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Abstract: A high cycle fatigue reliability analysis approach to helicopter rotor hub is proposed under working load
spectrum. Automatic calculation for the approach is implemented through writing the calculating programs. In the
system, the modification of geometric model of rotor hub is controlled by several parameters, and finite element
method and S-N curve method are then employed to solve the fatigue life by automatically assigned parameters. A
database between assigned parameters and fatigue life is obtained via Latin Hypercube Sampling (LHS) on toler-
ance zone of rotor hub. Different data-fitting technologies are used and compared to determine a highest-precision
approximation for this database. The parameters are assumed to be independent of each other and follow normal
distributions. Fatigue reliability is then computed by the Monte Carlo (MC) method and the mean-value first order

second moment (MFOSM) method. Results show that the approach has high efficiency and precision. and is suit-
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able for engineering application.
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INTRODUCTION

Main rotor, one of the key components of
helicopter, has a direct impact on helicopter s
flight performance. Teetering rotor is a wide ap-
plication for main rotor system. Two blades are
connected to the spindle by a yoke which consists
of blade grips and pitch change bearings. Major
loads, i. e. centrifugal forces and pneumatic pres-
sure, are transferred through the blade grips.
Just like other dynamic components, the blade
grip’s fatigue life is greatly dominated by cyclic
load.

Mechanical fatigue can be classified to high
cycle fatigue and low cycle fatigue. S-N curve
method and Mason-Coffin method are usually
used to describe these problems. Despite the fact

that the mechanical fatigue theory has been devel-
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oped in the passing decades, these two methods
still have wide engineering application in fatigue
life's predictiont™,

Approximate technology is an approximate
computing technology which uses mathematical
functions instead of complex engineering prob-
lems by fitting or interpolation methods, and the
mathematical function relationship between de-
sign variables and response must correspond to
the relationship between the known sample points

5], Approximate tech-

and response information
nology can simplify the analysis and improve the
computational efficiency, and then replace the
large number of implicit functions of real world
problems into explicit approximate math func-
tions. A lot of research on approximate technolo-
gy had been performed by many domestic and for-

[4-8]

eign scholars and researchers''™, who promoted
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the development and application of approximate
technology.

In recent years, integrating geometric model-
ing and structural computingfor structure design
is becoming a tendency”’. Although lots of re-
searches have predicted fatigue life and reliability
for the helicopter dynamic components, the quan-
titative relation between structural dimension and
fatigue life is still far away from figure out'*!,
Therefore, a high cycle fatigue reliability compute
framework is researched and constructed for heli-
copter dynamic components in this paper. And it
is found that the approximate technology used to

fit performance function has creation utilization in

rotor hub of helicopter and has a high efficiency.

1 ANALYSIS METHOD FOR
STRUCTURAL FATIGUE RELI-
ABILITY

Uncertainty cannot be avoided in shape and
dimensions of structural components, such as
length and diameter. The dimension variation
could induce the changes of stress and strain in
the structure, and will eventually influence the
fatigue lifel"" 1%,

A general approach to fatigue reliability anal-
ysis is developed as follows. Probability distribu-
tion functions for shape and dimension parame-
ters are assumed and the quantification function
between parameters and fatigue life is obtained.
The performance function and the computed relia-

bility are obtained.
1.1 Reliability requirement

In an aircraft’s design, the structural relia-
bility is usually required over a value P,, mean-
while the working life is no less than a fixed
time, denoted as T. Using the method in Section
1. 2, working life could be equivalent to the fa-
tigue failure cycle N. Then, the structural relia-
bility requirement can be converted as follows:
Under the structural load spectrum, its fatigue

life must be larger than cycle N, while its relia-

bility reaches to P,.

1.2 Relationship between fixed hour T and fa-
tigue cycle N

Determination of the relationship between
fixed hour T and fatigue cycle N is based on fol-
lowing three assumptions:

(1) Material fatigue failure cycle is independ-
ent on frequency under the same mean load and
load ratio.

(2) Damage caused by fatigue circle cannot
be recovered by itself.

(3) Fatigue damages under different loads
and load ratios can be linearly cumulated.

