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Abstract

According to the new rules and regulations (New SOLAS), major safety critical systems
are to be designed to be redundant, which is called ‘Redundancy Design’. This paper was
to quantitatively analyze the degree of influence of the redundancy design applied to major
safety critical systems using IMO’s FSA(formal Safety Assessment) method. For the
purpose of this study, the diesel engine system, which is actually one of major safety
critical systems, was dealt with FMEA, FTA and ETA technigue. In addition, whether the
redundancy was met or not was verified and the degree of safety, or redundancy, was
represented in terms of reliability. In conclusion, the safety of propulsion systems is
possibly assessed systematically by estimating the risk level in terms of frequency and
fatality.
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2.1 AE HBIAXDIE
(Goal Based Standard, GBS)

IMO mission statement

Goal-based Standards

Goals, obj . req i =
Risk Rink i
breakdown o z E
=
Prescriptive regulations HIsK-DOSC {
and rules i teeinpind l§ §

Design Approval Design ﬁnpnwn

| Hovel ship | | Risk-based ship |

| Tragitionatship |

Fig. 1 GBS framework (www.safedor.org)
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2.2 tHAIE A (Alternative Design)
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2.4 Safe Return to Port(SRtP)
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B Propulsion systems and their necessary
auxiliary and control systems.

B Ship’s electrical-generation and their
auxiliaries  vital to the vessel's
survivability and safety.

W Steering system and steering control

systems.

System for fill, transfer, service of fuel oil.

Internal communications system

External communications.

Fire main system.

Fixed fire—extinguishing systems.

Fire and smoke detection systems.

Bilge and ballast systems.

Minimum navigation systems.

Power operated water tight and semi

water tight doors.

Basic services to safe areas

Flooding detection system.

B Other system vital to damage control
efforts.
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(Formal Safety Assessment, FSA)

FSA = RIEE 241t cost-benefit BIE
Zetsh SAR EXE Sof g, Mah, &3
S oy otds 2stotdl A MAFC oM A
24 LY E0ICHLee et al. 2001).

FSA 2l = =H2 IMO € HEHEe=z, o
S0l st Xl ol =& =0, M22

Journal of SNAK, Vol. 47, No. 1, February 2010

&t
Loss of propulsion 2 I8 2
= A—Ig}cﬁj = o =

= HIEO 2
ETE F-Ncurve 2 &0l CH

Decision Makers

L 4

Step 1
Hazard
Tdennification

|

FSA Methodology

Step 5
Decision Makmg
4

v

Step 3
Risk Control Options

Step 4
Cost Benefit Assessment

i

Fig. 3 FSA process

4. OIRE2 Zot o: 23t & FTAl
A

4.1 2H B

-24 e

2 FIto| 22 FFAAH DFO2 0
8 ol TaHol fIEM X GIREHNE S8 o
M gat =S ZX @Otk JIEQ
FSA o 242 =2 A& XH(fatality) 2t 20HU=

|'FI R on o
10

== (collision), SHAH/= 2 (fire/explosion)

T PUE J|EIC2 0IRHNIL. = AR
HAME =TAIAES DNEOI2ID ols FAEEE
24 HAoZ AUAI 20, FTAIAES 1
o2 2lail F=(stranding/grounding)Jt 44
HMOZ 2A0iLlE AlD AlU2I2Z2 &ZF5H0 <



