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Abstract

In power production, gas turbines are commonly used components that generate high amount of energy depending on size and
weight. They function as integral parts of helicopters, aircrafts, trains, ships, electrical generators, and tanks. Notably, many
researchers are focusing on the design, operation, and maintenance of gas turbines. The focal point of this paper is a DEMATEL
approach based on fuzzy sets, with the attempt to use these fuzzy sets explicitly. Using this approach, the cause—effect diagram of
gas turbine failures expressed in the literature is generated and aimed to create a perspective for operators. The results of the study
show that, “connecting shaft has been broken between turbine and gear box™ selected the most important cause factor and
“sufficient pressure fuel does not come for fuel pump” is selected the most important effect factor, according to the experts.

Keywords DEMATEL method - Fuzzy sets - Marine engineering - Gas turbine - Failure

1 Introduction

The gas turbine is defined as a type of internal combustion
engine that ensures the conversion of natural gas or other
liquid fuels into mechanical energy. The gas turbine allows a
mixture of air and fuel to reach an extremely high temperature,
triggering the turbine blades to rotate. A generator is powered
by the rotating turbine for the conversion of energy into elec-
tricity. Put differently, hot gases are given off from burning of
the air—fuel mixture in gas turbines, which causes power gen-
eration. The generated power is used in different areas.
Researchers argue about gas turbine technology and enhanced
maintenance practices.
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The fundamentals of turbine engine multiple-fault diagno-
sis were examined by Urban (1975), discussing the parameter
selection and measurement requirements of gas turbine
engines. Merrington et al. (1990) applied analytical redundan-
cy methods to gas turbine engine transient data to extract the
desired fault information. They stated that the proposed meth-
od produces better results compared with traditional methods.
Stamatis et al. (1990) introduced a new method in relation to
the simulation of gas turbine performance, with the possibility
of adapting to engine properties. The efficiency of the pro-
posed method was proven by an industrial gas turbine appli-
cation. Diakunchak (1992) analyzed the most significant fac-
tors that affect the industrial gas turbine engine performance
deterioration. He proposed preventive measures against the
detection and monitoring of performance deterioration.
Simani et al. (1998) established neural network detection
faults, which were modeled by step functions in control sen-
sors. Brotherton et al. (2000) proposed an alternative solution
about automatic detection, classification, and prediction of
potential critical component failures in gas turbine engines.
Roemer et al. established a real-time monitoring system for
gas turbine engines to detect and estimate engine faults. They
sought for reduced operation and maintenance costs of critical
engine components (Roemer and Kacprzynski 2000). Zedda
and Singh (2002) suggested a diagnostic system for the per-
formance analysis of gas turbine engine components and sen-
sors. They used the genetic algorithm in the nonlinear steady-
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state performance model of engines. Orsagh et al. (2003) un-
derstood that diagnostic systems for gas turbine engine com-
ponents play a critical role in the enhancement of aircraft
engine reliability and maintainability. They suggested
diagnostic algorithms for predicting and detecting bearing
and gear failures. Simani (2005) introduced a model-based
procedure for finding and isolating faults of a gas turbine
system. He investigated his proposed method using a single-
shaft industrial gas turbine model. Lu et al. (2014) advanced
an integrated approach based on a nonlinear on-board model
for gas turbine engine-sensor fault diagnostics. Tayarani-
Bathaie et al. worked on the neural network-based fault detec-
tion and isolation of gas turbine engines. They displayed the
advantages, capabilities, and performance of their proposed
fault diagnosis scheme (Tayarani-Bathaie et al. 2014). Perera
et al. (2015) investigated the process failures in gas turbine
engines on offshore platforms. They utilized maximum likeli-
hood estimation to calculate the model parameters and sum-
marized the system behavior under failure intensity.

In this context, this paper discusses the gas turbine failures
expressed in the literature using the fuzzy DEMATEL ap-
proach from a cause—effect perspective. The paper is orga-
nized as follows to fulfill this purpose. Section 2 presents the
research methodology of the proposed approach and literature
review. The application and findings are explained in the third
section. The final part summarizes the conclusion and contri-
butions of this study.

2 Fuzzy DEMATEL Approach

In this section, the theoretical background of the proposed
approach is given first. Then, the application stages of this
approach to a problem are provided in detail.

