Engineering Failure Analysis 18 (2011) 2084-2092

Contents lists available at ScienceDirect

ENGINEERING

Engineering Failure Analysis

journal homepage: www.elsevier.com/locate/engfailanal

Risk evaluation in failure mode and effects analysis of aircraft turbine
rotor blades using Dempster-Shafer evidence theory under uncertainty

Jianping Yang *P, Hong-Zhong Huang **, Li-Ping He ?, Shun-Peng Zhu ?, Dunwei Wen ¢

2School of Mechatronics Engineering, University of Electronic Science and Technology of China, Chengdu, Sichuan 611731, PR China
> Unit 95389 of People’s Liberation Army, Guilin, Guangxi 541007, PR China
€School of Computing & Information Systems, Athabasca University, 1 University Drive, Athabasca, AB, Canada T9S 3A3

ARTICLE INFO ABSTRACT
Article history: Rotor blades are the major components of an aircraft turbine. Their reliability seriously
Received 4 April 2011 affects the overall aircraft turbine security. Failure mode and effects analysis (FMEA), espe-

Received in revised form 14 June 2011
Accepted 15 June 2011
Available online 30 June 2011

cially, the risk priority order of failure modes, is essential in the design process. The risk
priority number (RPN) has been extensively used to determine the risk priority order of
failure modes. When multiple experts give different risk evaluations to one failure mode,
which may be imprecise and uncertain, the traditional RPN is not a sufficient tool for risk
Failure mode and effects analysis eyaluation. In thi.s paper, the .modiﬁed D.emp.ster—Sha}fer (D-S) is' adopteq to aggr.egate tf}e
D-S evidence theory different evaluation mformatlon by con51.dermg rqultlple exp.erts evaluation opinions, fail-
Aircraft turbine rotor blade ure modes and three risk factors respectively. A simplified discernment frame is proposed
Risk priority number according to the practical application. Moreover, the mean value of the new RPN is used to
determine the risk priority order of multiple failure modes. Finally, this method is used to
deal with the risk priority evaluation of the failure modes of rotor blades of an aircraft tur-
bine under multiple sources of different and uncertain evaluation information. The conse-
quence of this method is rational and efficient.
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1. Introduction

Rotor blades are the key rotating components of an aircraft turbine, which play an important role in the task of energy
conversion. This includes compressor rotor blades and turbo rotor blades. Since they are the thin-form, components moving
in high-speed rotation, under the severe load conditions in complex work environments, rotor blades are one of the compo-
nents of the highest failure rates in aircraft turbines. Meanwhile, with the development of the aviation industry, the Thrust-
Weight Ratio (TWR) of aircraft turbines has become higher and higher. The stress level of rotor blades is greatly increasing as
well. Moreover, their safety plays an important role in the aircraft turbine security. In order to improve their safety and reli-
ability, failure mode and effects analysis (FMEA) is prerequisite in their design.

FMEA is an analysis technique for defining, identifying and eliminating known and/or potential failures, problems, errors
from systems, design, processes, and/or services before they reach the customers [1,2]. FMEA can facilitate the identification
of potential failures in the design or process of products or systems. This can help designers adjust the existing programs,
increase compensating provisions, employ the recommended actions to reduce the likelihood of failures, decrease the prob-
ability of failure rates and avoid hazardous accidents. FMEA has been extensively used in a number of industrial products,
including structures operating in power, aeronautics and astronautics. FMEA can identify each possible failure mode and
determine the effect of each failure. However, there can be multiple failure modes and their risks and effects are different.
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Table 1
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Suggested criteria of rating for occurrence of a failure in FMEA [4,13,14].

2085

Rating Probability of occurrence Possible failure rate
10 Extremely high: failure almost inevitable >1/2

9 Very high 1/3

8 Repeated failures 1/8

7 High 1/20

6 Moderately high 1/80

5 Moderate 1/400

4 Relatively low 1/2000

3 Low 1/15000

2 Remote 1/150000

1 Nearly impossible <1/1500000

Table 2
Suggested criteria of rating for severity of a failure in FMEA [4,13,14].

