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(0.149), “Spuriously open’(0.146), ‘Stuck open’(0.127) <20 & &e13}t}. FMCFs9] 819 $-4<5=9%= ‘PSV component
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Abstract — The safety valve (PSV) is a safety device that automatically releases a spring when the pressure generated
by various causes reaches the set pressure, and is restored to a normal state when the pressure falls below a certain level.
Periodic inspection and monitoring of safety valves are essential so that they can operate normally in abnormal
conditions such as pressure rise. However, as the current safety inspection is performed only at a set period, it is difficult
to ensure the safety of normal operation. Therefore, evaluation items were developed by finding failure modes and
causative factors of safety valves required for safety management. In addition, it is intended to provide decision-making
information for securing safety by deriving the priority of items. To this end, a Delphi survey was conducted three times
to derive evaluation factors that were judged to be important in relation to the Failure Mode Cause Factor (FMCFs) of
the safety valve (PSV) targeting 15 experts. As a result, 6 failure modes of the safety valve and 22 evaluation factors of its
sub-factors were selected. In order to analyze the priorities of the evaluation factors selected in this way, the hierarchical
structure was schematized, and the hierarchical decision-making method (AHP) was applied to the priority calculation.
As a result of the analysis, the failure mode priorities of FMCFs were ‘Leakage’ (0.226), ‘Fail to open’ (0.201), ‘Fail to
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relieve req'd capacity’ (0.152), ‘Open above set pressure’ (0.149), ‘Spuriously” ‘open’ (0.146) and ‘Stuck open’ (0.127)
were confirmed in the order. The lower priority of FMCFs is ‘PSV component rupture’ (0.109), ‘Fail to PSV size
calculation’ (0.068), ‘PSV Spring aging’ (0.065), ‘Erratic opening’ (0.059), ‘Damage caused by improper installation
and handling’ (0.058), ‘Fail to spring’ (0.053), etc. were checked in the order. It is expected that through efficient
management of FMCFs that have been prioritized, it will be possible to identify vulnerabilities of safety valves and

contribute to improving safety.

Key words: Safety valve, Analytical hierarchy process (AHP), Failure mode cause factors (FMCFs)
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Fig. 1. Schematic presentation of risk-based inspection planning
procedure (API 580/581) [7-8].
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Table 1. Safety valve performance summary
Standard Overpressure Fluid Blowdown
Standard 10% full lift 5% Steam 10%
A.D. Merkblatt A2 Standard 10% full lift 5% Air or gas 10%
10% Liquid 20%
I 3% Steam 2~6%
10% Steam 7%
ASME .
VIII 10% Air or gas 7%
10% (see Note 2 below) Liquid
Value stated by manufacturer but not Compressible Minimum 2%, Maxin}um 15%
X or 0.3 bar whichever is greater.
ENISO 4126 exceeding 10% of set pressure or 0.1 bar

Minimum 2.5%, Maximum 20%
or 0.6 bar whichever is greater.

Notes : 1. ASME blowdown values shown are for valves with adjustable blowdown. 2. 25% is often used for non-certified sizing calculations and 20% can be
used for fire protection for storage vessels.

whichever is greater. Incompressible

Table 2. Country standardization status of pressure safety valve[9-10]

Country Standard No. Description
Korea KS B 6216 Spring loaded safety valves for steam boiler and pressure vessels
ASME 1 Boiler Applications
ASME 11 Nuclear Applications
ASME VIII Unfired Pressure Vessel Applications

ANSI/ASME PTC 25.3 Safety and Relief valves-performance test codes
Sizing selection and installation of pressure-relieving devices in refineries

USA

APIRP 520 Part 1 Design
Part 2 installation
APIRP 521 Guide for pressure relieving and depressurizing systems
API STD 526 Flanged steel pressure relief valves
API STD 527 Seat tightness of pressure relief valves
Part 1 specification for safety valves for steam and hot water
UK BS 6759 Part 2 specification for safety valves for compressed air and inert gas

Part 3 specification for safety valves for safety valves for process fluids

Furopean Safety devices for protection against excessive pressures

Economic ENISO 4126 EN .ISO 4126isa harrnon.ized Fftfropean Standard and has replaced many

Area National Standards of which British Standard BS 6759 and the French
Standard AFNOR NFE-E 29-411 to 416 and 421 are examples.
AD-Merkblatt A2 Pressure Vessel Equipment safety devices against excess pressure-safety valves

Technical Equipment for Steam Boilers Safeguards against excessive pressure-safety valves for steam boilers