2.1 Fuzzy Sets

Introduced in 1965 by Zadeh (1965), fuzzy logic is a
robust tool that deals with the vagueness, ambiguity, and
uncertainty of human judgment and assessment during the
decision-making process. In reality, decision-making
problems are imprecise, such that goals, constraints, and
possible actions are hardly known (Zadeh 1965). Rather
than the combination of numerous experiences, opinions,
ideas, and motivations of an individual or group decision
maker, we should convert the linguistic terms into fuzzy
numbers, of which fuzzy numbers in practice have neces-
sarily aroused problems in group decision-making. A tri-
angular fuzzy number is interpreted as a triplet A =(/, m,
u), in which I, m, and u are the lower, medium, and upper
numbers of the fuzzy, respectively, which can be defined
as crisp and real numbers (x<y<gz). Figure 1 shows tri-
angular fuzzy number obtained within this scope. The
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Figure 1 Triangular fuzzy numbers

membership function of a triangular fuzzy number is de-
scribed as below:

0 x <1
) =)/ (m=1) I<x<m
= () rm) s (1)

Figure 1 shows the lower, medium, and upper values for
the membership function of triangular fuzzy numbers. For
any two triangular fuzzy numbers Xl = (l, ,my ,u;) and Zg
= (I, ,my ,uy), the mathematical calculation can be defined
as follows:

The addition operation between the triangular fuzzy num-
bers is as follows:

A+ Ay = (I + byymy + my,uy + uy) (2)

The subtraction operation between the triangular fuzzy
numbers is given by the following:

A=Ay = (Li—uy, my—my, u1—15) (3)

The multiplication operation between the triangular fuzzy
numbers is as follows:

Xl XZZ = (lelz, mixmp, ulxuz) (4)
The arithmetic operation for the triangular fuzzy numbers,

where k is a constant and positive, is computed using the
following equations:

kA = (kxly, kemy, ko ), (k> 0) (5)
Z] . Iy my wy
Vi (%’7’7)’(]{ >0) (6)
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2.2 Fuzzy DEMATEL

The DEMATEL method was suggested at the Battelle
Memorial Institute of Geneva Research Center as a tool en-
abling the understanding and resolution of real-world prob-
lems (Gabus and Fontela 1972; Gul et al. 2014; Golciik and
Baykasoglu 2016). This method seeks to reveal the direct and
indirect relation between criteria, causal, and effect dimen-
sions. Nevertheless, a common assumption indicates that hu-
man perceptions (linguistic assessments) on decision criteria
are evaluated on a subjective basis. Human perception can be
uncertain, and human(s) may be unwilling or cannot deter-
mine the exact numerical values to depict the preferences in
many real-world cases (Lin 2013; Celik et al. 2015; Celik and
Akyuz 2016). Although it a useful technique to evaluate prob-
lems and make decisions, fuzzy logic reveals the linguistic
assessment in a rational manner (Onat and Celik 2017,
Soner et al. 2017). Fuzzy logic, a robust tool, overcomes the
vagueness, ambiguity, and uncertainty of human perception
and assessment in the decision-making process, as suggested
in 1965 by Lotfi A. Zadeh. Various decision-making prob-
lems include imprecision given that goals, constraints, and
possible actions are unknown in real-world decision-making
problems (Zadeh 1965). Therefore, the conversion of linguis-
tic terms into fuzzy numbers in decision-making problems is
preferred (Gul et al. 2016). The relationship between the
causes and effects of criteria in an intelligible structural model
of the system can be converted by the FDEMATEL method,
which has been successfully implemented in many fields
(Golciik and Baykasoglu 2016). The FDEMATEL method
has gained popularity because of its specifically realistic fea-
ture while visualizing the structure of complicated causal re-
lationships with digraphs (Akyuz and Celik 2015). Table 1
describes the equivalent relationship between the linguistic
terms and triangular fuzzy numbers.

The main steps of the method are as below (Hsu et al. 2007,
Wu and Lee 2007; Liou et al. 2008):

Step 1. Selecting a number of experts who are knowledge-
able and experienced about the problem to obtain
consistent judgments.

Table1 Corresponding relationship between linguistic terms and fuzzy

numbers

Linguistic terms Triangular fuzzy numbers

No influence (No) 0, 0, 0.25)
Very low influence (VL) 0, 0.25, 0.5)
Low influence (L) (0,25, 0.5, 0.75)
High influence (H) (0.5,0.75, 1)
Very high influence (VH) 0.75,1, 1)

Step 2. Determining error, constructing the fuzzy scale, and
applying a linguistic variable with five scales (No,
VL, L, H, and VH) with respect to the linguistic
terms and triangular fuzzy numbers.

Obtaining evaluation of each decision maker from
the groups: The pairwise comparison is performed
with regard to linguistics variables. The transforma-
tion of fuzzy assessments into defuzzified and ag-

gregated crisp values is required. Finally, the con-

Step 3.

struction of initial direct-relation fuzzy matrix (E)of
group decision makers is completed. Variable ¢; is
the fuzzy evaluation of the ith failure to jth failure
and can be signified by e;= (l,j, mgj, u,j) Here, 1,
my;, and u; represent the lower, middle, and upper
values of the fuzzy numbers, respectively.