Rating Effect Severity of effect

10 Hazardous without warning Highest severity ranking of a failure mode, occurring without warning and consequence is hazardous
9 Hazardous with warning Higher severity ranking of a failure mode, occurring with warning, consequence is hazardous
8 Extreme Operation of system or product is broken down without compromising safe
7 Major Operation of system or product may be continued but performance of system or product is affected
6 Significant Operation of system or product is continued and performance of system or product is degraded
5 Moderate Performance of system or product is affected seriously and the maintenance is needed
4 Low Performance of system or product is small affected and the maintenance may not be needed
3 Minor System performance and satisfaction with minor effect
2 Very minor System performance and satisfaction with slight effect
1 None No effect

Table 3

Suggested criteria of rating for detection of a failure in FMEA [4,13,14].

Rating Detection

Criteria

10 Absolute Potential occurring of failure mode cannot be detected in concept, design and process FMEA/mechanism and
uncertainty subsequent failure mode

9 Very remote The possibility of detecting the potential occurring of failure mode is very remote/mechanism and subsequent failure
mode

8 Remote The possibility of detecting the potential occurring of failure mode is remote/mechanism and subsequent failure mode

7 Very low The possibility of detecting the potential occurring of failure mode is very low/mechanism and subsequent failure
mode

6 Low The possibility of detecting the potential occurring of failure mode is low/mechanism and subsequent failure mode

5 Moderate The possibility of detecting the potential occurring of failure mode is moderate/mechanism and subsequent failure
mode

4 Moderately high The possibility of detecting the potential occurring of failure mode is moderately high/mechanism and subsequent
failure mode

3 High The possibility of detecting the potential occurring of failure mode is high/mechanism and subsequent failure mode

2 Very high The possibility of detecting the potential occurring of failure mode is very high/mechanism and subsequent failure
mode

1 Almost certain The potential occurring of failure mode will be detect/mechanism and subsequent failure mode

Consequently, the ability to prioritize risks is important; the risk priority number (RPN) offers one way to rank failure modes.
In general, RPN includes three factors: the severity of a failure effect (S), which is a numerical subjective estimation of the
degree of severity of the consequence of a occurred failure, the probability of the occurrence of a failure mode (0), which is a
numerical subjective estimation of the likelihood of the cause, and the probability of a failure being detected (D), which is a
numerical subjective estimation of the effectiveness of the controls preventing or detecting the cause or failure mode. Each
factor uses a numeric scale (rating) from 1 to 10, as expressed in Tables 1-3. These ratings are then multiplied to obtain RPN,
expressed as

RPN=Sx0xD (1)

Because of its extensive application, considerable research has been conducted to investigate the use of the RPN in FMEA.
Chang and Cheng [3] identified some limitations of the traditional RPN and proposed a method which utilizes fuzzy ordered
weighted averaging and evaluation averaging (DEMATEI) to rank the risk of failure modes. The method was illustrated by the
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thin film transistor liquid crystal display (TFT-LCD). Sankar and Prabhu [4] proposed the modified approach for prioritization
of failures. This method defines the new ratings from 1 to 1000 to represent possible severity-occurrence-detection states,
and provides a much more sensitive ranking process to quantitate risk factors. The failure modes having a higher rating are
given higher priorities. Chang [5] proposed a more general RPN method considering situation parameters and relationships
between the components of a system with respect to its type (direct/indirect) and severity. The method combined the or-
dered weighted geometric averaging (OWGA) operator and the decision-making trial and evaluation laboratory (DEMATEL)
approach. To support real application, Wang et al. [6] regarded the three risk factors as fuzzy variables and evaluated their
risks using fuzzy linguistic terms and fuzzy ratings. The fuzzy RPN was defined as a fuzzy weighted geometric mean of the
risk factors and could be exactly solved by using alpha level sets and the fuzzy extension principle. Wang’s method was com-
pared with other various fuzzy improvements using numerical example [6]. Guimardes and Lapa [7] defined the concept of a
pure fuzzy logic system where the fuzzy rule base consists of a collection of fuzzy IF-THEN rules. The fuzzy inference engine
used these fuzzy IF-THEN rules to determine a mapping from fuzzy sets in the input universe of discourse to fuzzy sets in the
output universe of discourse based on fuzzy logic principles. Fuzzy RPN is compared with traditional RPN using the example
of standard four-loop pressurized water reactor (PWR) containment cooling system (CCS). Tay and Lim [8] proposed the use
of weighted fuzzy production rules in fuzzy inference system of FMEA. This allowed a global weight to be attached to each
IF-THEN rule. A fuzzy IF-THEN rule with global weight has been expressed. Cassanelli et al. [9] proposed the concept of fail-
ure analysis-assisted FMEA, as a logical warning for proper FMEA. These concepts use of the field data from the second year
forces a more robust review FMEA. Stamatis [10] developed a multi-attribute failure mode analysis (MAFMA) based on the
analytic hierarchy process (AHP) technique. It considers four different factors O, S, D, and expected cost as decision attributes,
possible causes of failure as decision alternatives, and the selection of cause of failure as decision goal. Narayanagounder and
Gurusami [11] used the risk priority code (RPC) to prioritize failure modes for cases when two or more failure modes had the
same RPN. A new method was proposed to prioritize failure modes when there was a disagreement in ranking scale for
severity, occurrence and detection. An Analysis of Variance (ANOVA) was used to compare means of RPN values. SPSS (Sta-
tistical Package for the Social Sciences) statistical analysis package was used to analyze the data. Considering the subjective
and qualitative nature of information and interdependences among various failure modes, Sharma et al. [12] proposed a fuz-
zy logic approach based fuzzy decision support system (FDSS) to rank the risk priority order of the failure modes. The fre-
quency of each risk factor was represented as members of a fuzzy set. The risk level of the failure mode was evaluated by an
inference system. Sharma’s method can handle vague and qualitative information in risk evaluation.

