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KEYWORDS Abstract With several attractive properties, rotary lip seals are widely used in aircraft utility sys-
Bayesian approach; temf and their ‘reliability estimation has .drawn more and more attentior'l. This work proposes a reli-
Dependence analysis; ability estimation approach based on time-varying dependence analysis. The dependence between
Reliability estimation; the two performance indicators of rotary lip seals, namely leakage rate and friction torque, is mod-
Rotary lip seal; eled by time-varying copula function with polynomial to denote the time-varying parameters, and
Time-varying copula an efficient copula selection approach is utilized to select the optimal copula function. Parameter
function estimation is carried out based on a Bayesian method and the reliability during the whole lifetime

is calculated based on a Monte Carlo method. Degradation test for rotary lip seal is conducted and
the proposed model is validated by test data. The optimal copula function and optimal order of
polynomial are determined based on test data. Results show that this model is effective in estimating
the reliability of rotary lip seals and can achieve a better goodness of fit.

© 2019 Chinese Society of Aeronautics and Astronautics. Production and hosting by Elsevier Ltd. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Rotary lip seals are widely used in fuel pumps and various
other types of mechanical components in aircraft utility system
due to its attractive properties, namely high thermal resistance,
low cost, good sealing performance, and high oil resistance.'
Failure of rotary lip seals may result in fuel leak or other types
of error and malfunction in aircraft utility system, and thus
be i lead to numerous economic loss or even catastrophic conse-
ELSEVIER Production and hosting by Elsevier quences. Therefore, it is important to accurately predict the
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reliability of rotary lip seals during operation to ensure flight
safety.

For mechanical components which have very long lifetime,
there is usually lack of failure data. For this reason, degrada-
tion testing (DT) and accelerated degradation testing (ADT)
have been widely conducted to evaluate the reliability of such
highly reliable mechanical components.” Morrell et al. used the
compression set properties and oxygen uptake as performance
indicators and studied the accelerated degradation of nitrile
rubber O-rings during an accelerated degradation testing.*
Zhang et al. used Gamma process to describe the degradation
for products with monotonic degradation process in ADT and
proposed a reliability demonstration method.” De Carlo et al.
applied ADT on a new mechanical subassembly of a washing
machine and identified the most appropriate degradation
parameter.® For rotary lip seals, several parameters including
leakage rate, friction torque, stress of the lip, etc., could be
used as performance indicators in the degradation testing or
accelerated degradation testing of them. In these performance
indicators which could reflect the functioning and degradation
of rotary lip seals, leakage rate and friction torque could be
collected online, and are preferred in many applications.

Usually for many mechanical components, different perfor-
mance indicators may be statistically dependent because of
commonly shared factors including environmental or opera-
tional stress, material properties or wear history.” For rotary
lip seals, as will be described in the next section, leakage rate
and friction torque are both affected by wear and aging, and
it is necessary to assume that the two performance indicators
are dependent. Thus, a joint bivariate probabilistic model is
needed to describe the dependence between leakage rate and
friction torque. Traditional joint bivariate distribution could
be used to describe the dependence between two marginal dis-
tributions. However, a traditional joint bivariate distribution
often assumes that the marginal distributions are from identi-
cal distribution families. In addition, only linear dependence
could be modeled. Such assumptions are usually very restric-
tive and cannot be easily met in practical applications.

Copulas allow us to model the marginal behavior and
dependence structure separately, which offers more flexibility
in describing the dependence between marginal distribu-
tions.™” For this reason, they have been widely utilized to
describe the dependence in many fields, including financial
markets,'*'" wind energy,]z‘13 and reliability analysis or life-
time evaluation of mechanical components.'*!'> Copulas have
also been used in the dependence analysis of different perfor-
mance indicators of mechanical components. Chen et al. used
copula function to characterize the failure dependence between
subsystems of mechanical systems and proposed the reliability
improvement method according to relative failure rate.'
Zhang et al. proposed a multi-dimensional copula construction
method and used it in the lifetime estimation in accelerated life
testing. 7 In these studies, the copula function, which was used
for capturing the dependence, was assumed to be known in
advance. However, in many applications, the marginal distri-
butions might not lead to one specific type of copula to relate
them. Therefore, methods which can select appropriate copula
should be considered. Pan et al. used copula to characterize the
dependence between different degradation paths of products
and selected the best copula by calculating Akaike information
criterion (AIC)."® Wang et al. built a Bayesian reliability eval-
uation model for ADT and determined the optimal prior dis-

tribution by analyzing the accuracy of the estimated
parameter values.'’

However, all these studies utilized copulas with constant
parameters. For rotary lip seals, as will be described in the next
section, the dependence between leakage rate and friction tor-
que could be time-varying. Time-varying copulas have been
applied in financial analysis.”® There are two approaches to
describe the time variation of the dependence between the
two marginal distributions. The first approach is to use differ-
ent forms of copula at different periods,”’ and the other is to
let the form of copula remain fixed and the parameters in
the copula change with time.>* The first approach assumes that
the dependence structure changes with time, and this might be
appropriate when the common factor behind the dependent
variables is different from time to time. The second approach
assumes that the common factor behind the dependent vari-
ables remains the same, but the impact of the factor on the
dependent variables changes with time. For rotary lip seals,
the common factors which affect the two performance indica-
tors, i.e., leakage rate and friction torque are wear and aging,
and this does not change for the whole lifetime. However, the
effect of the two failure modes on the two performance indica-
tors would vary with the wear rate and chemical reaction rate
which inevitably change with time. For this reason, in this
work we choose the second approach to describe the time-
varying dependence between the two performance indicators.

Several types of time-varying copulas have been utilized in
financial and economic analysis based on the second
approach.?® It was also shown in Refs. 24,25 that these time-
varying copulas could achieve lower AIC or BIC, higher log-
likelihood or better precision. However, as pointed in Ref.
20, these reported time-varying copulas have been proposed
specifically for financial or economic purposes where there
are often lots of fluctuations, and they might not be appropri-
ate for modeling dependent degradation processes of mechan-
ical system which are relatively smooth. Pan et al. studied the
lifetime estimation of nitrile butadiene rubber O-rings under
storage conditions using time-varying copula.”® Two perfor-
mance characters, namely, compression set and compressive
stress relaxation were considered, and a bivariate time-
varying copula model was used to capture the statistical depen-
dence between the two performance characteristics. A copula
selection approach was proposed to determine the time-
varying copula function. It is shown that the reported
approach in Ref. 26 is an efficient method and can achieve bet-
ter goodness of fit comparing with previously reported time-
varying copulas.