0 Eln
oo (7)
Ey 0

& = (L, my, u;) (8)

Step 4. Calculating the normalized direct-relation fuzzy ma-
trix. When the construction of the initial direct-

relation matrix is achieved, normalization is imple-

mented. Variables Bi and y are first considered tri-
angular fuzzy numbers to achieve this goal. The re-
spective calculations are presented below:

B =Ye; = (i L, i mjj, i uij) 9)
=1 Jj=1 Jj=1

'y:max<i uy> (10)
=t

Subsequently, the linear scale transformation is performed
to convert errors into comparable scales. The normalized
direct-relation fuzzy matrix (F ) of group decision makers
can be indicated as follows:

~ ;‘ 11 e ﬁ 1
= : - " (11)
Fu ... Fu
F a (au
where fij—vf—(,yf, 3 7’)
Step 5. Calculating total-relation fuzzy matrix. Subsequent

to establishing the normalized direct-relation fuzzy
matrix, a total-relation fuzzy matrix is calculated by
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ensuring lim F“=0. Then, the crisp case of the
w—0
total-relation fuzzy matrix is obtained as follows.
~ ~ ~2 ~w
T:lim(F+F +...+F) (12)
~ 711 oo 7111
T = : . : (13)
Ainl v 7nn
where 7; = (l;,m;,u;)
. " -1
Matrix m = Fx (I-F) (14)
. " o - -1
Matrix {mj} = F, x (I-F,) (15)
. " -1
Matrix [uj} — F,x(I-F,) (16)
Step 6. Analyzing the structural model. First, matrix T is

calculated. Then, 7; 4+¢; and 7;—¢; are obtained. In
the formula, 7; and ¢; are substituted for the sum of

the rows and columns of matrix T, respectively. The
expression 7; + ¢; stands for the importance of factor
i, whereas 7,—¢; points out the net effect of factor i.

Defuzzifying 7; +¢; and 7,—¢;. The expressions
¥i+¢; + and 7;—¢; are defuzzified by using the
center of area defuzzification technique introduced
by Ross to determine the best non-fuzzy perfor-
mance value (Ross 1995). For a convex fuzzy num-

Step 7.

ber 6, a real number z* corresponding to its center
of area can be calculated as below (Gumus et al.
2013):

) /J»;(z)zdz
- ) /J»;(z)dz

*

Z

(17)

The best non-fuzzy performance (BNP) value of a
fuzzy number G = (I; ,my ,u;) can be found with fol-

lowing formula:

BNP; = 3 + 1 (18)

Step 8. Depicting the cause—effect relation diagram. In the final
step, the cause-and-effect relation diagram is highlight-
ed by mapping the dataset of ;+¢; and 7, —c;
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3 Application of the Proposed Approach

Used in shore, off shore, air and watercrafts, and power plants,
gas turbine systems are internal combustion engines that need
high-quality material, manufacturing sensitivity, and qualified
labor. Within this respect, gas turbines are supposed to operate
efficiently. Thus, minimization of failures, which adversely
influences the gas turbine system over time, is vital. These
failures have to be transferred to the production cycle of the
gas turbine. This condition can contribute to the manufac-
turers during the process of production in gas turbines.

In this paper, the failures that affect gas turbine systems are
examined and evaluated through an academic point of view,
focusing on the way in which these failures are distributed and
affected by gas turbine components in combination with the
experiences of experts and literature review. In this way, it is
tried to create and develop a certain view for the gas turbine in
the ship engine industry.

In the evaluation, the main dimensions of the criteria have
been verified as a consequence of a comprehensive research
and consultation by three experts, including a professor of
Naval Architecture and Marine Engineering. The experts have
attempted to rank the criteria dimensions in terms of their
accuracy, sufficiency, and significance with a view to validat-
ing the content of these criteria for gas turbine failure evalua-
tion. Failures in gas turbines have stemmed from former re-
ports, maintenance logbooks, and acquired data, which have
been combined with the personnel’s experiences. This study
presents gas turbine components, considering the various re-
alistic events. Table 2 lists the failures considered in this study
(Balin et al. 20164, b).