Based on the above review, the limitations of the traditional RPN have been investigated. There is, however, a little
attention paid to the case where multiple experts provide imprecise or uncertain risk evaluations for a given failure mode.
In recent years, the D-S evidence theory has been employed to quantitate the imprecision and uncertainty in reliability
and failure analysis. Simon et al. [19] used the D-S evidence theory and Bayesian networks tools to treat the incomplete
or inconsistent data in reliability studies. This method can extract the greatest amount of information form the available
data. Limbourg and Savié [20] used the applicability of D-S evidence theory which merges interval-based and probabilistic
uncertainty modeling on a fault tree analysis from the automotive area. Bae et al. [21] proposed the cost effective algo-
rithm to alleviate the computational cost and made D-S evidence theory useful in the structural engineering design based
on uncertainty quantification analysis. The cost effective algorithm employed optimization and approximation techniques
to evaluate efficiently the belief and plausibility functions without sacrificing the accuracy of resulting measurements. The
techniques were demonstrated on composite material structures and an airframe wing aeroelastic design problem. Pope-
scu et al. [22] used the Dempster-Shafer (D-S) evidence theory to accommodate the imprecise or vague input data and
showed how a false-negative pattern can be observed. This illustrates that D-S evidence theory is a clear advantage over
binary assignments in representing vagueness. In order to deal with the imprecision and uncertainty in FMEA, Chin et al.
[13] proposed a group-based evidential reasoning approach to deal with different opinions and knowledge from multiple
experts. The method included assessing risk factors using belief structures, synthesizing individual belief structures into
group belief structures, aggregating the group belief structures into overall belief structures, converting the overall belief
structures into expected risk scores and ranking the expected risk scores using the minimax regret approach (MRA). In-
spired by this work, this paper uses the modified D-S evidence theory to aggregate the different opinions which may
be imprecise and uncertain. The method is used to deal with the risk priority evaluation of failure modes of rotor blades
of an aircraft turbine.

The rest of this paper is organized as follows. In Section 2, the D-S evidence theory is briefly introduced. In Section 3, new
RPN model using modified D-S evidence theory is proposed. Section 4 uses the novel model for risk priority evaluation of
failure modes of rotor blades of an aircraft turbine. The final section makes the conclusions.

2. D-S evidence theory

The evidence theory is developed and presented by Shafer [15] based on Dempster’s work [16] on milestones on the
upper and lower bounds of belief assignment to the hypothesis, also called Dempster-Shafer (D-S) evidence theory. The
D-S evidence theory adopts the belief interval to describe the uncertainty of the hypothesis. Moreover, the method can deal
with the information of multiple sources which may be imprecise, uncertain and incomplete.
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2.1. The frame of discernment
Let @ be the set of N elements which is a finite nonempty exhaustive set of mutually exclusive possibilities. © is defined
as the frame of discernment. The power set of @ is all the possible subsets, noted as 2€. There are 2" elements in the 2€. For

example, if @ = {1, 2, 3} and N = 3, the power set is 2° = {5, 1,2, 3, 12, 13, 23, 123}, where & denotes the empty set. The D-S
evidence theory starts by defining the frame of discernment.