However, there are several limitations in Ref. 26. Firstly,
the method used for developing marginal degradation model
in Ref. 26 is not general and systematic for other mechanical
components or systems. For instance, the normal distribution
and Weibull distribution were selected as the marginal distri-
bution of the two performance indicators respectively in Ref.
26, based on engineering experience. These two distributions
may not be appropriate for performance indicators of other
mechanical systems, such as leakage rate and friction torque
of rotary lip seals. Further distribution selection procedure
based on statistical tests are needed if no engineering experi-
ence is available. In addition, it is assumed that the shape
parameters of the normal and Weibull distributions were
invariant at different stresses in Ref. 26. However, the shape
parameter of the normal distribution can vary with stress.
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Thus, further statistical tests, such as Hartley’s test and Bar-
tlett’s test are needed. If they fail the corresponding tests, the
models as well as the statistical inference will be much more
complicated when both shape parameter and scale parameter
are functions of stress and time. Thus, a more general and sys-
tematic method is needed to develop the marginal degradation
model for the performance indicators.

Secondly, the autoregressive-moving-average (ARMA)
process is used in Ref. 26 as evolution equation for the param-
eters of time-varying copula. Although the ARMA process has
been used to model the time-varying parameter of the copula
function in financial analysis and reliability analysis, there is
no validation of their appropriateness to model the time-
varying parameter of the copula function used for estimating
the lifetime of mechanical components or system. Virtually,
there are usually lots of fluctuations in the data of financial
or economic analysis, in which ARMA may be appropriate.
But the degradation path of rotary lip seal is relatively smooth,
the dependence of the marginal distributions at these two situ-
ations could be different from those in financial or economic
analysis. Thus, a more appropriate evolution equation is
needed for the parameters of time-varying copula used in
mechanical system.

Based on the above discussion, an improved time-varying
dependence degradation model is developed and applied to
reliability estimation of rotary lip seal. Firstly, the degradation
process of each performance indicator is regarded as a stochas-
tic process with different parameters. Wiener process is utilized
to develop the marginal degradation model of leakage rate and
friction torque of rotary lip seals. Secondly, because the time-
varying dependence between leakage rate and friction torque is
relatively smooth and might include several inflection points in
its lifetime, a polynomial function is used as evolution equa-
tion for the parameters of time-varying copula. Deviance
Information Criterion (DIC) is adopted as criteria to find the
optimal order for the polynomial for statistical inference of
the parameters of time-varying copula. Thirdly, a two-stage
Bayesian approach is utilized to estimate the parameters of
marginal degradation model and bivariate copula model suc-
cessively. After the parameters are estimated, the reliability
analysis of rotary lip seal based on a Monte-Carlo method is
carried out.

The rest of the paper is organized as follows. In Section 2,
the structure and fault mechanism of rotary lip seal is briefly
introduced, and the degradation model for rotary lip seal
based on time-varying copula is built. In Section 3, the two-
stage Bayesian approach is introduced. In Section 4, the degra-
dation test for rotary lip seal with sample number eight is con-
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Oil side Air side

Garter spring
Shaft

Sealing zone
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5 =
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ducted, and estimation of parameters regarding the
degradation process and the dependence between different per-
formance indicators are carried out. After the optimal copula
function and optimal order for the polynomial is determined,
the reliability of rotary lip seal based on time-varying depen-
dence degradation model is calculated and analyzed. The con-
clusions are in Section 5.

2. Degradation model development of rotary lip seal based on
time-varying copula

2.1. Structure and fault mechanism of rotary lip seal

The schematic of a rotary lip seal is shown in Fig. 1. It can be
seen that a rotary lip seal is composed of a steel frame, an elas-
tomeric ring and a garter spring. A preload to the shaft is usu-
ally produced by the steel frame and the elastomeric ring. A
garter spring which can provide additional force is also com-
monly used.

When a well-designed rotary lip seal is operating, a micron
scale film of fluid will be generated in the lip-shaft interface in
the sealing zone. A pumping action from the air side to the lig-
uid side of the seal will be simultaneously generated by the
combined action of lip surface asperities, shear deformation
and the contact characteristics of the lip-shaft interface.?” This
pumping action will help to reduce or prevent leakage of the
seal and the reverse pumping rate is one of the most important
performance characteristics of rotary lip seal. If the reverse
pumping rate is not big enough, leakage might occur.

For rotary lip seals, leakage rate and friction torque are two
important performance indicators.”® When a rotary lip seal is
in operation, material of the lip will gradually lose because
of wear, and this will induce change of the lip surface micro
topography. The pumping action of the lip seal will thus be
affected by the change of micro topography and this will lead
to the change of pumping rate and the leakage. Additionally,
the wear extent of rotary lip seal is also correlated with the fric-
tion torque.””*°

As rubber is usually used as the material for the elastomeric
ring of rotary lip seal, aging is also one of the important failure
modes of rotary lip seal.’ Aging affects the tensile strength,
elongation and hardness of rotary lip seal, and has significant
effects on the pumping action and friction torque during the
operation of lip seal.” When temperature increases, the com-
pression set of rotary lip seal will increase dramatically, and
the stress—strain ratio and friction torque will also increase.”'
The pumping rate, which is one of the most important perfor-
mance characteristics of rotary lip seal, will gradually decrease

) Air side

Shaft surface

Schematic of a rotary lip seal and reverse pumping affect.
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when temperature increases.’’ The dependence between these
performance indicators could also change when temperature
changes during the operation of rotary lip seal.

It can be seen from above analysis that both leakage rate
and friction torque are affected by wear and aging, and it is
reasonable to assume that they are dependent. In addition,
as wear rate and aging rate of rotary lip seal vary with time
during the operation, the dependence between leakage rate
and friction torque could also be time-varying. The simulation
and experimental results of Guo et al. showed that the friction
torque of rotary lip seal firstly increases, then slowly decreases
during operation. On the other hand, during operation the
pumping rate keeps decreasing, but the decrease rate firstly
keeps big, then turns smaller.’’*® These results also indicate
that the dependence between the two performance indicators
of rotary lip seal could be time-varying. In addition, the degra-
dation path for friction torque is not monotonic. In the follow-
ing subsection, assuming that each performance indicator
follows Wiener process, which can be used to describe non-
monotonic degradation process, the degradation model of
rotary lip seal based on time-varying dependence analysis is
built.

