e Rt s

3.213.34 3.46 3.59 3.71 3.83 3.96 4.08
log,,(N)

Fig. 11 Normal distribution fitting of logarithmic fatigue

life of 80 %, stress level

presented as

—1
2, 105 Gaooyo1om

—1
IOF (py soy - 1=p ()

Ql (}’»P)Z

-1 B
x(”)lof (py soy s 1=P) (1)

—1
10P (py soy 1P )

Qn()”P) =

Q0.5.p)= loF’lpuy,g\,.l—/»

where Q, (¥, p) is the quantile function based on
minimum order statistic SFM, Q,(y,p) is the
quantile function based on maximum order statis-
tic SFM, Q(0.5,p) is the quantile function with
50% confidence level. F l(/ly sov» 1 — p) is the
quantile function value of random variable Y with
reliability p where F~' (+) is the inverse function
of cumulative distribution function. gy .oy are the
mean value and standard deviation of Y , respec-
tively, po, =1 =77 » poy =1—y7 . Wheny >
0.5, Q(y,p) is the quantile function with lower
confidence limit of ¥ 3 when y<C 0.5, Q(y, p) dip-
loys the upper confidence limit of 1—y. It is veri-
fied that, minimum order statistic SFM and max-
imum order statistic SFM can be combined to es-
timate the quantile function of fatigue test data on
specified confidence level (Fig. 12).

Based on the quantile function Q(y,p) of
each stress level, the C-P-S-N fatigue curve mod-
el is defined as™"

(5= Sepan (Vs p)) "o PP N =c o (yap) (2)
where squm (Vs 2) s Mg (Vs ) s Copn (75 p) are the fa-

tigue curve parameters, which are estimated by
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Fig. 12 Confidence interval estimation of fatigue life of

80 %a, stress level

the quantile function value of each stress level
with confidence level y and reliability p.s is the
stress level and N/ is the fatigue life. Finally, the
fatigue curve of Ti, AINDb titanium-aluminium al-
loy with confidence level y and reliability p can be
estimated by Eq. (2) (Fig. 13).

1 000 Test data
950 reliability S-N curve
- o confidence bounds of
900 reliability S-N curve
850 ia})ility S-N curve )
o confidence bounds of
800 6 reliability S-N curve
750 reliability S-N curve

o confidence bounds of
700 reliability S-N curve

650
600

550 =
10° 10° 10°

Life / Cycle

Fig. 13 C-P-S-N fatigue curve of Ti; AINb titanium-alu-

minium alloy

2.2 Maximum entropy quantile function model
(MEQFM)

Compared with the traditional probability
distribution hypothesis and parameter estimation
method, maximum entropy method is a distribu-
tion free technique, which is more efficient and
flexible. The maximum entropy quantile function
model Quev (1) of random variable G can be writ-

ten as-*1¥

DY uh)) (3)

ji=0

QMEM (u) — exp (*

The relationship with Lagrange multipli-

erst 1% s

po=tn[ [ exp(= Dl un) dum ] )

i=1
where u is the cumulative probability function val-
ue of random variable G.2;(j=0,1,++,m) are
the Lagrange multipliers, and can be estimated by

solving follow optimization problem!

m

Min W => b, (5)

i—0
where 0, (G =0,1,,m) jare the one form of
probability weighted moments (PWMs), and m is
the highest order of PWMs considered in the anal-
ysis.

From an ordered random sample of G with

size n(g < g < v <
asl1518]

g.) »b; can be obtained

leemhe] o®

After Lagrange multipliers {a;} /-, are deter-
mined, the quantile value of random variable G
for the cumulative distribution function value u

could be estimated by Eq. (3).

2.3 Three-dimensional space vector volumetric
method (TSVVM)

The vibration fatigue failure caused by air
flow excitation is one of the main failure modes of
blade, and bending vibration is common in the ac-
tual situation. Because it has the stress gradient
in the blade thickness direction when blade is sub-
jected to bending vibration, it is significant to
consider the effect of stress gradient for impro-
ving the prediction accuracy of fatigue life.

According to the volumetric method, the fa-
tigue damage of structure is not only relative to
the maximum stress but also relative to the stress
distribution around maximum stress position.
The equivalent stress syy is used to describe the
effect of stress distribution around the maximum
stress position, and the most common formula
sopvm of sym based on one-dimensional volumetric
method is defined as/*?"