2.2. The basic belief assignment (BBA)

The basic belief assignment is a primitive from of evidence theory, which is denoted by m(X). The function m(X) is a map-
ping: m(X): 22 — [0, 1], and satisfies the following conditions:

m(z) =0 2)
S mX) =1 3)
Xe2€

o<mX)<1 Xe2° 4)

m(X) expresses the precise probability in which the evidence corresponds to m supports proposition X. X may not only be a
single possible event, but could be a set of multiple possible events.

2.3. Belief function (Bel)

A belief function is often defined by the basic probability assignment function which is represented by Bel(X).

Bel(X) = Y " m(Y) (5)

YcX

Bel(X) represents the total amount of probability that must be distributed among elements of X. It reflects inevitability, sig-
nifying the total degree of belief of X, and constitutes a lower limit function on the probability of X [17]. Obviously,

Bel() =0 (6)

Bel(®) =1 (7)
Shafer shows that for natural number n, X, C @
Bel(X1UX, U+ Xy) > > Bel(X;) = > Bel(XinX;) + -+ (=1)"Bel(X; N Xy N - - Xp) (8)
i i>j

where i,j,k=1,2,---,n.
2.4. Plausibility function (pl)

A Plausibility function (PI) is defined as the following:

PI(X) =1-BelX) = Y m(Y) 9)

YAX=g

where X is the negation of a hypothesis X. PI(X) measures the maximal amount of probability that can be distributed among
the elements in X. It describes the total degree of belief related to X and constitutes an upper limit function on the probability
of X [17].

[Bel(X), PI(X)] is the posteriori confidence interval which expresses the uncertainty of X. When the ignorance to proposi-
tion X is decreased, the length of interval is diminished. The relationship between Bel(X) and PI(X) is illustrated in Fig. 1.

The ignorance to proposition X

Bel(X)

PI(X)

-

Fig. 1. Belief function and Plausibility function.
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2.5. Dempster’s combination rule

The D-S evidence theory can aggregate multiple sources of evidence through the combination rule. Dempster’s combina-
tion rule is expressed as follows. Given two basic probability assignment functions my(X) and m;(Y), the Dempster’s combi-
nation rule can be defined by

0, (=g

m(C) = (mi @ mj)(c) = EXmV:cvx.VQ@mf(X)Xmi(Y)
X)xmy(Y)’ C*o

(10)

I’Emy—z.vx Yc em’<

where m(C) denotes the BBA of c¢ that is supported by ith (jth) evidence.

3. Risk priority number model using D-S evidence theory

As briefly introduced above, D-S evidence theory employs the confidence interval to describe the uncertainty of hypoth-
esis and can deal with the incomplete, imprecise and uncertain information of a system. Moreover, the new aggregated belief
assignment can be attained through a combination of multiple sources of evidence using combination rule. Furthermore, ow-
ing to the flexibility of the basic axioms in evidence theory, no further assumptions are needed to quantitate the uncertain
information of the system [18]. In this section, the modified D-S evidence theory is used to deal with and model the differ-
ence and uncertainty of evaluation information received from multiple experts in FMIEA. The method aggregates evaluation
information of multiple experts about risk factors. The evaluation consequence of each expert with respect to each risk factor
of each failure mode is regarded as a new evidence body.

3.1. The structure to frame of discernment

There are three risk factors: occurrence (0), severity (S) and detection (D) included in the RPN. Because the three risk fac-
tors are independent of each other, three discernment frames are needed and denoted by ®,, ©®s and @p. In this paper,
according to Tables 1-3, the discernment frame:

6;=(1,2,3,4,5,6,7,8,9,10) i=0,5,D (11)

In FMEA, the traditional risk factor can only take one single value. Because of their different expertise and backgrounds,
different experts may give out different opinions for the same risk factor. There may be several values for one risk factor.
Suppose there are L experts in a TEMA group and N failure modes: (Eq, - - -, E;) and (Fy, ..., Fy). Consequently, every failure
mode has three discernment frames. ©} is used to express the discernment frame of the nth failure mode to the ith risk
factor,

0! =(1,2,3,4,5,6,7,8,9,10) i=0,5D; n=1.2,....N (12)

Obviously, the number of discernment frames is 3N. When the risk factors are analyzed by experts, there are rarely large
differences in the ranks of risk factor given by experts. Moreover, every rank of risk factor has the distinct selected criterion.
In order for simplification and engineering application, the discernment frames can be modified. In practice, the discernment
frame can be simplified to

or = (minX|Xg@?,minX|XgE,? 1, ~,maxX\Xg@?> (13)

where mmX\XCQ,. means the minimum of the rank of the nth failure mode to the ith risk factor in the evaluations of L ex-
perts. Similarly, max X lxc op» it means the maximum of the rank of the nth failure mode to the ith risk factor in the evalua-
tions of L experts. Moreover, the following can be attained