Table 3 describes the linguistic assessment of the three
marine experts’ decisions. For instance, in comparison with
C12, C11 is regarded as low (L), low (L), and high (H) by
three experts. (Table 3; row 1 and column 2). All evaluations
in terms of critical factors are assessed in the same manner in
Table 3. Then, the initial direct-fuzzy matrix is constructed by
dint of linguistic variables presented in Table 1. Table 4 dem-
onstrates the aggregated fuzzy initial direct matrix. The aggre-
gation of the row 1 (Cl) and column 2 (C2) is acquired
through the following step:

(0.25,0.5,0.75) + (0.25,0.5,0.75) + (0.5,0.75, 1)
3

eclrc =

(1,1.75,2.5)

3 = (0.33,0.58,0.83)

ecic2 =

The normalized matrix is constructed as follows:

(0.33,0.58,0.83)
" 10.50
ﬂc]}cz == (003, 006, 008)

Beier =



H. Demirel: A DEMATEL Approach Based on Fuzzy Sets for Evaluating Critical Factors of Gas Turbine in Marine Engineering

489

Table 2 List of critical factors
Symbol

Critical factors

Cl1
Cl12
C13
C21
C22
C23
C31
C32
C33
C41
C42
C43
Csl
Cs2

Electronic speed regulator failure

Starter motor coupling failure

Connecting shaft has been broken between turbine and gear box
Sufficient pressure fuel does not come for fuel pump
The oil pressure switch failure

The fuel solenoid valve failure

Blocked the outlet of air pressure regulator

Load control valve failure

Pressure regulator filter clogged

Temperature control unit failure

Problems in automatic control air supply lines

Fuel atomizer filter clogged

Eccentricity of shafts

Low oiling pressure

After obtaining the normalized matrix, the total-relation
matrix for C1 and C2 is obtained using Eqgs. (12)—(16) and
calculated as follows:

tc1.ca = (0.03,0.09,0.34)
Then, the fuzzy values of 7¢1; is calculated as follows:
7e1n = (0.31,1.02,4.5)

After obtaining all values of 7;, ¢;, 7; 4+ ¢;, and 7;—¢;, the
defuzzification procedure is applied. For example, the
defuzzified value of 7; for C11 is calculated as follows:

_ (450-0.31+1.02-0.31)

rcir = 3 +0.31=1.94

All calculations are implemented in the same manner.

Similarly, all calculations are performed to gain the initial
direct-fuzzy matrix. Following the initial direct-fuzzy matrix,
the normalized direct-relation fuzzy matrix is calculated by
using Egs. (3)—(5). Table 5 shows the normalized initial
direct-relation fuzzy matrix. Next, the total-relation fuzzy ma-
trix is calculated by using Egs. (6)—(10), which are given in
Table 6. The fuzzy values of 7;, ¢c;,7; +¢;,and 7;—¢c; are
calculated (Table 7). Afterward, the defuzzification process

Table 3  Linguistic evaluation of the three marine experts

Criteria Cl11 C12 C13 C41 C42 C43 Cs1 C52

C11 (No, No,No) (L,L,H) (No,No,No)  (VL,VL,VL) (VL,VL,VL) (VL,VL,VL) (L,L,L) (No, No, No)
C12 (H, VH, VH) (No,No,No) (VL,VL,VL) (VL,L,L) (L,L,L) (VL, VL, VL) (No,No,No) (VL,VL,L)
C13 (VL, VL, VL) (VL,VL,VL) (No,No,No) (VL,VL,L) (VL,VL, VL) (L,L,L) (VH, VH, VH) (VL,L, VL)
C21 (VL,L,L) L,L, L) (No,No,No)  (VL,L,L) (H, H, H) (VH, VH, VH) (No,No,No)  (VL, VL, VL)
C22 (VL, VL, VL) (VL,VL,VL) (No,No,No) (VL,VL,VL) (VL,VL,VL) (H, H, H) (No,No,No)  (VH, VH, VH)
c23 (L,L, L) (L, L, H) (No,No, VL)  (L,L,L) (L,L, L) (VH, VH, VH) (No, VL, VL)  (H, H, H)
C31 (VL, VL, VL) (L,L,L) (No, No, No) (VL, VL, VL) (VH,VH, VH) (H, H, H) (No, No, No) (VL, VL, L)
C32 (VL,L,L) (VL, VL, VL) (No, VL, VL) (L,L,L) (VL, VL, L) (L,L,L) (No, No, VL) (L,L,L)

C33 (L, H, H) (VL, VL, VL) (No,No,No)  (VL,VL, VL) (H,H, H) (L, L, H) (No,No,No)  (VL, VL, VL)
c41 (VL, VL, VL) (VL, L, H) (No, VL, VL)  (No,No,No) (VL,VL,VL) (L,L,L) (No,No,No) (L, VL, VL)
c42 (L,L, L) (VL, VL, VL) (No,No,No)  (VL, VL, VL) (No,No,No)  (H, H, H) (No,No,No)  (VL, VL, VL)
C43 (VL, VL, VL) (VL,L,L) (No,No, VL)  (VL, VL, L) (L, VL,L) (No,No,No)  (No,No,No) (L,L,L)