SEre] FAIALO0 CHE A Y Redundancy EJ} ggE 3
AT Y= P4Ho¥ D 0l Soff Aot |E gets F46IH dMECl AlA"C ERASE
T £=F2 F-Ncurve  LIEIHLHACH Z0tLl= Bottom-Up A9 fEs 24Y
Ol Ct.
—OHa M FMEA 2 0l&t EEE 0lE6tH JI=2802l =
FSA o & HdZ2 SRtP It EZE&El= RoPax Fo CIHEAIE &ol & = ULt 2 a9
2 HHGIRULE 0l Mo 2 M=z= JIES IMO DI A EHM AAEN et J&s dHEH,
FSA:RoPax H7XZ(IMO 2008b)E & 1GHRALCH. Fig. 5 & 2.Gear Box 2t 3.Shaft Line 2 &=,
O 49 NFEO FAAAHS NHOZ HIZ
—CHah AIAE HEEEz R FR&HE=E F=20lete A
FSA 2 A0l &= AIAEZ2 HSAEH0 2 2 &= & = ULH oK HIIM=E 12EZ9
TE= FEAAEO0ICH AIAEZ2 D& &8 O SEES Ddotd UK &0 el DEO sAl0
OIElJt &Mootz =Z=0M HAlGHACE O M 20g BASE Dot 85I 20 0l
FEAAAE 2 2T 2o JI2Fol P42 AHEHO dedl=s He SIEE  HIHrisk
Svein Kristiansen(2005)& &1 oI} 20 Fig.4 assessment)l A KFAIGHH Ol O &L,
ot 2L FMEA o 0l &= 0|80t JI2&el =
=2 clHEAIE &2 & = L. 2 49
4.2 Hazard Identification(HAZID) : FMEA DE A MM AIAEN HE FEsS 4HEY,
Sl 249 a0l D0 A= AAE=EE JIAH Fig. 5 & 2.Gear Box 2t 3.Shaft Line 2 &<,
& AAEI0IM, O AIA"IS DF0 e S O 249 DEO FHAAES NHCOZ HIZ
RLASES  FHOLOF sttt 0l &2, BES HALEZ HREHI R7EHE=E R20cts A
FMEA(Failure Modes and Effects Analysis) & E T g £ QO X2 HIlhE n&EQ
FAEFZ 0|8EHCH FMEA = AlAHE 24 EES Dot UK HD e DEOI SAl0
otz 2E RAS0H ol 2ol DERE Y 20Y 2SE dotl] g5J 20l 0ldg
System description contents
Functional purpose System of consideration is propulsion system of Ropax
ship and Type of propulsion system is diesel engine system.
Component No. Component 1 1
1 1 Main Diesel Engine
consistency Medles
2 Clutch
3 Gear 2||:| ==
4 Shaft Line 3
5 Controllable Pitch I
Propeller Rl <l
Functional order 1) Operation : 70% - both engine, 30% - one engine (In
this condition, engine power is sufficient to maintain
speed)
2) Engine’s power is transferred through gear and shaft.
Fig. 4 System description
stxdsts] =28 M473 M15 20104 228
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Description of unit Description of failure Effect of Failure
etection of .
Failure Failure Risk
1D ITEM . . Failure rate| Reducing
Function |Failure Mode| cause Local End Measures Remarks
Fuel oil Loss of Reduces Failure Reducing Enginle 2 is
Stop system . Remote . functioning
failure engine 1 speed alarm pitch cut off dock repair
Engine 2 is
Exhaust Loss of Reduces On watch Remote Reducing functioning
Stop . . ; ;
valve failure| engine 1 speed pitch cut off | harbor repair
Engine 2 iz
o Inlet valve Loss of Reduces Onwatch Mery unlikelw Reducing functioning
top \ . \ .
failure engine 1 speed pitch cut off | harbor repair
Generating Lubrication Failure Engine 2 is
Engine R Loss of Reduces Remote Reducing functioning
! Module Propulsion Stop system engine 1 speed alarm pitch cut off | harbor repair
power failure
o Coaling Loss of Reduces Failure Occasional| Beducing EHQIHIE! 2 =
top system enaine 1 cpood alarm itch cut off functioning
failure g P P Dnboard repai
Crankshaft | Loss of Reduces Reducing Engine 2 is
Stop . . Onwatch [Occasional| functioning
Failure engine 1 speed pitch cut off ;
harbar repair
Reduced Piston Loss of Reduces ; Reducing Engmle 2 s
X ; . speed Onwatch pery unlikely functioning
Function  [running hot| engine 1 pitch cut off .
Cnboard repair
Reduce Mo power Loss of Mo Remote- Stap main gea?\saheels
2 Gear Box number of \ Broken cog| Gear Box ) On watch ; engine. Lock \
) transmittal propulsion Occasional ) are failed
revolution shatt line .
Harbor repair
Transmit Mo power Broken Loss of Mo Stop main
3 Shaft Line | Propulsion | transmittal shaft Shaft propulsion | On watch Remote |engine. Lock |Repairin dock
Power shaft line
Reduce main
Controllable Reduced Broken Reduces Reduces engine powe
4 Pitch . Function function speed Onwatch |Occasional| Reduce |Repairin dock
Propulsion hlade
Propeller propeller
pitch
Fig. 5 FMEA of propulsion system
At Dl He BT HOHrisk FTAIZEIES 0I&8!ICH FTA Oid= A0l 20
assessment)l A XEAISEAH Ol &ICH g = As WES HIEEeZ FEEH) &, HAl
ANAE0l DEE 222 £ Y= OIHESES Ot
4.3 Risk Assessment(1) 012 CHAl &£ o9l OIHIEZ 245t= Top-Down
—Cause and Frequency Analysis : FTA SHZ 0IFRHX= 2A-O0ICH FTA = JI2E2
Risk assessment A&2 3N S JHZ Li= 2 H4H0l HHOILL FFHel 240] Jtsotol
Ch. StLk= A0 20Ue=E Ol & EE2 24 0l &M AtHe HMstsSS Pot= O A
ot0d Frequency Analysis 011, Ct2 Stlts Ak OICH F=ZAIAEIN CHEH Fault Tree = Fig. 6 2
0l goikts &= o mE Z2UE 24dt= ZCh.
Consequence Analysis OIC}. Fault Tree Jt 2HZIUCHH, OIS HIE2Z 1
Z2I0AM OFR= FAAIAES NEEE0 et o JIE ®E ZZE F= Cut-set =482 &
BA2 F2 AEE 24 (Fault Tree Analysis, = ULH OIIM &=€E Single-Order cut set 2
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ol S| FAIAE He ™S X Redundancy EIF ZHEHE 7
Fropulsion
(E1)
Both Enging ‘ naine Failure
Module Gear Shaft CPP Enaine Fallre
Failure Failure Failure Failure
(E2} |

