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Abstract @ Currently, 90 % of the world's population breathes air with a fine dust content exceeding the World Health Organization's annual average
exposure limit (10 #48/1). Global efforts have been devoted toward reducing secondary pollutants and ultra-fine dust through regulations on nitrogen
oxides released over land and sea. Domestic efforts have also aimed at creating clean marine environments by reducing sulfur emissions, which are the
primary cause of dust accumulation in ships, through developing and distributing environment-friendly ships. Among the technologies for reducing harmful
emissions from diesel engines, electrostatic precipitator offer several advantages such as a low pressure loss, high dust collection efficiency, and NOx
removal and maintenance. This study aims to increase the durability of a ship by improving equipment quality through failure mode effects analysis for
the preventive maintenance of an electrostatic precipitator that was developed for reducing fine dust particles emitted from the 2,427 kW marine diesel
engines in ships with a gross tonnage of 999 tons. With regard to risk priority, failure mode 241 (poor dust capture efficiency) was the highest, with an
RPN of 180. It was necessary to determine the high-risk failure mode in the collecting electrode and manage it intensively. This was caused by clearance
defects, owing to vibrations and consequent pin loosening. Given that pin loosening is mainly caused by vibrations generated in the hull or equipment,

it is necessary to manage the position of pin loosening.
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A AA 90 %] AF7F MARZAZ]FH(WHO; World Health
Organization)2] A wHHA] =& 7]E(10 pg/m)S 23
g 715 FYsta dom, 7] 98 A 2.5m ol HA]
H 2] (PM2.5; Fine Particulate Matter) 7] 2.2, 3t=-2 7] 2
o] F T2 ) 2691(F 9071), AMe2 279(F 857 &=
ANE L EFHATHIQAIr, 2020). TIAIHA] LA wzd
W 8- AWt 248 pg/m' o] MAEA S Ak Q)
o o= AARAZIF 7]FC] ofF 25w el fdet= ot
(IQAir, 2020). 7 F-3= 2022374 U] W] AHA] wl&5F 30 %
ES BRE O AN AAS FH8HAL ATHNPAC,
2017; MOE, 2020).

U g7l edEd T Y oA HAse 2 A
of gi7|edEA T dutelA wEE = Soxet P AW A9
&Fol ZH2F 109 %, 9.6 %= AFA8FaL UTH(Lee et al,, 2017). 2
AZ g =AQD FAeHA), AHEHA), SAkeH A
7] Aol FX] e 3ko M (IQAIr, 2020) S/ wE Al XA
A duto 2Ry HAsE ti7]|edEde] fFYEe] A7
gk FEFES T Yrh(Lee et al., 2020).
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713 FoE A8 AR wgo] 2021 o] F =efa)
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A5 M, dad 2 FAHAE A, A7, 73
F719+% 2381 4% (HCCI; Homogeneous Charge Compression

Ignition engine) 5= £ F UL A4 AT 7|E2E AY

2 Zuf 319 X (SCR; Selective Catalytic Reduction), T} & &7
S E|(DPF; Diesel Particulate Filter), 572]-72]¢] w|& 7}~ &
s ] A L A7 A 5 ke o] AtHSon
and Bae, 2007). L 7}t A7) HR7= o4 £ A
F& [ &E, NOxo| AAL} A @] o] wol 1
Faet Fao]l F7sal JTH(Lim and Lee, 1998; Kim et al,
2019).

AR e Bgh o5 AAUA F7 e &S Fol
7] 1% A7 wol s vk gule] &5 %07
AeM = FHZE AdA ez 1 glol &gl & sk &t

= E4 A wol
absh A ARG AN A= AABA N AR E FMEAS 2 83}

=
L B A= Adutel] A w = guo] FAE wol7] Agh
A7 F-=etek s el AE 34k A 7HEFSA; Formal
Safety Assessment)”} T2 3J3|
cost-benefit F7H5 EFHE T4 ARl AakE Faf 1, A4,
B4 5 A s Asksbr] g AAAR HHAd A
e} s E
A8k FMEASHE T4 Zpol7F 9l
TE FET 99Ew Aduke] 2427kw Adubg oA
o] mAHA AFE BAoR JTE H7 Y7 =A
Ly | Z}7}o] A
of Anjo] o] AEHiy do g dojd F e AHE
o dstar 4AstA FA st R4St o X B (preventive
maintenance) T Al ol A 1L R = o - A(FMEA; Failure Mode
Effects Analysis)= % & EE3e] AdubelA
Aane] P A g WFAgS Folaat itk

3
A71H o2 gide] Ha Aetg WA H 231 ZA71Ed
FF AFHRoE o]Fste] FHxlo] o] Fof X th(Son
and Bae, 2007; White, 1956).

Fig. 13} Zo] /s A7|-AZ 7= A
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Table 1. ESP (electrostatic precipitator) design parameters
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Table 2. FMEA procedure of The International Marine Contractors

Association (IMCA, 2002)

