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Abstract

Argon Purification Unit is a processing unit to purify the crude argon using hydro-
gen gas through an automatic machinery process. Based on the hazardous material
and its automatic machinery process, the argon purification unit needs to be assessed
for risk control consideration and business performance. This research proposed risk
assessment of argon purification unit based on the failure modes using Failure Modes,
Effects and Criticality Analysis (FMECA) with Fuzzy Analytical Hierarchy Process
(Fuzzy-AHP) approach to minimize the risks and losses. In this research, FMECA
is used to identify the potential failure modes, failure mechanism (causes), potential
failure effects for each unit component and evaluate the risk by determining risk pri-
ority number (RPN). The RPN is the product of severity, occurrence, and detection
variables. Then, Fuzzy-AHP is used to determine the weight of each variable based
on its hierarchy. The fuzzy-AHP approach aims to increase validity and decrease
expert judgment subjectivity in the risk assessment process for each failure mode
by considering variables’ weight. The result of RPN is gained by multiplying each
failure mode’s variables by considering the importance of variables. This research
results weight of severity is 0.43, which is the highest of all variables. The high-
est RPN is 8.76, shown by the leaked joint of the argon compressor. This research
indicates that the application of the fuzzy-AHP approach in FMECA can identify
and evaluate the potential risk of the Argon Purification Unit validly and objectively,

which provides the different weight of RPN variables.
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1 | INTRODUCTION

This research was conducted in Industrial Gas Company, specifically in Argon Purification Unit, an automatic machinery process
unit used to purify the crude argon using hydrogen gas. Based on its hazardous material and process, this unit has involved
the risk considering what happened in 2013. A fire burns suddenly while the unit was processing automatically. Besides, there
was the absence of risk assessment carried out for this unit. This condition had the probability of establishing major accidents,
which created direct financial costs indirect economic impacts, like a longer business interruption and its reputation. Also, it
caused more substantial concern due to the company’s possible overall financial scope ). Thus, it is necessary to evaluate the
risk of this unit by using Failure Modes Effect and Criticality Analysis (FMECA), a development of FMEA that is used for
designing, identifying, and eliminating known and potential failures, problems, errors, and so on from system, before they reach
the customer4l,

The FMECA, initially developed by NASA to improve and verify the reliability of space program hardware™!, provides a
framework for causes and effects analysis of potential product failures ™. The FMECA is designed to provide information for
risk management decision-making™! by determining the Risk Priority Number (RPN), which is defined as the probability of
Occurrence, Severity, and Detectability ! whose variables are gained by evaluating the ratings from 1 to 10.

The crisp values of RPNs have been considerably criticized by 74! for many reasons. Some are the relative importance of the
severity, occurrence, and detectability is not considered as they are acknowledged equally important; different combinations of
severity, occurrence, and detectability may result in the same value of RPN, although their hidden risk impacts may be different;
it is full of difficulty for severity, occurrence, and detectability to be precisely evaluated however linguistic terms can be adopted
to convey much information in FMEA; the use of the multiplication method in the calculation of RPN is questionable and
strongly sensitive to variations in criticality factor evaluations.

Thus, Chanamool and Naenna!!®! has combined the FMEA and Fuzzy approach to developing the form of prioritization and
assessment of the failures suitably for the emergency department’s working process by analysis and identification of the failures
according to the methodology of FMEA. Fuzzy was used to solve the problem of prioritization and assessment. In a typical
Fuzzy if-then rule, the failure modes characterized could not be ranked. There is no way to integrate the relative importance of
three risk factors into the fuzzy interpretation system !

Furthermore, You-Peng et al.'!% proposed a new risk assessment method by combining the FMECA and Fuzzy Analytical
Hierarchy Process (FAHP) to make a comprehensive evaluation method for FAHP to assess the risk of three risk factors and
each failure mode based on its hierarchy. It is appropriate to rank the prioritized problem by the RPNs of failure mode only for
one component. However, it is inappropriate to rank the RPNs of some failure modes in a system. In this study, fuzzy-AHP is
used to determine the weight of three risk factors in which expert judgments gain the variables of each failure mode in FMECA
according to three risk factors rating from 1 to 10. Therefore, applying this combination method is appropriate to rank the
prioritized problem of all failure modes in a system.