Coclin uel ol

SVBH"I? Exh;“.s' \:a\'«e '":f'_ valve Syslem

PG Erg e arooard Enging Failure alure aline Failure

Module Module [ET)
Failure Failure @ @
(E3) {E4)
[ | |
Fue! oil high-
Injection valve Fual pump et 1 (i
Failure Failure mbﬁ;;';:"‘"
Engine N Ergl'\e Clutgh
Failure Failure Failuie
=) {E6) -

Fig. 6 Fault tree of propulsion system

Cut-Set Analysis

K, ~Ke JLLE= Fi,

Koo IR Fz,

By oy ~FF1§ 3,

E= E3 Ea Hantaa ~;|%§ Fa.

Fo Fo Feamt%o —Fs. F5p

= F10 = F10 Far s s Fe,

Ko ¥se Fi1s 7

11 F11 ~F8 Ld

Ksr—#ea :llg Fs3,

Single Order Kes B ng b
CutSet
Keses F10
#TF basic event(or fault) 7+ HE=
Top event(system failure) = o4 Kar F11
ol =24
Fig. 7 Cut—set analysis of propulsion system
CIGCAIN HRL=E R4S, = & 8E9 D& Parts Reliability —Data), OREDA(Offshore
O ®Al AlAEICl N&ES L2I|= QAE 20I8 Reliability Data) £2 2i0|E2IQ 22 Alg
Ct. Cut-set 240 & Zt= OIS Fig. 7 2 A JIEXN2E 0|2etCh. 200A TO2se =3
2 Ct. AAEIOl NEASELS CJHEAXO ANIAHE 24
Fault Tree 2 HIE2Z2 FAAAEQ DE Y &t Buksa et al.(2005)2 DEEE ZH(F1~F7)
EHES HAE £ QULCH LBIMOZ AlAH Q Svein Kristiansen(2005)0I A HIAIE DN&EEE
29| NEEE2 MIL-STD 217 (Military 2(F8~F11)E 0|E256t¥ 12, O|= Table 1 Ol Al
Handbook) &2 NSWC(Naval Surface Warfare AlGHACH DHEEQ g2 1 @ ot N& ¢
Center) S92 2Z220IL} NPRD(Non-electronic SE2 o0|sttt

stxdes =28 M473H H1s 20009 2&
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012 Soll =TAAES NESES HAo
WES Table 2 2F 20 =XAIAEQ D&
SHEE Qg=0.701 0ICt.