Germany TRD 421 of groups I, III & IV

TRD 721 thchnical Equipment for Steam Boilers Safeguards against excessive pressure-safety valves for steam boilers
of groups 11
France AFNORNFE-E 29-411 to 416 Safety and relief valves
NFE-E-29-421 Safety and relief valves
Japan JISB 8210 Steam boilers and pressure vessels-spring loaded safety valves
Australia SAA AS1271 Safety valves, other valves, liquid level gauges and other fitting for Boilers and unfired pressure vessels

Korean Chem. Eng. Res., Vol. 60, No. 3, August, 2022
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M
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Table 3. General Characteristics of Expert Group for Delphi Analysis

-olEA

Classification Frequency (N)  Percent (%)
Mechanical 2 13.3
. Electrical 4 26.7
Professions X
Chemical 2 13.3
Safety 7 46.7
10-15 years 5 333
Experience 15-20 years 4 26.7
More than 20 years 6 40.0
40 group 10 66.7
Age
50 group 5 333
Total 15 100.0
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3-2. AHP (Analytical Hierarchy Process)
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Table 4. The AHP process and applied formulas
AHP process
pr - Applied method and formulas Remark
Step Explanation
1 Problem Formulation . . L L Expert
- - Focus group interview, Question investigation .
2 AHP Hierarchy Construction Intervention
®yp &y - - Oy
. . . Oy Oy - - Oyy
3 Pair Wise comparson Pairwise comparison matrix (A) is A = 2)
matrix
Oy Oy - - Oy
o —A oy Ay
Oy Op—h Ay
Characteristic function of matrix A is A = 3)
Ay () - Oy — A
Eigenvectors of matrix A (};) is (A—A;)w; =0 “)
The eigenvector (w) corresponding to the maximum eigenvalue (A, ) is
Ay = RV ®)
W max
The elements of the normalized pairwise comparison matrix are obtained as:
4 Pair Wise comparison Synthesis b, = Yy 6) AHP
Eigenvalue / Eigenvector Y i a; Calculation
i=1
The elements of the eigenvector corresponding to the maximum eigenvalue, taking
the average of the row elements of the normalized matrix A is calculated as:
n @)
> b,
j=1
W, =
Maximum eigenvalue (Amax) is calculated as:
12 Ay, ®)
m“ n §
Consistency index (CI) for acceptance of the consistency ratio of the comparison
matrix A is calculated as
®
. }\’max —n
Consistency Check (CR<0.1) Cl=—
5 . n—1
Ranking Results - - -
The consistency ratio (CR) is calculated as
CR = Cl _cr (10)
Randomaverage CI T RI*
6 Ranking Analysis Judgment Decision Making
*RI is the average CI value of a matrix generated by randomly generating a pairwise comparison matrix [11].
Size of matrix (n) 1 2 3 4 5 6 7 8 9 10
Random average CI (RI) 0 0 0.52 0.89 1.11 1.24 1.35 1.40 1.45 1.49
Table S. Pairwi i le for AHP prefe -
a Ie . airwise comparison scale for preferences 5 pxskel Ao 2A12 Ba m2E 9712919 o] o
ntensity . . N B - =
(importance) Priority Explanation 3k AR} A 0] kS Akl 4= Q)= TL. Saaty HS
1 Equal Same importance 2| gsto] 2 WE 9} ks ARFsISiTh25]. vl -] 7 gk
3 Moderate Element moderately favored than other A Q0] o7 v, sl A vla 3Ee] 24+ 2 6/
5 Strong Element strongly favored than other olgslo] AT % ﬁLg}Q 7 A0 3 90 WHS He=
7 Very' strong  Element very strongly favored than other gkl adebs 10 WEIS] Q4= A S A (7)) 7o) A
9 Extreme importance Element extreme important than other AVaha Hu)a8ak (}Lmax)’_ 2] (8)7} o] Ak,
2,4,6,8 Intermediate-values When compromise is needed
3-5. Uik HIE 2RI
S 0] 1 TGkl SRS T M WA () Ao v med SukE AHE el 2 58 7Rsa e )
AR TH23-24]. o] ATl = F7ERAES AR $43712 & S} yhdo] Qluk. mEgh, vl 3 A9 A¥Hd vlES 85k 9
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Table 6. Final Delphi Analysis Results