2 | MATERIAL AND METHOD

This research presents a combination method of FMECA and fuzzy-AHP to determine the risk priority numbers (RPN) of
each unit’s failure mode. The FMECA and fuzzy-AHP can be done effectively and accurately by establishing a team whose
members have a thorough understanding of the systems operations and the mission’s requirements. The production supervisor
and maintenance staff who have been appropriate with the criterion are selected to be the experts.

2.1 | FMECA

FMECA can be divided into two procedures, Failure Mode and Effects Analysis (FMEA) and Criticality Analysis (CA). The
FMEA was used for designing, identifying, and eliminating known and potential failures, problems, errors, and so on from
system, before they reach the customer [2], which is a handy and effective tool that is capable of determining the root cause
by risk, of choosing the ways to detect the potential failures, and to find the ways to prevent or mitigate the consequences of
failure, to manage the source of risk©2! In CA, based on what FMEA provides, each failure mode of components in the unit
is evaluated and prioritized by determining through the Risk Priority Number (RPN), which is defined as the probability of the
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Severity, Occurrence, and Detectability. These three variables are evaluated using a rating from 1 to 10, as described from Table
to Table [3]. The highest RPN of failure mode is assumed to be the most important and should be given the most priority,
but the other is not ignored.

The objective of FMECA is to estimate the failure modes of components and their major effects. The FMECA is usually followed
by the other hazard identification techniques proposed by 2. A combination of FMECA and HAZOP provides a more consistent
identification of the potential sources of failure and human error.

The FMECA will highlight single-point failures requiring corrective action; aid in developing test method and troubleshooting
techniques; provide a foundation for qualitative reliability, maintainability, safety, and logistics analyses; provide estimates of
system-critical failure rates; provide a quantitative ranking of the system and subsystem failure modes relative to mission impor-
tance, and identify parts and systems most likely to fail. Therefore, by developing FMECA during a facility’s design phase, the
overall cost will be minimized by identifying a single point and other areas of concern before construction or manufacturing !,

2.2 | Fuzzy-AHP

AHP, firstly proposed by Saaty“* is one of the well-known multi-criteria decision-making techniques. Durmusoglu
AHP to determine factors that should be used in evaluating techno-entrepreneurship projects. AHP method was also proposed

(18] [19]

used

by to estimate and rank the appropriate renewable energy development barriers. AHP has been one of the most popular
and influential methods for group decision-making in project selection for evaluating complex multiple criteria alternatives
involving subjective judgment*!!. Although the AHP includes experts’ opinions and makes a multiple criteria evaluation, AHP
is not capable of reflecting human’s vague thoughts!??!. Tt is difficult to provide exact numerical values for the criteria and make
evaluations that convey the feeling and recognition of objects for decision-makers because of the certainty of information and
the vagueness of human feeling and recognition. It makes judgments from experts prefer intermediate than particular emotion
the distinction theory improves the comparison process to be more flexible and capable to explain experts’ preferences “*!,

Fuzzy-AHP was firstly developed by Laarhoven and Pedrycz**. Furthermore, explaining the approach for handling fuzzy-AHP
using fuzzy triangular numbers for pairwise comparison scale of fuzzy-AHP and the extent analysis method for the synthetic
extent values of the pairwise comparisons was introduced by 22! 126l proposed fuzzy-AHP to find the importance degree of
each criterion as the measurable indices of the regenerative technologies. Fuzzy-AHP was combined with the fuzzy reasoning
approach by 27! to estimate a hazardous event’s risk level in terms of failure frequency, consequence severity, and consequence
probability for railway risk management

2.3 | FMECA Adoption

FMECA is firstly applied to identify the components’ functions of the unit, the potential failure modes, the failure mechanisms
(causes), and the effects of each potential failure modes based on the characteristics of Argon Purification Unit functions, its
accidents record, and the knowledge and expertise of the experts. Then, the Severity, Occurrence, and Detectability are evaluated
by the experts using the rating from 1 to 10, as described from Table[I o Table[3 ]

2.4 | Fuzzy-AHP

The severity, occurrence, and detectability of each failure mode have been evaluated from the above. Those variables that
produce RPN in FMECA need to be evaluated with fuzzy-AHP to determine the weight of each variable. Fuzzy-AHP can be
done systematically step by step as the following.