2.2. One-dimensional degradation model based on Wiener
process

Let {X:(¢),r > 0}, i = 1,2 denote the ith performance indica-
tor at time ¢. Given that each performance indicator of rotary
lip seal follows Wiener process, then X;(¢) can be given by

Xi(t) = A1) + o, W(A(1)) (1)

where ; is the drift parameter which can be used to describe
performance degradation rate, o; is the volatility parameter,
{W(t),t > 0} is the standard Brownian movement. A(¢) is
the time scale function, which is usually monotonic and can
be used to describe the nonlinearity of performance degrada-
tion process. Generally, A(z) = ¢%, in which ¢; > 0. Specially,
when ¢, =1, Eq. (1) turns into linear Wiener degradation
process.

Based on the definition of Wiener process, the increment of
X;(1) at time interval [z, 1 4+ At] follows normal distribution, as
given by

AXi(1) ~ N(iAA(1), 2 AA()) 2)

where AX;(r) = X;(t + At) — Xi(t), and AA(r) = A(t+ Ar)—
A(t). The cumulative distribution function of AX;(¢) can be
given by

3)

FAX (1)) = @<M>

ain/AA(2)

where ®(~) is standard normal distribution function.

Additionally, initial value of degradation process, i.e.,
X:(0) =0, and for 7 <1, <t; <ty the two increments,
ie., Xin)—Xi(t;) and X;(t4) — Xi(t3) are statistically
independent.

Let d; denote the failure threshold corresponding to the ith
performance indicator of rotary lip seal, then the lifetime 7; of
rotary lip seal corresponding to degradation process
{Xi(#),t > 0} can be defined as

T; = inf{1| X;(1) > d;} (4)

where T; has an inverse Gaussian distribution, and d; is the
failure threshold of the ith performance indicator. The cumu-
lative distribution function can be given by

%wm - dl-)}

+exp <2ﬁ%di) -® |:—1 IG%A;([)(MA(I) +d)

Then the reliability function corresponding to degradation
process {X;(¢),t > 0} can be given by

Ri(t) = 1 - Fi(1) (6)

{F(t)=P{T, <1} =

(5)

2.3. Degradation model for rotary lip seal based on time-varying
copula and log-likelihood function derivation

Let M denote the number of samples under test, and N denote
the number of observations. Let X;(z;) denote the value of the
ith performance indicator of the jth sample at the time 7, i.e.,
the kth observation, in which j=1,2,--- M, k=1,2,--- N.
For rotary lip seal, there are two performance indicators,
hence i = 1,2, and X;(¢) and X,(¢) are corresponding to fric-
tion torque and leakage rate, respectively. It is also assumed
that for each sample, the observation time is the same.
AXi(ty) = Xi(ty) — Xi(t;x—1) is the degradation increment of
the ith performance indicator of the jth sample at time interval
[tx1, t4]. For Vk#k', AX,(ty) and AX,(tys) are independent.
Only when k = k', AX,(3) and AX5(1;,) are dependent.

For the jth test sample, according to Sklar’s theorem, the
joint distribution of the two performance indicators
H(AX,(t3), AX>(13)) can be calculated by a unique copula
C, as given by

H(AX (1), AXa(1c)) = C(Fi (AX: (1)), F2 (AXa (8)); 0) - (7)

The parameters in Eq. (7) can be divided into two groups.
The first group includes those regarding Wiener process and
we use a to denote them, i.e. & = (u;, 01, ¢y; th, 02,¢,). The sec-
ond group includes those regarding the copula function and is
denoted by 6.

Note that in Eq. (7), 0 is constant, i.e. the strength of depen-
dence remains constant in the whole degradation process.
However, as mentioned in the last subsection, dependence of
the two degradation indicators, i.e. friction torque and leakage
rate, is time-varying in the whole degradation process. To cap-
ture the time-variance of the dependence of the two degrada-
tion indicators, we assume 6 to be a function of time ¢.

Here polynomial is used to denote 6(¢). As life for rotary lip
seal is usually long, polynomial with higher order might better
describe the dependence of the two performance indicators
during the whole degradation process. However, if the order
of polynomial is too high, overfitting might occur. Therefore,
the optimal order of 6(¢) needs to be determined. Constant
function, i.e. time-invariant function is also considered and is
used as comparison.

Results based on ARMA method adopted in Ref. ** are
also obtained and are used as comparison. ARMA describes
a stationary stochastic process in terms of two parts, i.e., the
auto regression (AR) model and the moving average (MA)
model. The AR model describes the relationship between his-
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torical values and current values, and the MA model describes
the error accumulation of AR model. Expression of ARMA
method can be given by

1
p=" <wp + B + %117 Z |ty = vy ’) (8)
j=1
where «,, §, and w, are the parameters of ARMA process, and
p is the order of moving average. Compared with ARMA
method, polynomial is generally smooth and can include a cer-
tain number of inflection points, which might be better in
describing the dependence between the two performance indi-
cators of rotary lip seal.

Let U = Fi (AXl(ljk)), Vig = F (AXz(ljk)), then the IOg-
likelihood function can be given by

N

M M N
L(a,0) = Z lgf; (AXi(15)) + Z Zlgc Uik, Vi; 0

=1 =1 k=l =1 k=l
)
Corresponding to the two groups of parameters, the log-
likelihood function in Eq. (9) can also be divided into two
parts. The first part is the log-likelihood function correspond-
ing to Wiener process, which can be given by
2 M N

9-3

i=1 =1 k=1

L(AXi(1c)

lg‘,(AX(j,()) (10)

The second part is the log-likelihood function correspond-
ing to copula function, as expressed by

Zzlgc u//uv/kv (11)

L( Ujge V//»

2.4. Copula selection and reliability analysis

An appropriate copula function needs to be selected in order
to model the dependence between the two performance indica-
tors. However, if we use polynomial with the order of three as
evolution equation, the number of parameters to be estimated
is three for copulas with one parameter. For copulas with two
constant parameters, this number would be six. In this case, it
would be impractical to use the traditional maximum likeli-
hood estimation method to find a suitable time-varying copula.

For each type of copula, there are two aspects to be consid-
ered, i.e., the dependence structure and the degree of depen-
dence. The dependence structure is determined by the
functional form and the degree of dependence can be obtained
by the parameters. For rotary lip seal, it can be assumed that
the dependence structure between the two performance indica-
tors remain constant during the whole degradation process.
For this reason, we adopt the following approach to find the
optimal time-varying copula.

Firstly, find an optimal copula with constant parameters. In
this step, we find an optimal copula with constant parameters
to model the dependence between the two performance indica-
tors of rotary lip seal. A two-stage Bayesian method, which
will be introduced in detail in the next section, is used to esti-
mate the parameters.