4 - o)y

- 0]

off
N

g

gl

Questionnaire question M SD” CVR
Fail to spring 4.53 .83 .87
Normal aging 4.13 .64 73
Fail to open Deterioration and corrosion 4.40 .83 .87
Physical damage 4.07 .88 .60
Insufficient maintenance 440 .63 .87
Fail to reset 4.20 41 1.00
Stuck open PSV spring aging 453 52 1.00
Jamming of treated material 4.20 .68 73
Spurious] PSV component rupture 427 .80 .60
uriously open
P Y oP External damage 4.07 .59 73
Fail to set pressure 433 72 73
Open above set pressure Fail to PSV size calculation 4.40 .63 .87
PSV body damage 393 .70 .67
Fail to capacity design 4.60 .63 .87
Fail to reli d . Fail to control 447 52 1.00
ail to relieve re capaci
q pacity Open bellows set pressure 4.13 74 .60
Fails to completely reset 4.13 52 .87
Erratic opening 433 .62 .87
Corrosion 440 .63 .87
Leakage PSV quality Issues 4.00 .65 .60
Damaged internal sealing 4.07 .70 .60
Damage caused by improper installation and handling 433 .82 .87
"M - Mean, **SD - Standard Deviation, ““*CVR - Content Validity Ratio
PSV Failure Mode
Fail to open | I Stuck open | | Spuriously open Open above set Fail to relieve req’'d Leakage
pressure capacity
- Fail to spring - Fail to reset -PSV component -Fail to set -Fail to capacity -Erratic opening
- Normal aging - PSV spring rupture pressure design -Corrosion
- Deterioration aging -External -Fail to PSV size -Fail to control -PSV quality
and corrosion - Jamming of damage calculation (Temperature / Issues
- Physical treated material -PSV body pressure) -Damaged
damage damage -Open bellows set internal sealing
- Insufficient pressure -Damage caused
maintenance -Fails to completely by improper
reset installation and
handling
Fig. 2. Hierarchical structure of failure mode cause factors.
3 0134] %)%= (CIy= Table o] AXFE A ()= ARbeC) T2]1 oPkom A s AZET. T2l1 AR} oS vw @ A

CIE RI(Random Index)® 7] CR(Consistency Ratio)= 2 (10)
O 2 Akt YRkA o

F3har, 026 T 2o

AHP Y 0 2 kA

4.

W ¥ °] FMCFse] ¢

= CRO] 0.1H}

21 24

2o o] 7o

=

2~ O
A

&g 75ttt weksitH20,26,28]. W
9 QUEIZ(RI)= Table 4]l HoiA|w, 2] F7]of we} A7 €},

o)1= BA5e T}

Delphi 212 5= AARE Fall 6712] 73] g a.]13 22749 sh¢] o

FaglE &39It A A} BE o)A Cronbach'agko] 0.6
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‘Leakage’(0.226), ‘Fail to open’(0.201), ‘Fail to relieve req’d capacity’
(0.152), ‘Open above set pressure’(0.149), ‘Spuriously open’(0.146),
‘Stuck open’(0.127) 9-& QU8 TE CR(Consistency Ratio)<
0.002% 0.115t} stol Aebgdo] AZFH It} 1714 CR 742 A
¥ 2] (10)°l] <&l Axtetd om, AE ] 97]7F 6o] m& Q1o)X
RI= 1.245 383t}
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Main cause factors
.000 .050 .100 150 .200 .250
SHUCK OPEN  ———] 127
Spuriously open NN 145
Fail to relieve reqrd capacity [ 15
Leakoge I ———————————————eee] 225
CR:.002
Fig. 3. Priority ranking of main cause factors.
Sub cause factors of failure to open Sub cause factors of stuck open
.000 .050 .100 .150 .200 .250 .300
000 .100 .200 .300 .400 .500 .600
Fail tospring ) 266
Normal Aging [N .095 Fail to reset - .180
Deterioration and corrosion N 229 psvspring aging NN s
Physical damage ] 167
Insufficient maintenance N 222 Jamming of treated material _ .307
CR:.003 CR:.018
Sub cause factors of Spuriously open Sub cause factors of opening above the set pressure
000 .200 .400 .600 .800 000 .100 .200 .300 .400 .500
Fail to set pressure _ .340
Fail to PSV size calculation _ .458
External damage - .253
PSV body damage _ .201
CR:.000 CR:.001
Sub cause factors of failure to reduce required capacity Sub cause factors of leakage
.000 .050 .100 .150 .200 .250 .300 .350 .000 .050 .100 .150 .200 .250 .300
Fail to capacity design ] 301 Erratic opening ] 259
. Corrosion N 184
Fail to control [ 264 '
PSV Quality Issues NN .128
Open bellows set pressure NN 222 Damaged internal sealing N 172
Fails to completely reset NN 213 Damage caused by improper... EE .256
CR:.002 CR:.002

Fig. 4. Priority ranks of sub-cause factors in main cause factor.
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* Fail to open®] a}¢] &.91e] T3k & T Q=9 A=
‘Fail to spring’(0.266), ‘Insufficient maintenance ’(0.242), ‘Deterioration
and corrosion’(0.229), ‘Physical damage ’(0.167), ‘Normal aging’(0.095)
o7 FRIsIin

» Stuck open®] 39l 2200l tigt A T ool SHES=
‘PSV spring aging’(0.512), ‘Jamming of treated material’(0.307),
‘Fail to reset’(0.180) <= 2= SRISIATY

* Spuriously open®] 3F¢] Q.31 th&h A4 S w9l w9l
‘PSV component rupture’(0.747), ‘External damage’(0.253) <= °. %

gRlsi3iet.