C51 (VL, VL, VL) (VL,VL,VL) (VH,VH,VH) (VL,VL,VL) (No,No,VL) (No,No, VL) (No,No,No)  (No, No, No)
C52 (L, H, H) (VL, VL, VL) (L,L, VL) (VL, VL, VL) (VL,VL,VL) (L,L,L) (No, No,No)  (No, No, No)
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Table 4 Fuzzy direct influence matrix

Criteria Cl11 C12 C13 C41 C42 C43 Cs1 C52

Cl1 (0, 0, 0.25) (0.33,0.58,0.83) (0, 0, 0.25) (0, 0.25, 0.5) (0,0.25, 0.5) (0, 0.25, 0.5) (0.25,0.5,0.75) (0, 0, 0.25)

Cl2 (0.67,0.92, 1) (0, 0, 0.25) (0,0.25, 0.5) (0.17,0.42,0.67) (0.25,0.5,0.75) (0, 0.25,0.5) (0,0, 0.25) (0.08, 0.33, 0.58)
C13 (0,0.25, 0.5) (0, 0.25, 0.5) (0, 0, 0.25) (0.08, 0.33,0.58) (0, 0.25, 0.5) (0.25,0.5,0.75) (0.75, 1, 1) (0.08, 0.33, 0.58)
C21 (0.17,0.42,0.67) (0.25,0.5,0.75) (0,0, 0.25) (0.17,0.42,0.67) (0.5,0.75, 1) 0.75,1, 1) (0,0, 0.25) (0,0.25, 0.5)
C22 (0,0.25,0.5) (0, 0.25, 0.5) (0, 0, 0.25) (0, 0.25, 0.5) (0,0.25, 0.5) (0.5,0.75, 1) (0,0, 0.25) 0.75,1, 1)

C23 (0.25,0.5,0.75) (0.33,0.58,0.83) (0, 0.08, 0.33) (0.25,0.5,0.75) (0.25,0.5,0.75) (0.75,1, 1) (0,0.17,0.42) (0.5,0.75, 1)
C31 (0, 0.25,0.5) (0.25, 0.5,0.75) (0, 0, 0.25) (0, 0.25, 0.5) 0.75,1, 1) 0.5,0.75, 1) (0,0, 0.25) (0.08, 0.33, 0.58)
C32 (0.17,0.42,0.67) (0, 0.25, 0.5) (0,0.17, 0.42) (0.25, 0.5, 0.75)  (0.08,0.33,0.58) (0.25,0.5,0.75) (0,0.08,0.33) (0.25,0.5,0.75)
C33 (0.42,0.67,0.92) (0, 0.25,0.5) (0,0, 0.25) (0, 0.25, 0.5) (05,075, 1) (0.33,0.58,0.83) (0,0, 0.25) (0,0.25,0.5)
C41 (0, 0.25, 0.5) (0.25, 0.5,0.75) (0, 0.17, 0.42) (0, 0, 0.25) (0,0.25, 0.5) (0.25, 0.5, 0.75) (0, 0, 0.25) (0.08, 0.33, 0.58)
C42  (0.25,05,0.75) (0,0.25,0.5) (0,0, 0.25) (0, 0.25, 0.5) (0,0, 0.25) (0.5,0.75, 1) (0,0, 0.25) (0,0.25, 0.5)
C43 (0, 0.25, 0.5) (0.17,0.42,0.67) (0, 0.08, 0.33) (0.08, 0.33,0.58) (0.17,0.42,0.67) (0,0, 0.25) (0,0, 0.25) (0.25, 0.5, 0.75)
C51 (0, 0.25, 0.5) (0, 0.25, 0.5) (0.75, 1, 1) (0, 0.25, 0.5) (0, 0.08, 0.33) (0, 0.08, 0.33) (0, 0,0.25) (0, 0,0.25)

C52 (0.42,0.67,0.92) (0, 0.25, 0.5) (0.17,0.42,0.67) (0, 0.25, 0.5) (0,0.25, 0.5) (0.25, 0.5, 0.75) (0, 0, 0.25) (0,0, 0.25)
Table 5 Normalized initial direct-relation fuzzy matrix