Based on these assumptions, each cyclic
damage of material is the same and the each dam-
age ratio is 1/N,. Thus, damages can be cumula-
ted linearly., When the sum of damage indicator
reaches 1, the structure is considered to be failed.
The following steps give the relationship between
fatigue life N and fixed hours T.

(1) Different loads F,,, load ratios R and
used cycles N, are counted out from load spec-
trum during a flight of this aircraft. Subscript ¢
refers to the number of loads and load ratios.

(2) Total damage D is computed as follows

by used cycles N, and fatigue life N;.

D:Z]]]\\]]; (D

(3) The relationship between fixed hour T

and fatigue life N is shown as

1
T—Dt (2)

where ¢ refers to the flight time.
1.3 Fatigue life computation method

Assurance coefficient of rotor hub is so high
that its deformation belongs to elastic deforma-
tion. Therefore, S-N curve method is a conven-
ient method for its fatigue life prediction. In or-
der to efficiently get quantification function be-
tween parameters and fatigue life, the process
from the structural parameters to structural fa-
tigue life must be automatic, which includes three

sections as follows.
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(1) Geometric model parameterization
Extract some parameters (x,, x5, ***» x,) tO
control structural geometric feature. Visual Basic
language is used to compile a program to read val-
ues for control parameters, modify geometric fea-
ture in software CATIA for the structure, and
export a new geometric model for this structure.

(2) Structural computation

Finite element method is taken to analyze
structural in software ANSYS. Extract a peak
value of load F,., from structural load spectrum
(F,, R). Generate a mesh for this structure.
Then apply boundary condition to it. Solve its
stress and strain, and get the most possible fail-
ure node in this structure. All these steps are au-
tomated in ANSYS APDL language and integrat-
ed in a batch processing system.

(3) High circle fatigue life computation

According to Eq. (3), stress level 5, can be
solved by the stress of most possible failure node
omx and load ratio R. Then least square method is
used to fit the S-N data shown in Fig. 1. And a
program is generated by using FORTRAN to
compute the fatigue life N; of most possible fail-

ure node.

R — 2(7/11 ~ Omax (3)
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Fig.1 S-N curve of T6 7A04 aluminum with gap

Hence, a relationship between structural fea-

ture and this fatigue life is obtained. It is quanti-

fied as

Ni= f(x) 255 52,) 4)
where x,, 2., ***, x, represent the structural fea-
ture parameters, i. e. length, width, diameter,

distance between holes, etc.
1.4 Failure judgment
R-S model is taken for reliability computa-
tion, as shown in Eq. (5). This judgment is sum-
marized in Table 1.
P.=P{N; > N} (5

where N, represents the fatigue life of some load

spectrum.
Table 1 Failure judgment
Case Judgment
N> N, Acceptance
N;=N, Critical fatigue life
N;<N, Failure

Meanwhile the performance function, shown
in Eq. (6), can be got.
g(Np) =N;— N, (6)

1.5 Reliability computation

1.5.1 Monte-Carlo (MC) method

In order to guarantee enough sample points
fall in the failure field, an ample sample must be
taken. Eq. (7) gives a determination rule for the
sample number. Usually, the structural failure
probability P; is very low, for example 0.001.
And according to Eq. (7), the sample number
N ample must be very large, achieving 100 000 sam-
ples. The samples trend to be state distribution,
which is validated by the strong law of large num-
bers (SLLN)I,

_ 100
P

Mean-value first order second moment

(MFOSM) method

Nsample ( 7 )

1. 5.2

MFOSM is a classical reliability compute
method. The performance function is expanded in
Taylor series at the mean-value point and given
by

g(NpD =N; — Ny =gz, 25, y2,) =

g, )+ 2 G, = ()
i=1 N
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If design variables x;, x,,*, x, are inde-
.
pendent, the performance function s mean value

and variance can be given by

=8 spz s s ) €D)

) n (7)_ )

— §:<§>; G a0
EPRTNCE

i =1

Reliability index B can be solved by using

Eq. (11). Then the reliability can be got by using
Eq. (12).