1
Sopvm — 7
Legs

J [f Gy A=y Jdl (D
where . is the effective distance, which is along
with the crack direction. f(s;,/) is the function

of stress component s; at the [ distance, which is
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usually the principal stress or von Mises stress. y
is the relative stress gradient and / is the distance
between the calculation point and dangerous point
(maximum stress position).
The relative stress gradient y is defined
aSLI.‘)*ZIJ
- 1 df sy .0
L7 F sy b dl

The effective distance /.4 is determined as the

(8)

distance between the first local minimum point of
relative stress gradient curve and the dangerous
point (Fig. 14). It is thought that there exists the
stress relaxation at the effective distance point. In
this paper, the equivalent stress sovy defined by
Eq. (7) 1is called one-dimensional volumetric
method (ODVM).

The physical meaning of Eq. (7) can be inter-

preted that the stress function f(s; .0) at danger-
ous point is predicted by the stress function
S (s;+0) at the [ distance point, and the equivalent

stress sopym 1S equal to the average value of all the

predicted stress function f(s;,0) .

493

[ f(s,,0 Stress 1702
453 '\/f( A Relative stress gradient -
4138 B Effective distance point 1-0.6 E
1
3731\ 7N 4710 2
s 333 R AN e L \ g
E \ T T -14 g
< 293F By
©n \ - 7]
g 253k N\ 18 2
=3 N £
©w 213F KR 2.2 4
L >
173 26§
133+ )
0l -3.0 &
53 L 1 1 L -34
0.0 0.2 0.4 0.6 0.8 1.0
Distance along calculation direction / mm
Fig. 14  Stress and relative stress gradient distribution

around the dangerous point

To improve the computational accuracy of e-
quivalent stress by considering the stress gradient
effect of other space vector directions, a new
three-dimensional volumetric method called three-
dimensional space vector volumetric method (TS-
VVM) is proposed. The equivalent stress stsyym
based on TSVVM is defined as

N

1
STSVvM — W E SopvMk COSO 9

k=1

where sopvmo 18 the equivalent stress of kth calcu-

lation direction r, N is the number of calculation
direction, @ is the angle between r and r,,.. »and
Fmax 15 the calculation direction with maximum av-
erage stress gradient.

There are two problems needed to be solved
before applying Eq. (9):

(1) Determination of calculation directions

(DMake a calculation sphere S, with radius r
and mark the dangerous point of engineering
structure as center (usually, r =1—2 mm on the
actual situation).

@ Determine the intersection region between

the three-dimensional engineering structure and

calculation sphere (Fig. 15).

Fig. 15  Intersection region between three-dimensional

engineering structure and calculation sphere

@ Mesh the calculation sphere surface of in-
tersection region by the triangular element with
0.1 mm size (Fig. 16).

@ Obtain a calculation direction by lining

dangerous point and element node (Fig. 16).

Calculation

Fig. 16 Spatial calculation direction

® Determine the N calculation directions by
repeating the step@, where N is the number of
element nodes.

(2) Determination of stress distribution on
the calculation direction r

In the engineering practice, the spatial stress



502 Transactions of Nanjing University of Aeronautics and Astronautics

Vol. 35

distribution of three-dimensional engineering
structure is obtained by the finite element soft-
ware, and it is saved as node stress. It needs to
apply the three-dimensional interpolation tech-
nique to obtain the stress distribution on the cal-
culation direction r .

The Kriging model is an interpolation tech-
nique based on statistical theory. It has several
advantages, such as unbiased estimator at the
training sample point, desirably strong nonlinear
approximating ability, flexible parameter selec-
tion of the model and accurate global approxima-
tion ability. These advantages make it widely

[25-26] " 1 this section,

used in approximate models
Kriging model is applied to determine the stress
distribution on the calculation direction r .

Generally, the steps of applying the TSVVM
are:

(1) Obtain the stress distribution of engi-
neering structure by the finite element software
Patran &. Nastran.

(2) Mark the maximum stress point as dan-
gerous point,

(3) Determine the N calculation directions

(4) Obtain the stress distribution of calcula-
tion direction r by Kriging model and estimate the
equivalent stress of calculation direction r based
on Eq. (7).

(5) Determine the calculation direction 7.,
which has maximum average stress gradient.

(6) Estimate the equivalent stress srsyvm
based on Eq. (9).