C11 C12 C13 C41 C42 C43 Cs1 C52

(0, 0, 0.02) (0.03,0.06, 0.08) (0, 0, 0.02) 0,0.02,0.05)  (0,0.02,0.05)  (0,0.02,0.05)  (0.02,0.05,0.07) (0,0,0.02)
(0.06, 0.09,0.1) (0,0, 0.02) (0,0.02,0.05)  (0.02,0.04,0.06) (0.02,0.05,0.07) (0,0.02,0.05) (0,0,0.02) (0.01, 0.03, 0.06)
0,0.02,0.05)  (0,0.02,0.05)  (0,0,0.02) (0.01,0.03,0.06) (0,0.02,0.05)  (0.02,0.05,0.07) (0.07,0.1,0.1) (0.01,0.03,0.06)
(0.02,0.04, 0.06) (0.02,0.05,0.07) (0, 0,0.02) (0.02,0.04,0.06) (0.05,0.07,0.1) (0.07,0.1,0.1) (0,0, 0.02) (0, 0.02, 0.05)
(0,0.02,0.05)  (0,0.02,0.05)  (0,0,0.02) (0,0.02,0.05)  (0,0.02,0.05)  (0.05,0.07,0.1) (0,0, 0.02) (0.07, 0.1, 0.1)
(0.02,0.05,0.07) (0.03,0.06,0.08) (0,0.01,0.03)  (0.02,0.05,0.07) (0.02,0.05,0.07) (0.07,0.1,0.1) (0,0.02,0.04)  (0.05,0.07,0.1)
(0,0.02,0.05)  (0.02,0.05,0.07) (0,0,0.02) 0,0.02,0.05)  (0.07,0.1,0.1) (0.05,0.07,0.1) (0,0, 0.02) (0.01, 0.03, 0.06)
(0.02,0.04,0.06) (0,0.02,0.05)  (0,0.02,0.04)  (0.02,0.05,0.07) (0.01,0.03,0.06) (0.02,0.05,0.07) (0,0.01,0.03)  (0.02,0.05,0.07)
(0.04, 0.06, 0.09) (0,0.02,0.05)  (0,0,0.02) 0,0.02,0.05)  (0.05,0.07,0.1) (0.03,0.06,0.08) (0,0,0.02) (0, 0.02, 0.05)
0,0.02,0.05)  (0.02,0.05,0.07) (0,0.02,0.04) (0,0,0.02) 0,0.02,0.05)  (0.02,0.05,0.07) (0,0,0.02) (0.01, 0.03, 0.06)
(0.02,0.05,0.07) (0,0.02,0.05)  (0,0,0.02) (0,0.02,0.05)  (0,0,0.02) (0.05,0.07,0.1) (0,0, 0.02) (0, 0.02, 0.05)
(0,0.02,0.05)  (0.02,0.04,0.06) (0,0.01,0.03)  (0.01,0.03,0.06) (0.02,0.04,0.06) (0,0, 0.02) (0, 0, 0.02) (0.02,0.05,0.07)
(0,0.02,0.05)  (0,0.02,0.05  (0.07,0.1,0.1) (0,0.02,0.05)  (0,0.01,0.03)  (0,0.01,0.03) (0,0, 0.02) (0, 0, 0.02)
(0.04, 0.06, 0.09) (0,0.02,0.05)  (0.02,0.04,0.06) (0,0.02,0.05) (0,0.02,0.05) (0.02,0.05,0.07) (0,0,0.02) (0, 0, 0.02)
Table 6 Total-relation fuzzy matrix