Secondly, incorporate time-varying parameters into the
selected copula. In this step, after finding the copula with con-
stant parameters which achieves the lowest DIC, the time-

varying parameters are incorporated into the selected copula.
We also use the two-stage Bayesian method to estimate the val-
ues of the time-varying parameters.

After the parameters are estimated based on the degrada-
tion model, the reliability function corresponding to each per-
formance indicator can be obtained. Based on the time-varying
copula function, the reliability for rotary lip seal during the
whole lifetime can be calculated. In this work, a Monte Carlo
based method is used to calculated the reliability for rotary lip
seal during the whole lifetime. In this method, if either of the
two performance indicators exceeds the corresponding thresh-
old, the rotary lip seal is assumed to be in failure state. The
steps of this method are as follows.>

(1) Calculate a number of maximum values at time ¢ of the
two performance indicators based on the degradation
model and Monte Carlo method. Here we use H to
denote the number of maximum values. The set of these
maximum values can be denoted as
[0} e (15 X max (1)) - 5 O (£), X3, ()]

(2) Count the number of values of which both performance
indicators are less than their thresholds, i.e., the number
of x marks which fall into the rectangular in Fig. 2.
Here the number of values of which both performance
indicators are less than their thresholds is denoted by /4.

(3) Then the reliability at time ¢ can be expressed by
R(t)=h/H.

3. Parameter estimation with a two-stage Bayesian approach

In the proposed degradation model, the parameters which
need to be estimated can be divided into two groups. The first
group includes those regarding the Wiener degradation pro-
cess, and the second group includes those regarding the copula
function. Correspondingly, we divide the parameter estimation
process into two stages. In the first stage, the parameters
regarding the Wiener degradation process are estimated based
on Bayesian method. In the second stage, the parameters
regarding the copula function are also estimated based on
Bayesian method. Cumulative distributions in the first stage
are calculated and used as the input in the second stage. Pro-
cedure of the two-stage Bayesian method can be seen in Fig. 3.

Both Akaike’s Information Criterion (AIC) and Bayesian
Information Criterion (BIC) are frequently used when compar-
ing Bayesian models. However, the comparison based on the

two methods will become difficult when the Bayesian model
36

is complex.”” DIC was proposed by Spiegelhalter et al. and
X,(0)
X
x X X o ox
X xox X ox
a X X % y
> 9 %
X x X X | X XX
X X
« x XX X
X x 5 X A
X O x XX
o d X,(0)

Fig. 2 Reliability calculation based on Monte Carlo method.
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Stage 1: Estimation of parameters in the marginal distribution function

Degradation data Likelihood function

Bayesian equation

[ave) —] oo —

Prior information

(@)

P(alAX, (1)) (@)
XL(AX, (1))

Posterior distribution

WinBUGS
P(AX, (1))

MCMC

Stage 2: Estimation of parameters in copula function

Results of marginal distribution

(¥, v,)

Likelihood function

Bayesian equation

L((u,, v,)l6)

Prior information

(0)

P(0|(u/‘, v/A))(.o (6)
xL(u,, v,)|6)

Posterior distribution

WinBUGS
POl v,))

MCMC

Fig. 3  Procedure of the two-stage Bayesian method.

uses the Bayesian model’s deviance and effective number of
parameters to evaluate the model.’” DIC is intended as a gen-
eralization of AIC. Model with the minimum DIC assumes
that the model will make the optimal short-term predictions,
and this is in the same spirit as AIC. BIC was developed by
Gideon E. Schwarz and it is partly based on the likelihood
function. DIC differs from BIC in both form and aims.”’
The Bayesian deviance of a Bayesian model is denoted as
D(6), and can be expressed by

D(0) = —21g(p(D]0)) (12)

The effective number of parameters is denoted as p,, and can
be expressed by

ps=D(0) - D(é) . / 20n(p(D|0))d0 — (—21n(p(o| é)))

(13)
Then DIC can be given by

DIC:D(@) +2p,=D(0)+p, (14)

It has been found by Celeux et al. that the Bayesian model
with the lowest DIC can be regarded as the optimal model.*®
For complicated Bayesian models, comparison based on AIC
and BIC will become difficult and in this case, comparison
based on DIC could be more effective.”® In this work, we
use the DIC to find the best copula candidate and optimal
polynomial order.

Based on the two-stage Bayesian method, in the following
section, parameters regarding the degradation process are
firstly estimated, then parameters regarding the dependence
between the two performance indicators are estimated and dif-
ferent copula functions are compared. The flowchart for
parameter estimation and validation is shown in Fig. 4.

4. Experimental validation

4.1. Introduction to the experiment

The accelerated degradation testing of rotary lip seal was car-
ried out. One set of the testing equipment is shown in Fig. 5,

and there were two sets of them. Fig. 5(a) shows the entire test-
ing equipment, and Fig. 5(b) shows the test module, i.e., the
area marked by a red circle in Fig. 5(a). In Fig. 5(b), the sealed
cavity is in the center of the manifold, and the seal under test is
installed at the bottom of the sealed cavity. The shaft was dri-
ven by a brushless DC motor which can reach a maximum
rotation speed of 6000 rpm.

Profile of the test module is shown in Fig. 6. The shaft is
connected to a brushless DC motor by a coupling with a fric-
tion torque sensor integrated inside. As working media for this
type of rotary lip seal is jet fuel, there is an external fuel power
source to provide pressurized fuel into the sealed cavity in the

Test data

Derive likelihood function

l

[Estimate the parameters regarding the
degradation process

l

[Estimate the parameters regarding thel
dependence (constant copula)

Optimal copula
'

Use polynomial to denote the
parameters in the time-varying
copula function

Optimal order of polynomial

Y

Analyze the reliability

Fig. 4 Flowchart for parameter estimation and validation.
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(a) Test equipment

Fig. 5

test module. The shaft is made of polymethyl methacrylate,
which is a type of transparent material. There was a micro
camera to monitor the micro topography of the contact area
of the lip seal through the transparent shaft, as shown in
Fig. 6. A micro temperature sensor is utilized to monitor the
temperature of the lip.

Working pressure for the tested rotary lip seal was
0.04 MPa. Other parameters of the tested rotary lip seal are
shown in Table 1.