Parameter Range
Distance between plates 20-30 cm No. Contents
Gas velocity in ESP 1.2-2.4 m/s 1 Selecting the team
SCA(specific collection area) 1145 m*/1000 m*/h 2 Defining the standard
Particle migration velocity 3.05-15.2 cm/s 3 Defining the reporting procedures
Number of fields 4.8 4 Defining the boundaries of the system to be analysed
Corona power/Flue gas volume 59-295 watts/1000 m*/h > - .Orgar.lising syste.m design infonnaﬁ?n -
Corona current/f® plate area 107-860 microamps/m’ 6 Identifying failure detection methods/corrective actions
7 Formulating practical FMEA tests
8 Recommendations
9 Conclusions
10 FMEA report structure

Fig. 1. Designed ESP.
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Table 3. Severity ranking criteria

Effect Criteria Ranking
Hazardous | Potential failure mode affects the safety
without | norms involves noncompliance with 10
waming | government regulations without warning
Haia;irt(lilous Failure mode affects government norms 9
. with warning
warning
Very high | Loss of primary function 8
High Performance reduction and customer 7
dissatisfaction due to failure mode
Moderate Item is op;rable and customer 6
dissatisfaction
Low Item is operable but customer is not 5
comfort
Very low | Defect noticed by 75 % customers 4
Minor 50% of the customers are not comfort 3
with failure mode
Very Less than 25 % of the customer noticed 2
minor the defect
None No noticeable defect 1




Table 4. Occurrence ranking criteria

Table 6. Four stages of Risk

Effect Possible failure rates Ranking Detection Criteria
Verv Hi >100 per thousands of items 10 - death or fatal injury, complete shutdown of
ery High >50 per thousands of items 9 Class A facilities and critical services for more than
. (High risk) one month, more than 50 percent of the
Frequent failure 20 per thousands of items 8 property located in affected area is severely
10 per thousands of items 7 damaged
5 per thousands of items 6 - permanent disability, severe injury or illness,
Moderate failure | 2 per thousands of items 5 Class B complete shutdown of facilities and critical
. (Moderate to | services for more than 2 weeks, more than 25
I per thousands of items 4 high risk) percent of the property located in the affected
Low failure 0.5 per thousands of items 3 area is severely damaged
- 0.1 per thousands of ltem_s 2 - injury or illness not resulting in disability,
Very low failure | <0.01 per thousands of items 1 Class C complete shutdown of facilities and critical
(Sufficiently | services for more than one week, more than
high) 10 percent of the property located in the
Table 5. Detection ranking criteria affected area is severely damaged
Detection Criteria Ranking - treatable first aid injury, complete shutdown of
- Class D facilities and critical services for more than 24
Absolutc?ly Process control is unable to 10 ; hours, no more than 1 percent of property
uncertain detect problem (Low risk) - :
p located in the affected area is severely
Very remote Very rare chance of detection 9 damaged
Remote Remote chance of detection 8
Very low Very low chance of detection 7
Low Low chance of detection 6 - C B A o
Moderate Moderate chance of detection 5
. Chances of detection of failure
Moderately high mode is moderately high 4 Maderaie C B B A
High High chance of detection 3 Frequency
Very High Very high chance of detection 2 Lanw D C B B
Almost possible | Detection is always there 1
Very Low D D C C
3.2 Y8H7}H(Risk assessment)
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Fig. 2. Risk matrix.

3.3 Y& 24 =2 (Risk priority number)

RPN(Risk Priority Number)> 8-+ HI7MAEZ AL
S5 ek AR, B, AERE 300 AEAS Bk
Taal A@% 22 ahhe] @ 7EA 3R] RPNO] Y2t 93
H7} el Ame dwrAo R 194 107449 Aok, 7
7F g1 e TR, i A4, HE gAE)R Al

wol AFE F dval sAHA R FrhE W FojA o
3

|

7} #1002 SE2 RgHoz Hyrig o Fojxrh RPN
S 111 D)E-E 1000(10¥10¥10)74] WY& = gtk 3 RPN
2 dubE o & 125(5*%5%5)0| T}