2.4 Establishment of VFPLPM and method

Because of the manufacture error, material
property dispersion and external excitation ran-
domness, the vibration fatigue life of blade is dis-
persed. VFPLPM is proposed based on the volu-
metric method, CFCM and MEQFM. The for-
mula Qvr (u,y) of VFPLPM can be written as

Qur (u»y) =exp(— E Ay 1)) (10)
i=0

where Qvr (u,y) is the quantile function of blade
vibration fatigue life with variable u and y. u is the
cumulative distribution function value. ¥ is the

upper confidence limit. A,,; is the Lagrange multi-

plier with upper confidence limit y. ¢ is the order
of Lagrange multipliers. The lLagrange multipli-
ers {A,,;} '—o can be estimated by the MEQFM and
vibration fatigue life samples L . with upper
confidence limit y which is obtained by volumetric
method (ODVM or TSVVM) and CFCM.

The detailed procedures of generating the vi-
bration fatigue life samples L,y with upper con-
fidence limit y are:

(1) Assuming that dimension parameters of
blade (length, width, height), material property
parameters (elastic modulus, density, reliability
p of C-P-S-N fatigue curve, material damping)
and external excitation (excitation amplitude and
frequency) are random variables. Ngmp. design
samples are generated based on the uniform de-

(22 28] "and each of design samples is the

sign table
combination of dimension parameters of blade,
material property parameters and external excita-
tion.

(2) Nample equivalent stress samples sgmpe can
be obtained based on the vibration fatigue finite
element simulation of blade and volumetric meth-
od (ODVM, Eq. (7) or TSVVM, Eq. (D).

(3) Nampie vibration fatigue life samples L e
with upper confidence limit ¥ are obtained based
on CFCM (Eq. (2)), design samples of reliability
p of C-P-S-N fatigue curve and equivalent stress

Samples Ssample «

3 Finite Element Simulation and

Test Verification

As the complex shape and high processing
cost of real blade, the blade simulator (Fig. 3)
was adopted. Moreover, the vibration forms and
characteristics of actual external excitations are
different, such as wake excitation, inlet flow dis-
tortion and rotating stall. It is complex and costly
to conduct the test in the actual condition. In this
section, foundation excitation vibration fatigue
test was adopted to study the vibration fatigue
probabilistic life prediction model ( VFPLPM)
and method.

In this section, dimension parameters of
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blade simulator, material property parameters
and external excitation were treated as random
variables. Vibration fatigue probability life of
blade simulator was estimated by combining VF-
PLPM with maximum stress method (MSM),
one-dimensional volumetric method (ODVM) and
three-dimensional space vector volumetric method
(TSVVM), respectively. Moreover, it was com-
pared with the vibration fatigue test data for veri-
fying VFPLPM, and then compared with the
computational accuracy of three equivalent stress
methods. The vibration fatigue test could be seen
in the Section 2. 2.

The reliability of C-P-S-N fatigue curve fol-
lows uniform distribution with value range from
0.025 to 0.975. The 200 design samples of foun-
dation excitation vibration finite element simula-
tion were generated by the uniform design ta-
ble?>?) and corresponding simulation samples of
vibration fatigue life of blade simulator were ob-
tained by the MSM, ODVM and TSVVM, re-
spectively. Finally the vibration fatigue probabi-
listic life of blade simulator was estimated based
on the VFPLPM (Eq. (10)) and simulation sam-
ples of vibration fatigue life of blade simulator.
The foundation excitation vibration finite element
simulation of blade simulator is shown in Fig. 17.

The cumulative distribution function (CDF)
of vibration fatigue probabilistic life of blade sim-
ulator with 50% confidence level based on the
VFPLPM+TSVVM method is shown in Fig. 18.
It is showed that the cumulative distribution func-
tion curve is in good agreement with simulation
samples and test data, and the VFPLPM+ TSV-
VM method has higher accuracy (Note: Cumula-
tive distribution function is the inverse function of

qunatile function).

Direction of o
acceleration Weighting
Blade

excitation . block
simulator

\\ MPC constraint

Mass element
Spring element

L

Fig. 17 Finite element simulation of blade simulator

Cumulative distribution function
)
Wi

— CDF curve based
0.3 on VFPLPM
0.2 + Simulation sample
0.1 s Test data
0.0 . : ]
10° 10* 10° 10°
Fatigue life / Cycle

Fig. 18 Quantile function of vibration fatigue probabilis-

tic life of blade simulator based on VFPLPM +
TSVVM method

The maximum entropy probability density
function (PDF) of vibration fatigue probabilistic
life of blade simulator based on VFPLPM-+TSV-
VM is shown in Fig. 19, and it shows that the
predicted vibration fatigue life of blade simulator
follows lognormal distribution. The simulation
samples and test data were also verified by the
traditional probability distribution hypothesis and
method. Fig. 20 and