« Open above set pressure?] 51| 2.910] that A4 T Qw9 ¢
X1<=8]+= “Fail to PSV size calculation’(0.458), “Fail to set pressure’
(0.340), ‘PSV body damage’(0.201) <=0.% 221519t}

* Fail to relieve req’d capacity2] k¢ 2.Q1¢] dit do 4 T Q w9}
$-<5$]+ “Fail to capacity design’(0.301), “Fail to control’(0.264),
‘Open bellows set pressure’(0.222), ‘Fails to completely reset’(0.213)
TO 7 FRlEkit)

* Leakage®] 3t Q@%lel digt A4dl4d Foxsl S4ESe
‘Erratic opening’(0.259), ‘Damage caused by improper installation
and handling’(0.256), ‘Corrosion’(0.184), ‘Damaged internal sealing’
(0.172), ‘PSV quality Issues’(0.128) <=0 & &l ¥ it} 319 291
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Table 7. Overall importance and priority (before and after correction)

g

Main cause Relative Correction (before) Correction (after)
. Rank Sub cause factors — —
factors importance Relative importance  Rank Relative importance Rank
Fail to spring .053 6 .069 3
Normal aging .019 22 .025 19
Fail to open 201 2 Deterioration and corrosion .046 9 .059 5
Physical damage .034 17 .044 12
Insufficient maintenance .049 8 .063 4
Fail to reset .023 21 .018 22
Stuck open 127 6  PSV spring aging .065 3 051 9
Jamming of treated material .039 14 .030 18
. PSV component rupture .109 1 .056 6
Spuriously open .146 5
External damage .037 15 .019 21
Fail to set pressure .051 7 .039 14
Open above 149 4 Fail to PSV size calculation 068 2 053 8
set pressure
PSV body damage .030 19 .023 20
Fail to capacity design .046 10 .047 11
Fail to relie.ve 152 3 Fail to control .040 12 .041 13
req’d capacity Open bellows set pressure .034 16 .035 16
Fails to completely reset .032 18 .034 17
Erratic opening .059 4 .076
Corrosion .042 11 .054 7
Leakage 226 1 PSV quality Issues .029 20 .038 15
Damaged internal sealing .039 13 .050 10
Damage caused by improper installation and handling .058 5 .075 2
%00 $49203} CRo| 0.1 1} vio} gho] BEHIh Bk wEat, | Gl F7]eler S i e] xlel
WHEEQ RS VAT B QA FAFAEG FHE O BA S RIS U 09 IBY IS AF V2R
$]+= ‘PSV component rupture’(0.109), “Fail to PSV size calculation’ 28 7hssith 4597 2% FMCFs &89 #e| & 53
(0.068), ‘PSV spring aging’(0.065), ‘Erratic opening’(0.059), ‘Damage  QFAMIH o] F|okd-S wjelaly bAAS Gah=t] 7]01et 4 9le
caused by improper installation and handling’(0.058), ‘Fail to spring’ 7102 7|k
(0053) 5] %20 2 FIH|e). e} o] 3 A FTFQEE e} Qb 3 A2le] e $-4e9] APROE $
2 oo} LeAIS] SR AN B A S Fol SRl Ao QRS ok i 7k 9%  olth 8 kARl
e ANE) U, 2D FUTREE BRSNS TR U ARE BB FURN A2 LS B 0
3] TR S G TYRRA P YL P A I A 20 e LD R Ao Rk
o el Aot e Al el £35S Aol WAleh
QQ*WAEﬂﬁﬂﬂﬂ7h%<4%§§8ﬂﬂ7kﬁiﬁﬂﬂ Z AL
O Fho R e Y Ul 219 TS nAske] #2094
TE‘I‘]E AR TH27]. BEE FEF2E 9+ ‘Erratic o] A= 2022 BN T TElelEA k] HElE &
opening’(0.076), ‘Damage caused by improper installation and AR 9 Bhekaal A st kel A9 ot skl e
handling’(0.075), ‘Fail to spring’(0.069), ‘Insufficient maintenance’
(0.063), ‘Deterioration and corrosion’(0.059), ‘PSV component rupture’ References
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