RPN = Severity x Occurrence * Detection @)
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Table 7. RPN and Criticality at FMEA sheet
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Item S|O|D| R| C
N Potential failure mode Potential effects Potential causes E|C|E| P R
© VI C|IT| N| 1
100 TR-Set
110 Insulation liquid
111 Degenerative failure Insulation abrasion Winding vibration, Movement 811 ]3| 24| 8
120 TR-Set
121 Stress failure Over current Change fuel 8113 | 24 8
122 Controller(AVC) 8 |1 |1 8 8
123 Setting AVC&operation 814 12| 4] 32
124 Over voltage Change fuel 812 3| 48] 16
125 Controller(AVC) 813 |1 24| 24
126 Setting AVC&operation 813 12| 48| 24
130 | High voltage bushing
AVC(Automatic Voltage Accumulate dust and foreign
131 Controller) shutdown Oceur arc material at high voltage bushing 8122|316
140 | Earth switch insulation
141 AVC shutdown Oceur arc Accumulate dust and foreign | 5| 4|5 | 49 g
material at earth switch insulation
150 Insulation liquid
Insulation liquid level down, Insulation liquid evaporation, Acidity
151 AVC shutdown Temp. high increment 2 131 6 6
160 Cooling fan
Cooling fan wiring out, TR-Set Cooling fan vibration, Fan not
161 AVC shutdown Temp. high, IGBT(Insulated Gate | working due to dust accumulation, | 2 | 3 | 1 6 6
Bipolar Transistor) Temp. high Fan current fault
170 Electric breaker
171 AVC shutdown TR power Oggwgr“smble input Wiring out due to vibration | 2 |3 |1 | 6 | 6
180 All
181 AVC shutdown TR-Set wear & corrosion Marine en‘”mm’s“;‘:;()temp" humidity, | 5 13 11 | 6 | 6
200 ESP Mechanism
210 Discharge electrode
211 Decreasing _dust capture Discharge imbalance, Poor capiure Pin loosing, d1sc_harg<_3 pin warp due 21311 6 6
efficiency to vibration
220 Rapper
01 Device damage Resonance of ;;P;’er device and Vibration 3061 18] 18
Poor dust capture Poor exhaustion, .
222 efficiency Burn out cycle error Poor air supply 2351 10 e
230 High voltagef wiring
connection
231 Extra high voltage Extra-h_lgh Volta_ge cable Vibration NERE! 9 9
disconnection
240 Case & frame
241 Poor dust capture Poor exhaustion, Exhaust gas Vibration due to motion, 616151180 36
efficiency leakage Exhaust device, Proper vibration
250 Door
Environmental safety Exhaust gas leakage, Exhaust gas Bad closing, Vibration due to
251 . ; . 2 14 |1 8 8
issues inflow exhaust device
252 Occur spark Exhaust gas inflow Vibration due to exhaust device 214 |1 8 8
253 Exhaust gas inflow, Spark, Poor air supply/pressure 31511 | 15] 15

pressure increase

- 710 -



Table 7. (Continued)

Item S|O|D| R| C
N Potential failure mode Potential effects Potential causes E|C|E| P R
© VIC|T| N| I
254 Voltage imbalance Poor electrode earth 3131 9 9
255 Poor capture, Poor dust capture Poor electrode earth 6 |55 |150] 30
efficiency
Poor capture, Poor dust | Exhaust gas inflow, occur spark, Vibration due to exhaust device,
256 ) . . 315|115 15
capture efficiency Pressure increase Poor air supply/pressure
Voltage imbal P
257 oltage imbalance, Poor capture, Poor electrode earth 634 72| I8
Poor dust capture efficiency
260 Discharge electrode
Voltage imbalance, Poor capture,
Poor dust capture Poor exhaustion, Increase . . .
261 efficiency vibration, Discharge plate bending, Poor separation due to loosening pin| 6 | 3 | 5 | 90 18
Poor dust capture efficiency
262 | Discharge plate bending | Voltage imbalance, Poor capture | Poor separation due to loosening pin| 6 |3 | 5 | 90 18
Poor exhaustion, Increase
263 vibration, Discharge plate bending, | Poor separation due to loosening pin| 5 | 6 | 5 | 150 | 30
Poor dust capture efficiency
270 Collecting electrode
Voltage imbalance, Poor capture,
Poor dust capture Poor exhaustion, Increase . . .
271 efficiency vibration, Discharge plate bending, Poor separation due to loosening pin| 6 | 4 | 5 | 120 | 24
Poor dust capture efficiency
Voltage imbalance, Poor capture, . .
272 Poor dust capture efficiency Collecting plate bending 6 |55 |15 | 30
Poor exhaustion, Error poor
exhaustion cycle, Poor dust .
273 capture efficiency, Poor device Poor air supply/pressure 415|120 20
operating
274 Poor exhaustion, Poor dust capture Error poor exhaustion cycle 6 |55 |15 | 30
efficiency
275 | Discharge plate bending Voltage imbalance Poor separation due to loosening pin| 6 | 4 | 5 | 120 | 24
276 Poor capture Poor separation due to loosening pin| 6 | 3 |5 | 90 | 18
Poor exhaustion, increase vibration,
277 Discharge plate bending, Poor dust| Poor separation due to loosening pin| 5 | 6 | 5 | 150 | 30
capture efficiency
Poor exhaustion, Error poor
278 | Discharge plate bending exhaustion _cycle, Poor dus_t Poor air supply/pressure 6 |44 9 | 24
capture efficiency, Poor device
operating
279 Poor dust capture efﬁqlency, Poor Poor air pressure 51414 | 8 | 20
device operating
280 Earthing
: nd
281 Voltage 1112 :('cillance 2 Disconnecting earth cable Vibration 6 |55 |150] 30

3.4 FMEA B 34
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