Criteria Cl11 C12 C13 C41 C42 C43 C51 C52

Cll1 (0.01, 0.04, 0.3)  (0.03,0.09,0.34) (0,0.01,0.18) (0, 0.05, 0.29) (0.01,0.07,0.33) (0.01,0.08,0.37) (0.02,0.05,0.21) (0, 0.04, 0.28)
Cl2 (0.07,0.13,0.39)  (0.01,0.04,0.31) (0, 0.03,0.22) (0.02,0.07,0.32) (0.03, 0.1, 0.38) (0.01, 0.09, 0.4) (0, 0.01, 0.18) (0.01,0.07,0.33)
C13 (0, 0.07, 0.34) (0, 0.06, 0.33) (0.01, 0.02,0.2) (0.01,0.06,0.31) (0.01,0.07,0.35) (0.03,0.1,0.42) (0.07,0.1,0.25) (0.01,0.07,0.33)
C21 (0.02, 0.09, 0.37) (0.03,0.09,0.36) (0,0.01,0.19) (0.02,0.07,0.33) (0.06,0.12,0.41) (0.08,0.16,0.45) (0, 0.01, 0.18) (0.01,0.07,0.33)
C22 (0.01, 0.07, 0.36) (0.01,0.07,0.34) (0,0.01,0.2) (0, 0.06, 0.31) (0.01,0.08,0.36) (0.06,0.14,0.46) (0, 0.01, 0.18) (0.08,0.14,0.38)
C23 (0.03, 0.09, 0.37) (0.04,0.1,0.36) (0,0.02,0.2) (0.03,0.08,0.33) (0.03,0.1,0.38) (0.08,0.16,0.45) (0, 0.02, 0.2) (0.05,0.11,0.37)
C31 (0.01, 0.07, 0.34) (0.03,0.08,0.34) (0,0.01, 0.18) (0, 0.06, 0.3) (0.08,0.14,0.39) (0.06,0.13,0.43) (0, 0.01, 0.17) (0.01,0.07,0.32)
C32 (0.02, 0.08, 0.35) (0, 0.06, 0.32) (0,0.03,0.2) (0.03,0.08,0.32) (0.02,0.08,0.35) (0.03,0.1,0.41) (0, 0.02,0.18) (0.03,0.08,0.34)
C33 (0.04, 0.1, 0.38)  (0.01,0.06,0.33) (0,0.01,0.19) (0, 0.06, 0.31) (0.06, 0.12, 0.4) (0.04,0.11,0.43) (0, 0.01, 0.18) (0, 0.06, 0.32)
C41 (0.01, 0.06, 0.33) (0.03,0.08,0.33) (0,0.02,0.2) (0, 0.03, 0.27) (0.01,0.07,0.33) (0.03,0.1,04) (0,0.01,0.17) (0.01,0.07,0.31)
C42 (0.03, 0.09, 0.37) (0.01,0.06,0.33) (0,0.01,0.19) (0, 0.06, 0.31) (0.01,0.06,0.34) (0.06,0.13,0.45) (0, 0.01, 0.18) (0.01, 0.06, 0.32)
C43 (0.01, 0.07, 0.34) (0.02,0.08,0.34) (0,0.02,0.2) (0.01,0.07,0.31) (0.03,0.09,0.37) (0.02,0.07,0.37) (0, 0.01, 0.18) (0.03,0.09,0.34)
Cs1 (0, 0.04, 0.25) (0, 0.04, 0.24) (0.07, 0.1, 0.21) (0, 0.04, 0.22) (0, 0.03, 0.23) (0, 0.04, 0.27) (0.01,0.01,0.13) (0, 0.02, 0.21)
C52 (0.04, 0.1, 0.36) (0, 0.06, 0.31) (0.02,0.05,0.22) (0, 0.05, 0.29) (0, 0.07, 0.33) (0.03,0.1,04)  (0,0.01,0.17) (0.01, 0.04,0.28)
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Table 7

Cj

Cj

7i¢;

Fuzzy values of 7;,¢;, 7; +¢;, and 7;—¢,
Criteria 7

cl 0.31,1.02, 4.5)
C12 (0.35, 1.14,4.91)
C13 (0.31, 1.11, 4.86)
C21 0.4, 1.17,4.97)
22 (0.41,1.19, 5)
C23 (0.39, 1.2, 4.93)
C31 (0.32, 1.05, 4.66)
C32 (0.28, 1.04, 4.71)
C33 (0.34, 1.08, 4.87)
C41 (0.25,0.97,4.52)
C42 (0.38, 1.15, 4.92)
43 (0.34, 1.1, 4.78)
C51 (0.09, 0.55, 3.27)
Cs2 (0.26, 1, 4.51)

(0.29, 1.11, 4.86)
(0.21, 0.98, 4.57)
(0.1,0.35,2.77)

(0.52, 1.42, 5.66)
(0.26, 1.05, 4.65)
(0.34, 1.17, 4.88)
(0.57, 1.51, 5.73)
(0.32, 1.15, 5.01)
(0.43, 1.29, 5.34)
(0.13, 0.84, 4.22)
(0.35, 1.17, 4.95)
(0.56, 1.5, 5.72)

(0.11, 0.28, 2.58)
(0.26, 0.98, 4.45)

(0.61, 2.13, 9.35)
(0.56,2.12, 9.48)
(0.41, 1.46, 7.63)
(0.92, 2.59, 10.63)
(0.68, 2.24, 9.64)
(0.73,2.38, 9.81)
(0.89, 2.56, 10.39)
(0.6, 2.18,9.71)
(0.77,2.37, 10.21)
(0.37, 1.82, 8.73)
(0.73,2.32,9.87)
(0.91, 2.6, 10.5)
(0.2, 0.83, 5.85)
(0.52, 1.98, 8.96)

(—4.54, -0.08, 4.2)
(—4.22,0.17, 4.7)
(-2.46, 0.77, 4.76)
(-5.26, —0.25, 4.45)
(-4.24, 0.15, 4.73)
(-4.49, 0.03, 4.58)
(=541, -0.46, 4.09)
(-4.72,-0.11, 4.39)
(-5, 0.2, 4.44)
(-3.97,0.13, 4.39)
(-4.56,-0.03, 4.57)
(-5.38, -0.4, 4.22)
(-2.49, 0.27, 3.16)
(-4.19, 0.02, 4.25)

is applied for conversion of the fuzzy numbers into crisp num-
bers. Table 8 specifies the crisp values of 7;, ¢, 7;+¢;, ¥; = ¢;.
The cause—effect relation diagram is constructed with regard
to the crisp numbers. The cause-and-effect relationship dia-
gram is designed based on the above outcomes in the last step
of the proposed approach.