Table 3 show that the simulation samples are co-

parameter estimation
incident with test data with all obeying the log-
normal distribution and having similar distribu-
tion parameters (Cumulative distribution func-
tions and probability density functions of vibra-
tion fatigue probabilistic life of blade simulator
based on the VFPLPM + MSM method and the
VFPLPM + ODCV method have the same results
with that based on the VFPLPM+ TSVVM method,

57 o
s 6| < 6l
S S
5 51 5 sl
%54_ §4_
£z Z
2 3 f Z 3t
3 3
> 2 > 2r
%1 %1.
80 ’ 803 4 5 6
£ "0 5 10 15 &~ 100 100 10° 10

Fatigue life / 10* Cycle Fatigue life / Cycle

(a) Natural coordinate system (b) Logarithmic coordinate system
Fig. 19 Maximum entropy probability density function
of vibration fatigue probabilistic life of blade simu-

lator based on VFPLPM~+TSVVM method
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Fig. 21  Quantile function confidence interval estimation
Fig. 20 Normal distribution fitting of logarithmic vibra- of vibration fatigue probabilistic life of blade
tion fatigue probabilistic life of blade simulator simulator based on VEPLPM--MSM method
1.07 .-

Table 3 Lognormal distribution parameters of vibration fa-

tigue probabilistic life of blade simulator

Mean of the Standard L Does it
_inear
Data logarithmic deviation of o obey the
. . .. . correlation
source fatigue life/ logarithmic fficient lognormal
coefficien
Cycle fatigue life distribution
Simulati
Simulation ., 17 0. 267 0.981 Yes
samples
Test data 4,197 0.2111 0.970 Yes

which are not discussed here).

The ordered vibration fatigue test life N .«
of blade simulator with N .1 << Ny << o0 <<
Ny 15 1s defined as middle rank test data, and
the corresponding ordered cumulative distribution
function value «; can be determined by the middle
rank method"*!,shown as

n
where u; is the ith ordered cumulative distribution
function value, n is the number of vibration fa-
tigue test life, here n =15.

The comparisons of quantile function confi-
dence interval estimation of vibration fatigue
probabilistic life of blade simulator among three
combination methods are showed in Figs. 21—23,
and Table 4.

(1) The percentages of middle rank test data
falling in the 95% confidence interval are all
100%. Therefore three combination methods can
predict the vibration fatigue probabilistic life of
blade simulator well.

(2) Based on comparisons between the num-

Cumulative distribution function
=)
(]

jo
L fo A
’ o f ——50% confidence limit CDF
0.4r o » = =-95% confidence lower
0.3 ° 4 limit CDF
02t =" 95% confidence upper
' g limit CDF
0.1 IR R o Testdata
0.0 . . .
0’ 10* 10° 10°
Fatigue life / Cycle
Fig. 22 Quantile function confidence interval estimation
of vibration fatigue probabilistic life of blade
simulator based on VFPLPM-+ ODVM method
1.0 .-
g oot .
E 0.8}
.S 0.7+ '
g 0.6f A
e
T 050 ' : o
2 + — 50% confidence limit CDF
B 04r o+ == +95% confidence lower
£ 03} ; limit CDF
§ 02l ;= 95% confidence upper
%’ i . limit CDF
o1 0.1} P . o Testdata
0.0 - : : .
10° 10* 10° 10°
Fatigue life / Cycle
Fig. 23 Quantile function confidence interval estimation

of vibration fatigue probabilistic life of blade

simulator based on VFPLPM+TSVVM method

ber of minimum absolute relative error and the
mean of absolute relative error in the 50%, 90%,
95% lower confidence limit, the VFPLPM+ TS-
VVM method has the highest computational ac-
curacy, because the prediction accuracy of fatigue

life can be affected by stress gradient, and TSV-
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Table 4 Computational accuracy comparisons among three combination methods

Percentage of Number of minimum absolute rela- Mean of absolute relative error be-
middle rank test tive error between predicted life tween predicted life with V¢ lower

Combination data falling in the Wwith V¢ lower confidence limit and  confidence limit and middle rank test

method 95% confidence middle rank test data data/ %
interval/ % Ve =50% Ve =90% Vo=95% V=50% Ve =90% Vo =95%
VFPLPM-+ MSM 100 0 0 0 18. 050 35. 248 41. 040
VFPLPM-+ODVM 100 2 1 0 20.273 38.241 44, 241
VFPLPM+TSVVM 100 13 14 15 16. 370 32.461 37.385
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