—
p="~ (1D

R=a(p (12)

2 APPROXIMATION OF STRUC-
TURAL FATIGUE COMPUTA-
TION

The reliability problem of rotor hub is a
small probable failure issue. According to Eq.
(6), the MC method needs to take a large num-
ber of samples. And the MFOSM method needs
to know the expression of performance function
(Eq. (6)). Thus, it is important to obtain an effi-
cient and exact function for Eq. (4). Hence an ap-

proximate technology is introduced to fit Eq. (4).
2.1 Experiment design

The objective of experiment design is to ob-
tain a database for the approximation. Fig. 2
gives the feature of sample points of the hyper
Latin sample method. It can be seen that the
method has a good description of the whole design
space. Therefore, this method is taken for the

construction of approximation database.

* |
o

Fig. 2 Feature of sample points of hyper Latin

sample method

2.2 Approximation

2.2.1 Closest interpolation (CI) method

Taking use of the database, a program is
compiled to compare database points with the val-
ues of structural featural parameters. Thus, a
closest database point is found, and its fatigue life

is given as the fatigue life of structural feature.
2.2.2 Response method (R method)

Different from the above-mentioned method,
(n*+3n-+2)/2 closest points are chosen during
the program comparison. Then the constant in
Eq. (13) is solved by (#n* +3n+2)/2 closest points.
At the end, the value of structural feature parameter

is substituted into Eq. (13) to get its fatigue life"'*).

FXD) =ao+ Daw: + Djaict + D) agra;
i=1 i=1

i=1l.j=1

13
2.2.3 Kriging method (K method)

Taking use of the database, a polynomial ex-
pression f(X) and probability function are built
and given by

y(X) = f(X) + =2(X) 14>

The detailed description on the K method can

be found in Ref. [19].

2.2.4 Precision judgment

The sub-class of sampling points is taken to
compute their fatigue life by fatigue life compute
method and approximation, respectively. As
shown in Eq. (15), n, represents the point num-
bers in sub-class, y; the fatigue life got by fatigue
life compute method, and y; the fatigue life got
by the approximation. RMSE gives a judgment of
approximation precision. The lower the RMSE

is, the higher the precision is.

RMSE = (15

3 STRUCTURAL FATIGUE RELI-
ABILITY ANALYSIS

Based on the discussions previously, a flow
chart shown in Fig. 3 can be drawn for structural

fatigue reliability analysis.



No. 4 Jiang Nianzhao, et al. High Cycle Fatigue Reliability Analysis on Rotor--- 339

v
DeSign for eXperiment (xp, Xy, X, )mlmber
(Hyper Latin sample) |
J ¥
Fatigue life computation Ll Database for approximation
! (xn X157 Xy I\v’f)“m."lwr
i ' T
! Feature parameters !
i (s X0,7*, X, ) ! | Data fitting technology |<—
! 1
l ) : ! i
' | CI method
|| ;
H 1
| ! i : |
i | Mesh generation | ' ! :
| ! : :
oo ] ||| |
1
| | Structural computation | ! E metho i
’ |
i ¥ E
I
| | Obtaining max stress | !
1 1
i v E
. 1 R N
Load ratio R : (i)ar::gufa :igi E Fafigas i computation
| P i approximation
! 1
Y
Fatigue life N, | Reliability computation }—;
H T
: i Fatigue
- [ M meiod : reliability
| i
' 1
' | MFOSM method | ! End
1 1
. !

Fig. 3 Flow-chart for fatigue reliability computation

4 EXAMPLE AND DISCUSSION

A rotor hub of helicopter shown in Fig. 4 is
taken as an example. The material property is lis-
ted in Table 2. A load spectrum (F,,, R) is ex-
tracted from helicopter flight. The load F,, makes
up of centrifugal force of blade 45 200 N and lift-
ing moment 2 000 N % m at rotational speed 520
rad/min. Let R be 0. 667. The fatigue life of the
helicopter rotor hub is required not to be lower
than 65 000 cycles. The fatigue reliability is

solved using the framework shown in Fig. 3.

S
=

Fig.4 Rotor hub model

Table 2 LC4 (7A04) material property

Yield Tensile Young's
Material strength strength modulus
os/MPa ¢,/MPa E/MPa

Poisson’s Density/
ratio g (g+cm *)

LC4CS 571 620 73X10° 0.3 2.76

The shape parameters for model | and mod-
el [I are shown in Figs. 5,6. Six parameters are
taken as the design variables to control the chan-
ging of round hole and elliptical hole via a visual
basic compiler. Probability nature of parameters
is listed in Table 3.