Schematic of the test rig is shown in Fig. 7. Friction torque,
temperature of the lip and leakage were measured. The signal
was conditioned by a signal conditioning module and collected
by data collection system. An NI PXI was used for data collec-
tion and processing. Data collection software was pro-
grammed by National Instruments LabVIEW®. Data
collection was performed every four hours automatically.
For friction torque signal, each time of collection lasted for
10 seconds and the sample rate was 100 Hz. Temperature of
the lip and leakage rate were measured at the middle of each
time of collection. Failure of every rotary lip seal under test
was judged by the temperature of the lip, friction torque and
leakage manually. Information collected by the micro camera
was also sent to the test operators, and was referred to when
performing the failure diagnosis of the seals under test. Each
time a rotary lip seal failed, it was dismounted and a new
one was installed, then the test of the newly installed rotary
lip seal started.

Coupling (Friction torque sensor)

% ‘\\ %
Sealed
cavity

Transparent shaft

Micro
temperature
SEnsor.

Rotary lip seal
under test

Fig. 6 _ Profile of the test module.

\ Leakage
measurement

Micro camera

Coupling

(b) Local enlargement of the test module

One set of testing equipment of rotary lip seal.

Table 1 Other parameters of tested rotary lip seal.

Inner Maximum Operation Maximum linear
diameter  pressure temperature range  velocity
40 mm 0.08 MPa (-60-200) °C 40 m/s

DC brushless motor DC motor driver

Signal conditioning
module

*M \Test module

Fig. 7

Schematic of test rig.

From the user’s manual, typical rotation speed for this type
of rotary lip seal is 2500 r/min, and typical operation temper-
ature is 25°C. Maximum rotation speed and temperature
under which this type of rotary lip seal does not change failure
mechanism are 9554 r/min and 200 °C, respectively. There
were eight tested rotary lip seals and they were classified into
two groups. The number of samples in each group was four.
Stress level for each group of tested rotary lip seals is shown
in Table 2. The first group worked under typical operation
condition, and stress level of the second group was a little
higher than that of typical operation condition. Stress level
of the second group is still much lower than the maximum
rotation speed and temperature, i.e., 9554 r/min and 200 °C.
Therefore, failure mode of samples in the second group will
be the same as that in the first group.

4.2. Estimation of parameters regarding the degradation process
(The first stage of the two-stage Bayesian approach)

For both constant and time-varying copula function, parame-
ters regarding the degradation process are firstly estimated by
the two-stage Bayesian approach. The programs were coded in
WinBUGS and were implemented on a desktop computer with
Intel Core i7-7700 CPU and 16 GB of RAM. Prior distribu-
tions of all six parameters in a are set as non-informative prior
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Table 2 Applied stresses for the two groups of tested rotary
lip seals.

Table 3 Mean and SD of the parameters regarding the
degradation process.

Group No. Rotation speed (r/min) Temperature (°C) Degradation Indicator Parameter Mean SD
1 2500 25 Leakage rate i 25.42 2.735
2 3000 40 o1 0.9558 0.0918
q 2.464 0.2918
Friction torque Ly 28.19 3.664
distribution. The number of iterations is set as 100,000. After 02 1.019 0.1049
the MCMC simulation starts, the Gelman-Rubin ratio of the 9 1.959 0.2379
parameters are firstly monitored to determine whether the dis-
tribution has converged, as shown in Fig. 8. It can be seen
from Fig. 8 that distribution of all parameters quickly con-
verges after 5000 iterations. A total of 90,000 iterations, i.e., Table 4 Results of copula fitting (Constant).
from 10,001 to 100,000, are chosen as samples and are used -
to compute the mean value of each parameter. The calculation Copulas — Lemmmeions) el 13
of this step takes 62 s. Clayton =97.1 1.943 3
Posterior distributions of the parameters regarding the Frank —113.3 7.807 2
degradation process are shown in Fig. 9. Mean and standard Gumbel 277.2 1.259 7
deviation (SD) of them are shown in Table 3. The mean values 1l 2y I ©
. Plackett —159.5 30.74 1
are then used to calculate Fy (AX,(t)) and F»(AX> (1)) in Eq. AMH _sa7 0.9476 4
(7) which are utilized as the input in the second stage of the sjC 243 1.019 5

two-stage Bayesian approach.

4.3. Estimation of parameters regarding the dependence between
different performance indicators and copula function selection
(The second stage of the two-stage Bayesian approach)

Firstly, we select the most suitable fitting copula function with
constant parameters. We adopted the following copula candi-

dates, Clayton, Frank, Gumbel, Plackett, AMH, and sym-
metrized Joe—Clayton (SJC) copulas. Another type of copula
which belongs to Archimedean copula family was also
adopted, which is denoted as Type-I copula in this work.
Expression and density function of this type of copula can

o mu[1] chains 1:3 o mu[2] chains 1:3 o g[1] chains 1:3
b4 o B (=] n o
(=] L o '} o '}
£~ c — £ [ ==
j=] =] f=]
o o o
T wl 5wl Dol
L O L O L O
(=1 o (=1
“ ol “al “al
o T T T o T 1§ T o T T T
998 20000 40000 998 20000 40000 998 20000 40000
start-iteration start-iteration start-iteration
- gl2] chains 1:3 L sigma[1] chains 1:3 o sigmal2] chains 1:3
w Bo To
o “2L 9 <L
g 5= &
gof L. e
Lt Zof cof
_g’ ol a ol o al
o T T T o T T T o T T T
998 20000 40000 9938 20000 40000 998 20000 40000
start-iteration start-iteration start-iteration
Fig. 8 Gelman-Rubin ratio of the parameters regarding the degradation process.
mu[1] sample: 270000 mu[2] sample: 270000 q[1] sample: 270000
Sl g [ =_[
25 25 g3 N
& T | o L /
ol - al ol
o T T T T T o T T T T T o T T T T
10.0 20.0 30.0 40.0 10.0 20.0 30.0 40.0 0.5 1.0 15 2.0
mu[1] muf2] altl
q[2] sample: 270000 sigma[1] sample: 270000 sigmal2] sample: 270000
= =0
= | = | S
] -
Se| gt /\ £l
oo ® | ’f ol
ol Lol __~ S &gl ¥
=] T T T T o T T T T =] T T T T
0.5 1.0 1.5 2.0 1.0 2.0 3.0 4.0 1.0 2.0 3.0 4.0
q[2] sigma[1] sigma[2]

Fig. 9 Posterior distribution

of the parameters regarding the degradation process.
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Table 5 Results of copula fitting (Linear function). 1.0 e
~ = Time-varying
Copulas DIC Ranking 0.8} plackett ]
Clayton —159.2 3 < 067 W, o Clzrg]s(?trtlt
Frank —262.1 2 = - |
Gumbel 189.7 7 Independeant
Type-I 74.2 6
Plackett —388.4 1
AMH —80.9 5 30
SIC —117.3 4 '
Time (10°h)
Fig. 11  Reliability analysis of tested rotary lip seal.