First step is establish the hierarchy of three variables. Based on the FMECA, the evaluation is divided into two levels. The first
level is RPN, which is the goal of hierarchy. The second level is three variables that produce RPN: severity, occurrence, and
detectability. The evaluation is described in Fig[T ]

Second step is Fuzzification. In a typical Fuzzy-AHP, pairwise comparisons are needed to evaluate each criterion’s importance
using the linguistic variables in Table § ] Two experts are found to evaluate the three variables through pairwise comparison.
Then, the pairwise is necessary to be checked by determining the Consistency Ratio (CR). The pairwise comparison with CR
< 0.1 means consistent.
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TABLE 1 Severity rankings.

Ranking Effect Comment

I None No reason to expect failure to have any impact on Safety, Health,
Environment, or Mission.

2 Very Low Minor disruption to facility function. Repair to failure can be
accomplished during a trouble call.

3 Low Minor disruption to facility function. Repair to failure may be longer
than trouble call but does not delay Mission.

4 Low to Moderate ~ Moderate disruption to facility function. Some portions of the Mission

may need to be reworked or delayed process.

5 Moderate Moderate disruption to facility function. 100% of the Mission may
need to be reworked or process delayed.

6 Moderate to High ~ Moderate disruption to facility function. Some portion of Mission is
lost. Moderate delay in restoring function.

7 High High disruption to facility function. Some portion of Mission is lost. A
Significant delay in restoring function.

8 Very High High disruption to facility function. All of the Mission is lost. A
Significant delay in restoring function.

9 Hazard Potential Safety, Health, or Environmental issue. Failure will occur
with a warning.

10 Hazard Potential Safety, Health, or Environmental issue. Failure will occur
without warning.

TABLE 2 Occurence rankings.

Ranking Failure Rate Comment

I 1710000 Remote probability of occurrence; unreasonable to expect failure to
occur.

2 1/5000 Shallow failure rate. Similar to a past design that has, had low failure
rates for given volume/loads.

3 1/2000 Low failure rate based on a similar design for given volume/loads.

4 1/1000 Occasional failure rate. Similar to a past design that has had identical
failure rates for given volume/loads.

5 1/500 Moderate failure rate. Similar to past designs having moderate failure
rates for given volume/loads.

6 17200 Moderate to high failure rate. Similar to past designs having moderate
failure rates for given volume/loads.

7 1/100 High failure rate. Similar to past designs having frequent failures that
caused problems.

8 1/50 High failure rate. Similar to past designshaving frequent failures that
caused problems.

9 1720 Very high failure rate. Almost certain to cause problems.

1 1/10+ Very high failure rate. Almost certain to cause problems.

Third step is calculating the value of the fuzzy synthetic extent (Si). After the consistent pairwise comparison is made, the fuzzy
synthetic extent’s value needs to be calculated. The triangular fuzzy number (TFN) from linguistic variables can be denoted by
(1, m, u) as seen in Fig[2']

Mention two triangular fuzzy numbers My and M,, My = (I1,my,u;) and M, = (lp,my,u;). Their operational law is as
follows 21

(Ili,my,uy) © (I, ma,up) ~ (L1l mymay, uyuy) (H

Let M,i/ be values of extent analysis of i'" object for j goals. Then the value of fuzzy synthetic extent with respect to the i"”
object is defined as [1].
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TABLE 3 Testability rankings.

Ranking

Detectability

Comment

Almost Certain

Current control(s) almost certain to detect failure mode. Reliable
controls are known with similar processes.