4 Findings

In Figure 2, the cause—effect diagram is constructed based on
r;+c; r;—c;. The critical factors that are above the x-axis

Table 8  Crisp values of 7;, ¢;, 7+ ¢;, and r; — ¢;

Criteria 7 ¢ rit+c ri— ¢
Cl1 1.94 2.09 4.03 —0.14
C12 2.13 1.92 4.05 0.22
Cl13 2.10 1.07 3.17 1.02
C21 2.18 2.53 471 -0.35
C22 2.20 1.99 4.19 0.21
C23 2.17 2.13 431 0.04
C31 2.01 2.61 4.62 -0.59
C32 2.01 2.16 4.17 -0.15
C33 2.10 2.35 445 -0.25
C41 191 1.73 3.64 0.18
Cc42 2.15 2.16 431 -0.01
C43 2.08 2.60 4.67 -0.52
Cs1 1.30 0.99 2.29 0.31
C52 1.92 1.90 3.82 0.03

represent the cause group. If the r;—¢; is larger than zero, it
represents the cause group. On the other hand, if 7,—¢; is
smaller than zero, it represents the effect group. According to
the distribution around the axis, the effect group falls below,
whereas the cause group remains above the x-axis.

While evaluating the critical factors of gas turbine of
ships, the concentration on the analysis of cause factor that
exerts ultimate and enormous impact on the overall system
is critical. Figure 2 demonstrates that C13 (connecting
shaft has been broken between turbine and gear box) holds
the highest 7; — ¢; value among all errors in the cause group,
which suggests that C13 creates additional impact on the
all system. C51 (eccentricity of shafts) achieves the second
highest »; —c; value, ranking second among all errors.
Additionally, C22 (the oil pressure switch failure) pos-
sesses the highest 7; (2.20) and r; + ¢; value (4.19) among
the causal factors with regard to influential impact degree.

12¢
1o} ¢3.17,1.02
08}t
06}
04} )
G 229,031 4.05,0.22
=M *3.64, 01840504 4
0r 3%2.0.03 ¥4.31,-0.01
02} NR L N
0'4 4.03,-0.14 *4.45,70.25
Bt 1471,-0.35
06l 4.67:0342(;2 -
0.8 . . .  4.62,-0.5
20 25 30 35 40 45 5.0

rte,
i

Figure 2 Cause—effect relation diagram
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In the entire process, C12 is the fourth most critical factor
(starter motor coupling failure) because of its r; — ¢; value
(0.21), also ranking fourth place in the process.

Given that other factors only influence the effect fac-
tors, the analysis of effect factors (critical factors) that
result in serious consequences in gas turbines of ships
can be necessary.

In consideration of the cause—effect relation diagram,
C21 (sufficient pressure fuel does not come for fuel
pump) obtains the highest 7; + ¢; value (4.71) in the entire
system. The r;—c; value (—0.35) of C21 is lower com-
pared with the other factors in the effect group.
However, C43 (fuel atomizer filter clogged) reaches the
second highest »;+c; value (4.67) in the entire system.
The lowest value is that of r;—¢; (=0.52) of C43 in
comparison with the other factors in the effect group.
Thus, a considerable effect by C43 is monitored on the
other factors. Therefore, C43 causes another powerful
impact on the other measured factors. Then, originating
from C31 (blocks the outlet of air pressure regulator) and
C33 (pressure regulator filter clogged), high r; + ¢; values
(4.62 and 4.45, respectively) are assessed in the entire
system. Their r;—c; values are very low (—=0.59 and
—0.25). Thus, they are bound to be affected by the other
factors. The remaining factors are of moderate r;+c;
values as shown in the diagram.

5 Conclusions

Gas turbines have long been used in a wide range of applica-
tions in different areas, drawing the attention of researchers in
the field of failure detection in gas turbines. In this respect,
rapid and consistent reaction of operators to any failure during
processing matters is critically important. All failures of gas
turbine components in this study have been investigated tak-
ing into account the expert’s experience and literature review.
The fuzzy set-based DEMATEL gives rise to the reduction of
maintenance costs and increment of availability of gas turbine
components. This approach works towards solutions of the
minor problems prior to turning into major ones. Significant
maintenance practices providing the basis for relevant future
studies are being followed.

Elaborate investigation on failure detection of gas tur-
bine components may be required. Interval type-2 fuzzy
sets can cover the proposed hybrid method. In addition,
the so-called decision-making approaches, namely,
“TOPSIS, VIKOR, Choquet Integral,” under a fuzzy en-
vironment can be assessed similarly in terms of problems
and obtained results. This study is seen as a remarkable
reference for maintenance processes for ship engine
operators.

@ Springer
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