Table 6 Results of copula fitting (quadratic function).
Copulas DIC Ranking be calculated. Results for the other six types of copulas with
Obigiism _4823 5 linear func.tion to denoFe 9(.1) are also calculated gnd are used
Frank _373.6 3 as comparison. The estimation results are shown in Table 5.
Gumbel 163.2 7 Quadratic function, i.e., 01(¢) = a2t> + bat + ¢, is then used
Type-I 48.6 6 to denote the parameters in the time-varying copula function.
Plackett =743 1 Results for Plackett copula and the other six types of copulas
AMH —249.5 4 in this case are shown in Table 6. It can be seen from Table 5
SIC —122.3 5

DIC (10%)

Fig. 10 DIC results for different orders of polynomial in

1 2 3 4 5 6 7 8

Order of polynomial

Plackett copula.

be found in the Appendix. The number of parameters is two
for the SJC copula and one for the other copula candidates.
The estimation results when parameters are constant are
shown in Table 4. It can be seen from Table 4 that the Plackett
copula yields the lowest DIC, with an estimated parameter
equal to 30.74.

Then Plackett copula is used for developing the time-
varying copula in the second stage. Linear function, i.e.,
0:(¢) = art + by is firstly used to denote the parameters in the
time-varying copula function, and the estimation results can

and Table 6 that for linear function and quadratic function,
the ranking based on DIC for the seven copulas is not exactly
the same. However, at both cases, Plackett copula still yields
the lowest DIC value.

Next, we continue to find the optimal order of polynomial
which denotes the parameters in the time-varying copula func-
tion. As mentioned above, polynomials with higher order
might better describe the change of dependence over time
because they have more parameters. However, too many
parameters might cause overfitting, which makes the model
unable to fit additional data or predict future observations reli-
ably. Here we use DIC to find the optimal order for the poly-
nomial which is used to denote 6(¢) in the Plackett copula
function. The DICs when the order of polynomial goes from
0 to 9 are shown in Fig. 10. It can be seen from Fig. 10 that
as the order of polynomial increases, the DIC of copula fitting
firstly keeps decreasing, and reaches the minimum when the
order of polynomial is six. Then the DIC of copula fitting
starts increasing, which indicates that overfitting occurs
indeed.

Parameter estimation of all time-varying copula takes a lot
of time, as shown in Table 7. For example, for SIC copula
which has two parameters, when the order of polynomial is
six, the number of parameters to be estimated would be 14,
and the parameter estimation takes 986 seconds. The calcula-
tion time for all the estimation in Table 7 is about 4 h. By
the proposed approach, i.e., finding the best fit constant copula
and then using polynomial to denote time-varying parameters,

Table 7 Calculation time of copula fitting for different orders of polynomial (unit: s).

Copulas Constant Linear Quadratic Order = 3 Order = 4 Order = 5 Order = 6
Clayton 39 75 120 164 220 279 332

Frank 46 95 150 210 261 314 353
Gumbel 71 153 235 311 378 452 519
Type-I 64 139 219 286 361 433 497
Plackett 54 121 184 251 308 368 422

AMH 60 137 203 277 345 418 496

SIC 130 285 427 589 717 842 986
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Table 8 Comparison of MTTF when the two performance indicators are at different dependent situations.

Independent Constant Time-varying Plackett with polynomial Time-varying Plackett with ARMA MTTF from
Plackett functions approach in Ref. 26 manufacturer
1551.2h 1629.9 h 1689.7 h 1630.4 h 1750 h

the calculation would be about 35 min. In addition, this work
only considers seven copula candidates. For not missing any
opportunity of obtaining better copula functions, there are
up to hundreds of candidates which might be taken into con-
sideration. Therefore, the proposed approach has a significant
advantage in terms of efficiency.

4.4. Reliability analysis of rotary lip seal based on time-varying
dependence degradation model

Based on the method introduced in Section 3, the reliability of
tested rotary lip seal was calculated, as shown in Fig. 11. In
Fig. 11, ‘Time-varying Plackett’ means that the increments of
the two performance indicators are described by Plackett cop-
ula with six-order polynomial to denote time-varying depen-
dent parameter, and ‘Constant Plackett’ means that the
increments of the two performance indicators are described
by Plackett copula with constant dependent parameter. With
the reliability results, the MTTF under each situation can be
calculated, as shown in Table 8. The MTTF based on the
ARMA approach in Ref. 26 is also calculated and used as
comparison.

Fig. 11 shows that the reliability of tested rotary lip seal
when the two performance indicators are dependent is higher
than that when they are independent, indicating a positive
dependence between leakage rate and friction torque. From
Table 8, it can be further concluded that the MTTF when
the dependence of the two performance indicators is described
by time-varying Plackett copula is closer to the MTTF from
manufacturer than the MTTFs for the other three situations.

5. Conclusions

This work proposes a reliability estimation model for rotary
lip seals based on time-varying dependence analysis. With
time-varying copula function to describe the dependence
between the two performance indicators of rotary lip seals, a
copula selection approach is proposed to find the optimal cop-
ula efficiently and build the degradation model. Parameter esti-
mation is conducted based on a Bayesian method and the
reliability during the whole lifetime is calculated based on a
Monte Carlo method. Degradation test for rotary lip seal is
carried out and validation based on test data is conducted.
With polynomials as time-varying parameters in the copula
function, the optimal order is also determined. Validation
results show that this model is effective in estimating the relia-
bility of rotary lip seals and can achieve a better goodness of
fit.

In this work, polynomials are used to denote evolution
parameters in the copula function and ARMA method is used
as comparison. As there are various types of functions which
can be used to denote time-varying parameters, future work
shouldefocusponsfindingpotherstypespofsfunctions as evolution

parameters in the copula function and assess the accuracy.
Ideas derived from this work can also be extended to other
types of mechanical components which have dependent perfor-
mance indicators.
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Appendix A. We list the functional forms of all copulas and
their density function used in this paper as follows.