2 Very High A Very high likelihood of current control(s) will detect failure mode.
3 High High likelihood current control(s) will detect failure mode.
4 Moderately High ~ Moderately high likelihood of current control(s) will detect failure
mode.

5 Moderate Moderate likelihood of current control(s) will detect failure mode.
6 Low Low likelihood current control(s) will detect failure mode.
7 Very Low Very low likelihood current control(s) will detect failure mode.
8 Remote Remote likelihood current control(s) will detect failure mode.
9 Very Remote Very remote likelihood current control(s) will detect failure mode.
10 Almost No known control(s) available to detect failure mode.

Impossible

Risk Priority
Number (RPN)

h

Occurrence Detectability

FIGURE 1 The evaluation hierarchy.

TABLE 4 Linguistic terms and their fuzzy scores.

Linguistic terms

Fuzzy Score Linguistic terms  Fuzzy Score

Absolute Strong 2,572, 3) Very strong (372,2,572)
Fairly strong (1,372,2) Slightly strong (1, 1,3/2)
Equal (1,1,1) Slightly weak /3,1, 1)
Fairly weak (172,273, 1) Very weak (2/5, 2, 2/3)
Absolutely weak (1/3, 2/5, ¥2)

Fourth step is determining the degree possible for a convex fuzzy number. After calculating the value of the fuzzy synthetic
number, the next step is to determine the degree possibility of the convex fuzzy number using the three probability of convex
fuzzy number as follows:

V(M] 2M2)=1ifm1 > my 3)
V(M >My)=0ifl>1, “)
V(M > My) = (1 —ua)[((my = uz) = (my ~ 1)) )]

The degree possibility of convex fuzzy number can be defined by

V(M >M,My,...,M)=V[(M >M,) and (M > M) and...and (M > My)] =minV (M > M;), i=1,2,...k (6)
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FIGURE 2 The intersection between M and M,.
The last step is Defuzzification. After determining the probability of convex fuzzy number, assume that

d'(Ai) = minV (S; > S)) (7

for k =1,2,...,n; k # i. Then the weight vector is given by

W' =(d'(A;).,d'(A),...d" (A,))" (8)

Where A;(i = 1,2,...,n) are n elements. The value of the weight vector above is in a fuzzy number. To convert into a nonfuzzy
number, normalization is needed. Normalization is applied by dividing each minimum convex fuzzy number of weight vector
with the total of the weight vector.

w =[(@(A1).d(40). .. a(4)] ©)

Where W is a nonfuzzy number.

3 | RESULTS AND DISCUSSION

As the following step of doing FMECA and fuzzy-AHP above is done, the research results 27 components of the Argon Purifi-
cation Unit identified using FMECA. From 27 components resulted in 60 failure modes for the overall components of the unit.
The experts evaluated the severity, occurrence, and detectability using a scale from 1 to 10, as described in Table[T |to Table
[3] After the expert evaluated the RPN of failure modes in FMECA, the highest ten RPN are gained by merely multiplying the
severity, occurrence, and detectability, as shown in Table |3__L

The RPNs in Table[5 |is obtained by simply multiplying the three variables. The next step is determining the weight of each
variable using Fuzzy-AHP as the following steps:

Fuzzified pairwise comparison for the importance of three variables done by experts is shown in Table[6 |

Fuzzy synthetic extent for three variables above are given by Eq[2]
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TABLE 5 The ten highest RPN of typical FMECA.

Item/Functional ID Potential Severity  Occurrence Detectability RPN
Failure Modes

Argon compressor/Compress the crude argon Lacked joint 9 9 8 648

mixed the water with pressure.

Flange 03/As a connection between hydrogen Lacked 10 7 8 560

gas input and U500 unit. connection

Deoxidation Vessel/React the oxygen in crude Gagged 7 5 8 280

argon using hydrogen gas by heating using

Palladium catalyst.

Analyzer/Analyze the content of oxygen gas in Inaccurate 6 5 9 270

the crude argon and transfer the signal to the analysis

Analyzer Indicator.