1< minX|yc g < MaxX|ycgn < 10 (14)

3.2. The modified belief function and combination rule

The basic belief assignment rating of a risk factor for a failure mode is assigned by different experts. Different experts may
make different decisions given the same risk factor according to their domain knowledge and backgrounds. Each expert
makes his/her own risk evaluation of the evidence based on his/her own criteria [14]. In order to differentiate the level
and professional background of experts, the weight of an expert should be considered. For the three risk factors and L ex-
perts, the weight can be expressed as the following matrix

@o1 -+ WoL

O=1wg . wsg (13)
Wp1 -+ WpL
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where wj; is the relative weight on the importance of jth expert to ith risk factor and is normalized, so that
0<wj<1 i=0,5D (16)
The larger wj; is, the higher the importance of the jth expert to ith risk factor is. If there is no sufficient reason or knowl-

edge to distinguish the diversity among the experts in their evaluation level, the weight of the experts should be equal.
Considering the weight, the new BBA is denoted as mj(-)

mi(C) = wi x mi(C) Cc O, C+# 6] (17)
myeh =1~ w;xmi(B) B 6 (18)
Bcoy

where i=0,S,D,j=1,2,..,L, L is the number of experts, n=1, 2, ..., N, N is the number of failure modes.
The new combination rule of D-S evidence theory can be transformed as

0, C=g

Ml (C) = (M@ ML)(C) = {  Loxr-coxycon rMGX)x (@ (V) Cx (19)
(om0 (X)) x (cog P (V)

1- mev—g vX,Y C 9;‘

Dempster’s combination rule can be generalized to more than two experts, as shown in Eq. (19). The final result repre-
sents the synthetic effects of all sources of evidence.
Mi =My eMp e aMy = (M eMp) @) & M) (20)

1.

3.3. Risk priority number

Using Eq. (19), the novel brief assignment function of three risk factors can be attained through fusing the risk evaluation
consequences of multiple experts. This new BBA can be regarded as a degree of belief in these ratings. Because BBA satisfies
the axiom of additivity, the belief degrees can be the probability of rating of the risk factors. The three risk factors can be
considered as discrete random variables. The RPN is a function of the discrete random variables. Consequently, the RPN is
a discrete random variable with several different ratings and the corresponding probabilities. Suppose RPN has several rat-
ings (RPN}, ..., RPNﬁ) with respective probabilities (P(RPNL), ... 7P(RPN2)) for nth failure mode through Eq. (19) using ran-
dom theory. In order to compare the overall risk of each failure mode, the mean value of RPN is needed, which can be defined
as following:

MVRPN, = E(RPN,) = " (RPNY) - P(RPN?) (21)
q

4. Application analysis of the proposed approach to the rotor blades of an aircraft turbine

In this section, the proposed method is used on an FMEA case of rotor blades for an aircraft turbine. These rotor blades
include two different subsystems: the compressor rotor blades and the turbo rotor blades. The different failure modes which
could result in an accident with undesired consequences of each of the subsystems are investigated. The major failure mode
of the turbo rotor blades is fracture and can be caused by different factors, including high-cycle intrigue, low-cycle intrigue
and creep-fatigue interaction. There are nine potential failure modes in the FMEA of the turbo rotor blades. The eight failure
modes are considered in the FMEA of the compressor rotor blades. The effects of each failure mode on the system are studied.
For each of the failure modes, the system is investigated for any alarms of conditions monitoring arrangement according to
the practical engineering background. There are 17 failure modes in total which were recognized and are delineated together
with their effects and alarms on the system in Table 4.

In the FMEA of rotor blades of the aircraft turbine, there are three experts, each gives a different risk evaluation. Each
expert evaluates the failure modes and identifies the rating information of the three risk factors. Table 5 expresses the eval-
uation consequences of the three experts on the 17 failure modes with respect to the three major risk factors.

In this application, suppose the weight of expert is equal, and w; is equal to 1. The detailed computing of the first failure
mode can be expressed as follows.