(1) Frank copula
The bivariate Frank copula can be given by

1 (e—()u _ 1)(6—()»' _ 1)

Clurit) = (14 =0 (A1)

The density function of Frank copula can be given by

_ —0 __ —0(u+v)
clu,:0) = e _—De 2 (A2)
(@ =D+ e = e~ 1)

(2) Clayton copula

The bivariate Clayton copula can be given by
Clu,v;0) = max((u’o +v 0 — 1)71/0, 0> (A3)

The density function of Clayton copula can be given by

—2-1/0

c(u,v; 0) = (14 0)(uv) ™! (W' +v"=1) (A4)
(3) Gumbel copula
The bivariate Gumbel copula can be given by
1/6
C(u,v;0) = exp(— [(—lnu)e + (—lnv)e] ) (AS)

The density function of Gumbel copula can be given by

C(u, v; 0)[(Inu) (Inv)]) "™

c(u,v;0) = Py
Y]

uy {(—lnu)o + (=Ilnv

(e e

(4) Plackett copula
The bivariate Plackett copula can be given by

(A6)

(14 (0= D+ ¥) = /(14 (0 — Du+ ) 4000 — Duy

C(u,v;0) = 20-1)

0>0,0#1 (AT)

The density function of Plackett copula can be given by
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0) = 0+1
c(u, v; 0) 20/ (0= 1) ()2 —40(0—1)uv

b OO0 D) 200 (0D -20m)
2(V+0-1) () 400~ Duv)

(A8)

It can be seen that the expressions of bivariate Plackett cop-
ula and its density function are complicated. Let
A=1+(0—-1)(u+v), B=A>—40(0 — 1)uv, then the bivari-
ate Plackett copula can be expressed by

A4- VB

C(u,v;G):z(e_l)

0>0,0#1 (A9)

The density function of Plackett copula can be given by

c(u,v;9)=6+l (0—1)(A—26u)3(A—26v) (A10)
2VB 2(VB)
(5) AMH copula
The bivariate AMH copula can be given by
Clu, v;0) = w 0e[-1,1] (A11)

T 1=0(1—uw)(1-v)
The density function of AMH copula can be given by
1 O(Buv —u—v)
L—0(1—u)(1=v)  [1—0(1 —u)(l—v)P
20%uv(1 — u)(1 —v)
=00 — )1 — )]
(6) SJC copula

SJC copula is based on Joe-Clayton copula. Expression of
Joe-Clayton copula is

Crelu,vitV, M) =1 — (1 - { [1 —(- u)k] oy [1 (- u)k] e 1}71/3) v
(A13)

c(u,v;0) =

(A12)

where k= 1/log,(2—1tY), g=—1/log, (%), Y€ (0,1),
t" € (0,1). ¢V and " are upper-tail dependence coefficient
and lower-tail dependence coefficient, respectively. Expression
of SJC copula is

Csic(u, v; 1Y, 1%) = 0.5(Cyc(u, v; 1Y, t5) 4+ Cic(1 — u, 1

-t ) rutv-1) (A14)

(7) Another type of copula (Denoted as Type I copula)
The bivariate Type I copula can be given by

Clu, v; 0) max(l ~[a-w' -] W,o) (AI5)

The density function of Type I copula can be given by

1/6-2

c(u,v;0) = (0— 1) [(1 )’ (1 - v)g] (1 —u)’ (1 ="

(A16)

References

1. Liu D, Wang S, Zhang C. A multiscale wear simulation method
for rotary lip seal under mixed lubricating conditions. Tribol Int
2018;121:190-203.

2. Zhao H, Chen G, Wang L, Su H, Lu F. Dynamic performance of a
C/C composite finger seal in a tilting mode. Chin J Aeronaut

10.

11.

12.

13.

14.

15.

16.

19.

20.

21.

22.

. Hang H, Fang X, Yi M, Huang Z, Lu Y. A novel BIST scheme for

circuit aging measurement of aerospace chips. Chin J Aeronaut
2018;31(7):1594-601.

. Morrell PR, Patel M, Skinner AR. Accelerated thermal ageing

studies on nitrile rubber O-rings. Polym Test 2003;22(6):651-6.

. Zhang C, Lu X, Tan Y, Wang Y. Reliability demonstration

methodology for products with Gamma Process by optimal
accelerated degradation testing. Reliab Eng Syst Safe
2015;142:369-77.

. De Carlo F, Borgia O, Tucci M. Accelerated degradation tests for

reliability estimation of a new product: a case study for washing
machines. Proc Inst Mech Eng Part O J Risk Reliab 2014;228
(2):127-38.

. Tan J, Zhan M, Li H. Dependence on forming parameters of an

integral panel during the electromagnetic incremental forming
process. Chin J Aeronaut 2018;31(7):1625-34.

. Li X, Liu Y, Chen C, Jiang T. A copula-based reliability modeling

for nonrepairable multi-state k-out-of-n systems with dependent
components. Proc Inst Mech Eng Part O J Risk Reliab 2016;230
(2):133-46.

. Xu D, Xing M, Wei Q, et al. Failure behavior modeling and

reliability estimation of product based on vine-copula and
accelerated degradation data. Mech Syst Signal Process
2018;113:50-64.

Pircalabu A, Benth FE. A regime-switching copula approach to
modeling day-ahead prices in coupled electricity markets. Energy
Econ 2017;68:283-302.

Shahzad SJH, Arreola-Hernandez J, Bekiros S, Shahbaz M,
Kayani GM. A systemic risk analysis of Islamic equity markets
using vine copula and delta CoVaR modeling. J Int Financ Mark
2018:;1(56):104-27.

Bai G, Fleck B, Zuo MJ. A stochastic power curve for wind
turbines with reduced variability using conditional copula. Wind
Energy 2016;19(8):1519-34.

Wang Y, Infield DG, Stephen B, Galloway SJ. Copula-based
model for wind turbine power curve outlier rejection. Wind Energy
2014:17(11):1677-88.

Liu L, Liang X, Zuo MJ. A dependence-based feature vector and
its application on planetary gearbox fault classification. J Sound
Vib 2018;431:192-211.

Zhang C, Wang S, Bai G. An accelerated life test model for solid
lubricated bearings based on dependence analysis and propor-
tional hazard effect. Acta Astronaut 2014;95:30-6.

Chen Z, Liu Y, Huang H, Wu X, He L. A reliability allocation
method considering failure dependence. Proceedings of the ASME
International Design Engineering Technical Conferences and Com-
puters and Information in Engineering Conference. New
York: Amer Soc Mechanical Engineers; 2014.

. Zhang X, Shang J, Chen X, Zhang C, Wang Y. Statistical

inference of accelerated life testing with dependent competing
failures based on copula theory. IEEE Trans Reliab 2014;63
(3):764-80.

. Pan Z, Balakrishnan N, Sun Q, Zhou J. Bivariate degradation

analysis of products based on Wiener processes and copulas. J
Stat Comput Simul 2013;83(7):1316-29.