Pressure Indicator/Indicate the pressure of the Inaccurate 7 5 7 245

crude argon flow. indication

Flange 03/As a connection between hydrogen A Crack of 8 4 7 224

gas input and U500 unit. welded joint

Argon compressor/Compress the crude argon Noise 9 6 4 216

mixed the water with pressure.

Gate Valve/Open and close the flow of crude Delayed 4 9 6 216

argon gas. opening

Pressure Shutdown High/Shutdown the argon. Fail to detect 9 4 6 216

Compressor when the pressure was increasing the pressure

suddenly. increasing

Preheater/Heat the crude argon and hydrogen gas  Overheating 10 5 4 200

until they reach 350°C.

TABLE 6 Fuzzified pairwise comparison.

Severity Occurrence Detectability
Severity (1) LD (T, 1,32) (1,372,2)
Occurrence (2) 2/3,1,1) (1,1, 1) (1,1, 3/2)
Detectability 3)  (1/2,2/3, 1) (23,1, 1) (1, 1,1

CR=0.

1 1
=(3,3.5,4.5) x (1, 515, 7%7) = (0.27,0.38,0.57)
Sz—(267335) ({5505, 757) = (0.24,0.33,0.45)

1
9.17°
S3=(2.17,2.67,3) x (1. 555 743) = (0.20.0.29,0.38)

The degree possibility of convex fuzzy numbers is gained by:
V(Si>S)=1,

using the Eq[3]probability based on m; > m;

V(S128;)=1

I—u 0.27-0.45 _
V(S$2281)= ((mz—uzl) (Zm]—l ) T ((0.33-0.45)—(0.38-027)) 0.78

using the Eq|[5]probability based on their m and / values.

V(Sy>S;5)=1

V(83251 = ((mz—u:)_u(ml—/ » - ((0.29—0%;;:?£§8—0.27)) =055
V(832 52) = (Grma- (i) = (@m-03) (03029 = 078
d'(Severity) =V (S; > .55,.53) =min(1,1) = 1.0
d'(Occurrence) =V (S, > S1,83) = min(0.78,1) = 0.78
d'(Detectability) =V (S5 2 S1,51) = min(0.55,0.78) = 0.55

After the convex fuzzy numbers are obtained, we take defuzzification to normalize the fuzzy number into a nonfuzzy number.
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TABLE 7 The ten highest RPN obtained by Fuzzy-AHP.

Item/Functional ID Potential Severity  Occurrence Detectability RPN
Failure Modes 0.43 0.33 0.24
Argon compressor/Compress the crude argon Lacked joint 9 9 8 8,76
mixed the water with pressure.
Flange 03/As a connection between hydrogen Lacked 10 7 8 8,53
gas input and U500 unit. connection
Preheater/Heat the crude argon and hydrogen gas ~ Overheating 10 5 4 6,91
until they reach 350°C.
Argon compressor/Compress the crude argon Noise 9 6 4 6,81
mixed the water with pressure.
Insulation Line/Keep the temperature of the fluid  Fail to stabilize 9 2 9 6,69
inside the pipe stable. the temperature
Pressure Shutdown High/Shutdown the argon Fail to detect 9 4 6 6,63
compressor when the pressure was increasing the pressure
suddenly. increasing
Argon compressor/Compress the crude argon Heated 10 4 4 6,58
mixed the water with pressure. compressor
Deoxidation Vessel/React the oxygen in crude Gagged 7 5 8 6,58
argon using hydrogen gas by heating using
Palladium catalyst.
Flow Valve/Open and close the crude argon flow  Fail to close 9 3 7 6,54
to U500.
Pressure Safety Valve/Exit the crude argon gas Lacked 9 3 7 6,54
when overpressure happens. pressure safety
valve

W' =(1,0.78,0.55)"

s 1 I
Wieverity = (1+0'78+8'585) =535 =043

_ Ki _ _
VVoccurrence = W = 078/233 =0.33
Waetectability = (1 555%0ssy = 0.55/2.33 = 0.24