According to Section 3, the discernment frames can be constructed respectively: @} = (3,4), @i = (7), @} = (2). For the
risk factors: O, the modified brief function can be attained using Eq. (17): m},(3) = 0.4,m},(4) = 0.6; m},(3) = 0.9,
mb,(4) = 0.1; m};(3) = 0.8, m};(4) = 0.2. Secondly, the combined brief function can be obtained using Eq. (19) between Ex-
pert 1 and Expert 2:

wa:avxyg@},m(ln (X) x ﬁl},z(Y) _ 04x0.9
1- ZXmV:g.vx.VQ@})mgn (X) x m(Y)  1-(0.4x0.1+0.6x09)

mp 15(3) = My, (X) © My, (Y) = —0.857
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Table 4
FMEA for the rotor blades of an aircraft turbine [23].
Item Component Failure mode Major reason to the failure Failure effect Alarm
1 Compressor  Deformation Low yield strength caused by the improper material and heat Replace blade Yes
rotor blades treatment technology, low blade strength caused by over-
temperature, high centrifugal stress caused by engine overspeed
2 Compressor  Crack The thermal fatigue, corrosion pit and blade wound by foreign Replace blade Yes
rotor blades objects, improper material
3 Compressor  Fracture The improper material, crack, corrosion, low intensity caused by = Damage the engine, No
rotor blades improper heat treatment, high local stress endanger the flight
safety
4 Compressor  Corrosion The oxygen and impurities in high-temperature gas, imperfect Replace blade Yes
rotor blades surface of blade,
5 Compressor  Blade tip wear The improper material, low intensity caused by improper heat Replace blade and Yes
rotor blades treatment, horizontal high-frequency alternating load, vertical engine casing
low-frequency centrifugal load,
6 Compressor  Deflection The low blade strength caused by over-temperature, high Replace blade Yes
rotor blades centrifugal stress caused by engine overspeed
7 Compressor  Guideway crack The improper material, the thermal tress and centrifugal stress, Replace blade No
rotor blades
8 Compressor  Injured by foreign objects  Foreign objects of Inhalation of inlet channel Replace blade No
rotor blades
9 Turbo rotor  High-cycle intrigue The torsional resonance caused by design and technology factors  Broke the engine, No
blades fracture endanger the flight
safety
10 Turbo rotor  Low-cycle intrigue Low intensity caused by improper heat treatment Damage the engine, No
blades fracture endanger the flight
safety
11 Turbo rotor  Intergranular fracture The blades is over-heating because the engine is over-temperature Damage the engine, No
blades caused by unreasonable use endanger the flight
safety
12 Turbo rotor  Creep-fatigue fracture The failure resistance is reduced because recrystallization of local Damage the engine, No
blades part of blades occurs and additional stress increases caused by endanger the flight
assembly safety
13 Turbo rotor  Fatigue-creep fracture The surface coating is desquamated by the thermal tress and Replace blade No
blades centrifugal stress
14 Turbo rotor ~ The fracture of The reason is poorly design, high local stress, the large gap of blade Damage the engine, No
blades combining high cycleand crown and high vibration stress endanger the flight
low cycle fatigue safety
15 Turbo rotor ~ Crack High thermal stress, the thermal fatigue, corrosion pit and blade  Replace blade Yes
blades wound by foreign objects and
16 Turbo rotor  Corrosion The oxygen and impurities in high-temperature gas, the loss of Replace blade Yes
blades corrosion resistant materials
17 Turbo rotor  Deformation Low yield strength caused by the improper material and heat Replace blade Yes
blades treatment technology, low blade strength caused by over-

temperature, high centrifugal stress caused by engine overspeed

D oXAv-avXy col m(])l (X) x ngz (Y)

0.6 x 0.1

ml.,(4)=ml (X)eml,(Y) = — - = =0.143
o12(4) (%) @ Mgz (¥) 1- an\/:g.\fx.vg@}]m}n (X) xmpy(Y) 1-(04x0.1+0.6x0.9)
Then, the final consequence can be attained through fusing Expert 3 using Eq. (19)
D xev— 1114,15(X) x M3 (Y) . .
mo(3) = mblz(x) & ﬁléB(Y) _ xny=3vx,yce}Mo12 03 0.857 x 0.8 — 0,960

1= S ivvcoyMbnX) x Mby(Y) 1 (0857 x02+0.143 % 03)

meyz4,vx.yg@})m}),1z(x) X Iﬁ}B(Y) 0.20 x 0.143

_ - —0.040
TS svrcoyMbnX) x M(Y)  1-(0.857x02+0.143x03)