Wang L, Pan R, Li X, Jiang T. A Bayesian reliability evaluation
method with integrated accelerated degradation testing and field
information. Reliab Eng Syst Saf 2013;112:38-47.

Gurgul H, Machno A. Modeling dependence structure among
European markets and among Asian-Pacific markets: a regime
switching regular vine copula approach. Cent Eur J Oper Res
2016;24(3):763-86.

Li H, Cao Z, Yin G. Varying-association copula models for
multivariate survival data. Can J Stat 2018;46(4):556-76.

Zhang C, Pan L, Wang S, Wang X, Tomovic M. An accelerated
life test model for solid lubricated bearings used in space based on
time-varying dependence analysis of different failure modes. Acta
Astronaut 2018;152:352-9.

www.manharaa.com


http://refhub.elsevier.com/S1000-9361(19)30316-4/h0005
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0005
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0005
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0010
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0010
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0010
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0015
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0015
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0015
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0020
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0020
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0025
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0025
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0025
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0025
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0030
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0030
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0030
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0030
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0035
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0035
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0035
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0040
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0040
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0040
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0040
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0045
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0045
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0045
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0045
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0050
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0050
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0050
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0055
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0055
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0055
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0055
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0060
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0060
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0060
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0065
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0065
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0065
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0070
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0070
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0070
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0075
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0075
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0075
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0080
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0080
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0080
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0080
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0080
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0085
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0085
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0085
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0085
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0090
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0090
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0090
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0095
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0095
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0095
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0100
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0100
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0100
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0100
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0105
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0105
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0110
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0110
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0110
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0110

Reliability estimation of rotary lip seal in aircraft utility system

2241

23.

24.

25.

26.

27.
28.

29.

30.

Bogdanova B, Ivanov I. A wavelet-based approach to the analysis
and modelling of financial time series exhibiting strong long-range
dependence: the case of Southeast Europe. J Appl Stat 2016;43
(4):655-73.

Wang Y, Pham H. Modeling the dependent competing risks with
multiple degradation processes and random shock using time-
varying copulas. IEEE Trans Reliab 2012;61(1):13-22.

Zeng Z, Chen Y, Zio E, Kang R. A compositional method to
model dependent failure behavior based on PoF models. Chin J
Aeronaut 2017;30(5):1729-39.

Pan J, Bai G, Chen W. Lifetime estimation of nitrile butadiene
rubber O-rings under storage conditions using time-varying
copula. Proc Inst Mech Eng Part O J Risk Reliab 2018;232
(6):635-46.

Salant RF. Modelling rotary lip seals. Wear 1997;207(1-2):92-9.

El Gadari M, Fatu A, Hajjam M. Effect of grooved shaft on the
rotary lip seal performance in transient condition: Elasto-hydro-
dynamic simulations. Tribol Int 2016;93:411-8.

El Gadari M, Fatu A, Hajjam M. Shaft roughness effect on elasto-
hydrodynamic lubrication of rotary lip seals: Experimentation and
numerical simulation. Tribol Int 2015;88:218-27.

Xuan H, Zhang N, Lu B, Cheng L, Hong W. Investigation of
high-speed abrasion behavior of an abradable seal rubber in aero-
engine fan application. Chin J Aeronaut 2017;30(4):1615-23.

31.

32.

33.

34.

35.

36.

37.

38.

Guo F, Jia X, Huang L, Salant RF, Wang Y. The effect of aging
during storage on the performance of a radial lip seal. Polym
Degrad Stab 2013;98(11):2193-200.

Guo F, Jia X, Lv M, Wang L, Salant RF, Wang Y. The effect of
aging in oil on the performance of a radial lip seal. Tribol Int
2014;78:187-94.

Guo F, Jia X, Wang L, Salant RF, Wang Y. The effect of wear on
the performance of a rotary lip seal. J Tribol-Trans ASME
2014;136(4) 041703.

Sklar M. Fonctions de repartition an dimensions et leurs
marges. Paris: Publ. Inst. Statist. Univ. Paris; 1959. p. 229-31.
Zhou G, Esaki T, Mitani Y, Xie M, Mori J. Spatial probabilistic
modeling of slope failure using an integrated GIS Monte Carlo
simulation approach. Eng Geol 2003;68(3-4):373-86.

Lin J, Asplund M, Parida A. Reliability analysis for degradation
of locomotive wheels using parametric Bayesian approach. Qual
Reliab Eng Int 2014;30(5):657—67.

Spiegelhalter DJ, Best NG, Carlin BP, Van der Linde A. Bayesian
measures of model complexity and fit. J R Stat Soc B
2002;64:583-616.

Celeux G, Forbes F, Robert CP, Titterington DM. Deviance
information criteria for missing data models. Bayesian Anal 2006;1
(4):651-73.

www.manharaa.com


http://refhub.elsevier.com/S1000-9361(19)30316-4/h0115
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0115
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0115
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0115
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0120
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0120
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0120
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0125
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0125
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0125
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0130
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0130
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0130
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0130
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0135
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0140
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0140
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0140
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0145
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0145
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0145
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0150
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0150
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0150
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0155
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0155
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0155
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0160
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0160
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0160
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0165
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0165
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0165
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0170
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0170
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0175
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0175
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0175
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0180
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0180
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0180
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0185
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0185
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0185
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0190
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0190
http://refhub.elsevier.com/S1000-9361(19)30316-4/h0190

	Reliability Estimation of Rotary Lip Seal in Aircraft Utility System Based on Time-Varying Dependence Degradation Model and Its Experimental Validation
	Original Publication Citation

	Reliability estimation of rotary lip seal in aircraft utility system based on time-varying dependence degradation model and its experimental validation
	1 Introduction
	2 Degradation model development of rotary lip seal based on time-varying copula
	2.1 Structure and fault mechanism of rotary lip seal
	2.2 One-dimensional degradation model based on Wiener process
	2.3 Degradation model for rotary lip seal based on time-varying copula and log-likelihood function derivation
	2.4 Copula selection and reliability analysis

	3 Parameter estimation with a two-stage Bayesian approach
	4 Experimental validation
	4.1 Introduction to the experiment
	4.2 Estimation of parameters regarding the degradation process (The first stage of the two-stage Bayesian approach)
	4.3 Estimation of parameters regarding the dependence between different performance indicators and copula function selection (The second stage of the two-stage Bayesian approach)
	4.4 Reliability analysis of rotary lip seal based on time-varying dependence degradation model

	5 Conclusions
	Acknowledgements
	Appendix A 
	References