The fuzzy-AHP proposed three variables’ weight to determine the importance of which the total is equal to 1. The three variables’
weight is obtained as (0.43, 0.33, 0.24), which shows that severity is the most important factor that contributes to the risk. After
the overall step is done, the new RPN of failure modes is gained, and the five highest RPNs are shown in Table

From 60 failure modes, the ten failure modes with the highest RPNs are obtained. Based on the ten highest RPN has shown in
Table[5 | and Table[7 | it is significantly different, especially for the third until the tenth rank of RPN. Because fuzzy-AHP is
used to determine the importance of three variables that produces RPN, the experts propose the most important variable that
produces RPN is severity, which has a 0.43 value of weight. It is appropriate to what happened in the site: the overheater’s
overheater is more dangerous than the gagged oxidation vessel, according to the effects of overheating may be overpressure and
take an accidental explosion. Like the fourth rank, the argon compressor’s noise may be more dangerous than an inaccurate
analysis of the analyzer because it impacts employees’ hearing who work around the unit.

Based on the evaluation in a site, an erroneous indication of pressure indicator is not more dangerous than the insulation line’s
failure, which may create an explosion caused by overtemperature. At the sixth rank, the pressure shutdown high fails to detect
the increased pressure has more risks than the crack of the welded joint of flange 03. The seventh rank in Table[5 |is the argon
compressor’s noise, while in Table[7 ]is the heated argon compressor, the noise of the argon compressor is the fourth rank in the
fuzzy-AHP evaluation. The eighth fuzzy-ahp assessment rank is the gagged deoxidation vessel. The ninth and tenth ranks are
for each the flow valve failing to close, and the lack of pressure safety valve. The risk evaluation using the fuzzy-AHP approach
results in a more accurate RPN according to what happens in the site supported by the experts. It is proved fuzzy-AHP provides
accurate results similar to the real condition in the site.

From the fuzzy-AHP evaluation above, the highest ten RPN of failure modes are obtained. The lacked joint of the compressor
with RPN 8.76 has the highest RPN among the lacked connection of flange 03 with RPN 8.53; the overheating of preheater with
RPN 6.91; the noise of argon compressor with RPN 6.81; the failed temperature stabilization of insulation line with RPN 6.69;
the pressure shutdown high fails to detect the pressure increasing with RPN 6.63; the heated argon compressor and the gagged
of deoxidation vessel with RPN 6.58, and the flow valve fails to close, and the pressure safety valve lacks with RPN 6.54. After
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gaining the highest RPN of failure mode in the Argon Purification Unit, we can take the most appropriate actions to minimize
the risks and losses. So, the accidents may not occur, and the company’s business will not be affected by the losses of the failures.

4 | CONCLUSION

FMECA, a development of FMEA, is designed to provide information for risk control consideration by identifying each compo-
nent’s potential failure modes and evaluating the three risk factors to obtain the risk priority number, which is accepted as they
are equally important. It has been criticized for many reasons, such as the importance of three risk factors being ignored, the
evaluation is imprecise, the procedures of multiplying the risk factors are questionable, and the evaluation result is not dependent
on the site’s real condition.

Based on the criticism for gaining the RPN in a typical FMECA, the fuzzy-AHP approach is contributed to improving the
weaknesses by determining the weight of three risk factors to provide the importance of each factor. It is also done by the experts
who understand the real condition of the unit and the site. The result of using fuzzy-AHP is to find the weight of prioritized
risk factors that impacts the RPN. The severity has the highest weight among the occurrence and the detectability. Their weight
values are for each 0.43, 0.33, and 0.24. Both methods are the tools to identify the Argon Purification Unit’s risk precisely and
effectively for providing specific information for risk control consideration in safety-related to business and management.

For further research, our study’s results can be continued to determine the alternatives for risk control using multi-criteria
decision-making techniques. Besides, it can be compared with the other multi-criteria decision-making techniques such as fuzzy
ANP.
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