Mo (4) = Mp;5(X) & Moy (Y)

Consequently, the discrete random variable: O(3, 4) and the respective probability (0.960, 0.040) can be attained. It is the
same to S, D, S(7, 100%) and O(2, 100%). Because S and D have only one value each respectively and the corresponding prob-
ability is equal to 1, S and D can be regarded as constant variables. According to random theory, the mean value of RPN can be
attained using Eq. (21) as:
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Table 5
Evaluation information on 17 failure modes by three experts.
Item Rating of risk factor
Expert 1 Expert 2 Expert 3
(o] S D (0] S D (o] S D
1 3:40% 7 2 3:90% 7 2 3:80% 7 2
4:60% 4:10% 4:20%
2 2 8 4 2 8:70% 4 2 8 4
9:30%
3 1 10 3 1 10 3 1 10 3
4 1 6:80% 3 1 6 3:70% 1 6 3
7:20% 2:30%
5 1 3 2:50% 1 3 1:70% 1 3:60% 1
1:50% 2:30% 2:40%
6 2 6 5 2 6 5 2 6 5
7 1 7 3 1 7 3 1 7 3
8 3 5:60% 1 3 5:80% 1 3 5:80% 1
6:40% 6:20% 7:20%
9 2:90% 10:60% 4 2:75% 10:90% 4 2:80% 10:90% 4
1:10% 9:40% 1:25% 9:10% 1:20% 9:10%
10 1 10 6 1 10 6 1 10 6
11 1 10 5 1 10 5 1 10 5
12 1 10 6:60% 1 10 5:80% 1 10 6:70%
5:40% 4:20% 5:30%
13 1 10 5:80% 1 10 5 1 10 5
4:20%
14 1 10 6 1 10 6:80% 1 10 6
7:20%
15 2 7:95% 3 2 7 3 2 7 3:70%
6:5% 4:30%
16 2:90% 4 3 2:75% 4 3 2:80% 4 3:80%
1:10% 1:25% 1:20% 2:20%
17 2 5:90% 3 2 5:90% 3 2 5:60% 3
6:10% 6:10% 6:40%
Table 6
The mean value of risk priority number of 17 failure modes.
Component Compressor rotor blades Turbo rotor blades
Failure mode 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
MVRPN 42.56 64 30 18 417 60 21 15 78.92 60 50 50 60 60 42 23.88 50.90
2
MVRPN; = E(RPN) = > (RPN{) - P(RPN{) =3 x 0.960 x 7 x 2 +4 x 0.040 x 7 x 2 = 42.56
q=1

Similar to other failure modes, the mean value of the RPN can be attained and expressed in Table 6.

As clearly shown in Table 6, Failure mode 2 has the largest RPN in the failure modes of compressor rotor blades, followed
by failure modes 6, 1, 3, 7, 4, 8 and 5. Failure mode 5 is apparently the least overall risk. The same is seen for turbo rotor
blades. Failure mode 9 has the largest RPN in the failure modes of compressor rotor blades, followed by failure mode 10,
13,14,17,11, 12, 15 and 16. Failure mode 16 is apparently the least overall risk. When the RPN among the different failure
modes is the same, these failure modes should be given the same risk attention. For example, failure mode 10, 13, 14, each
have the same RPN equal to 60. Since the design of the aircraft turbine rotor blades has historical data, the risk ranking
consequence of failure mode is compared with historical data. The results are consistent with the practical engineering
background and demonstrate that the proposed method is rational and efficient.

5. Conclusions

In this paper, D-S evidence theory is adopted to aggregate the risk evaluation information of multiple experts, which may
be inconsistent, imprecise and uncertain. A modified evidence theory is proposed for dealing with different opinions of mul-
tiple experts, multiple failure modes and three risk factors in RPN analysis of FMEA of aircraft turbine rotor blades. In this
method, simplified discernment frames are provided according to our practical engineering application. Meanwhile, the
fused three risk factors are regarded as the discrete random variables. Consequently, the RPN is a function of the discrete
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random variable. The mean value of RPN is used for the risk priority ranking of failure modes. The proposed method is dem-
onstrated by an application of risk priority ranking of failure modes in FMEA of aircraft turbine rotor blades. The different
evaluation information of three experts about eight failure modes is aggregated. The mean value of RPN is attained. The risk
ranking of the failure modes are consistent with the practical engineering background.
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