By using batch processing and APDL langua-
ges, the tetrahedral mesh is generated (Fig. 7),
the boundary condition is applied (Figs. 8, 9),
and the stress distribution is solved step by step
(Fig. 10). Then FORTRAN compiler is used to
extract the maximum stress from structural
compute results, and solve its fatigue life by in-
tegrating S-N curve method. Result is shown in

Table 4.
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Fig. 5 Shape parameters for model [
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Fig. 6 Shape parameters for model I

Table 3 Probability nature of parameters mm

Design variable Mean value Variation
Circle r 16.0 0.006 0
Outcircle_r 28.2 0.010 0
Ellipse_r 8.5 0. 006 0
Ellipse_d 5.0 0.004 0
Outellipse_r 11.5 0.017 3
Ellipsetocircle_d 60.0 0.005 0

Fig. 7 Tetrahedral mesh

e
B AR
Tuvy TSR e SVAVAVATAYAY G v v a K
wATAYAY SVAVAYAYAY NVAVAY. 4V,
S S e
VA

T
N,

VAV P
e AR
£

AV
5

Fig. 8 Area for applied load

Von Mises stress / 10

Fig. 9 Boundary condition

y
e
X

; IR [ .
1 3 S 7 9 1 13

Fig. 10 Mises stress distribution

Table 4 Fatigue computation result

Parameter Result
Omax/ MPa 0.143 0810’
0./ MPa 119. 23
N/Circle 242 457.0

Based on the hyper Latin sampling method,

the fatigue life distribution of rotor hub is ob-

tained. And in the simulation, only 350 times are

sampling between tolerance zones of geometric

variables of rotor hub. The rule of life distribu-

tion about rotor hub is shown in Fig. 11. From

Fig. 11, two conclusions can be easily drawn:

(1) Fatigue life is distributed between 60 000
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Fig. 11 Fatigue life distribution in parameter variation
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cycle and 110 000 cycle, when rotor hub is de-
signed to fit the shape tolerance. And most fa-
tigue life is close to 72 000 cycle.

(2) The distribution of fatigue life has a
strong nonlinearity in the whole shape tolerance.

In order to quantify the rule of fatigue life
distribution, three approximations are construc-
ted according to Section 2. 2. And their preces-
sion is compared by Eq. (15), listed in Table 5.
It is shown that the closet interpolation method
has the highest precession for the strong nonlin-
earity problem.

Table 5 Comparison of approximation precession

Data-fitting method RMSE
Fatigue computation program 0. 000
CI method 0.003

R method 0. 200

K method 0. 200

Finally, based on the approximation which
has the highest degree of accuracy, the reliability
is computed by both the MC method and the
MFOSM method with the assumption that the
design variables follow normal distribution. The
mean value and variation are given in Table 6.
The number of samples is set to be 2X10° in MC
method. Refers to the comparisons shown in Ta-
ble 6, it can be found that the reliability given by
the MC method is 0. 88, while the reliability giv-
en by the MFOSM method is 1. 00.

Table 6 Comparisons of reliability

Method . Failure F;.itlgu.e Precession
judgment  reliability
MFOSM method >65 000 1. 00 Lower
MC method =65 000 0.88 Higher

S CONCLUSION

A framework for fatigue reliability computa-
tion of helicopter rotor hub is proposed. In the
framework, a program is generated by several
programming languages to automate the process
from structure remodeling to fatigue life compu-

tation. Hyper Latin sample method is used to

build a database to describe the distribution rule
of fatigue life. In order to find a highest accurate
approximation, different data-fitting methods are
introduced and compared for the rule fitting.
Then the MC method and the MFOSM method
are taken to compute the reliability of fatigue life.
Results show that, the MFOSM method has a
poor performance for disposing nonlinear prob-
lem. The CI method is superior in the multi-di-
mension and non-linear problem, when the ample
data are commanded. In a word, this framework,
bringing efficiency and precession together to
form a unit, is valuable for engineering applica-

tions.
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