Table 1 Failure rate of propulsion system

component
Failure | Failure description Failure rate
F1 Injection valve failure 0.062
F2 Fuel Pump failure 0.107
F3 pre;:;frleogig(lag?a_ilure 0.048
F4 Cooling system 0.229
F5 Exhaust valve failure 0.386
F6 Inlet valve failure 0.048
£7 Lubricati.on system 0.149
failure
F8 Clutch failure 0.052
F9 Gear failure 0.236
F10 Shaft failure 0.029
F11 CPP failure 0.187

Table 2 Calculation of propulsion system

failure rate
. Failure
Event Calculation
rate
Q., [1-(1-F1)*(1-F2)*»(1-F3)| 0.203
1=(1-F4)*(1-F5)*(1-F6)*
QES,G (1- OE7)*(1 -F7) 0.694
Qe 1-(1- QE5)*(1—F8) 0.709
QEZ QES* QES 0504
1-(1- 1-F9
Qg (1= Q=FO 1 20,
(1-F10)*(1-F11)
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4.4 Risk Assessment(2)

—Consequence Analysis : ETA

2 24U ME FEAIAES N&EOZ 25|
2dHe = U= Consequence E At 24
(Event Tree Analysis, ETA)S Sl =4otSLCH
FTAIAEL NEZ Initial Event 2 B0 0[2 2
g5t 982 018 2= A= SHEZ(Control
measure, CM)E2 &&ot0 &AM ETA & P40t
QUCH LEtRoz CM =E =2 Historical

el JWC’ =of

FID

o &
data & Al=dlOld 22 &

Z2F 6t
= AFNAME=E 7 e CM 2 HESH Event
Tree € F40tCH Hansson and Kiser(1997) 0

OI5tH Zt=(grounding)dt €Y EHES FEA
Ao DEEE0| o 107° Bl HTOICH [MetAl,
2 o 10°HEI ©E
£ 2 CM 2o EE gtS HdFGIRULE CM6~7 <
a2 FSA:RoPax(IMO 2008b)0IA HIAIE && a8t
£ U2 ol HHFGIRULL zBHECZ FHE
Event Tree &= Fig. 8 3+ ZCt.
Event Tree Ol et & 9 It
Consequence It EE£&IULD, O & Jt&E &A=
gt 2 JtXl BR0AM AR 2SO (I
AHAHQL AFZXSl == FSA:RoPax S XU=:
(IMO 2008b)E &1 &t0 HAtoHRACEH O e
tde s 20

1. d2o] 22 1000 (MM RoPax 2 B

BA
2. Passenger load = 2& &9 &89 25%=
&, 25%= HR2 Bt 50%= B3R 75%

£ 28t 0l2t ItE

3. A2 100E 22 JHE

4. Flooding 2& ¢QI&t fatality rate = Slow
sinking 2 22 12%, Rapid capsize 2| &<
66%ct JIE. (MEH 0SS S8t Hat 3

-

ZE Fig. 9 2 LIEFHRUCH EBF 0]
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Fig. 9 FN curve of loss of propulsion

N
Fig. 10 FN curve of total risk

isk Control Options
BN OZ FTA Y ETA2l ZWE HAHAIA
2 28 /A8: 2Y(Fig. 11)012t] 2L

Risk Control Option, RCO)
JilMeE FIEE REL2 HiEge=z

=ol A
EEIT%!

o O
D

rr oo
I
0X of
=
1>
u

i

0T o
T = o

rr
T

gMS =0|= 2i(Decrease Frequencies), AL
2t Al HlolE =0l A0ICHMitigate
Consequences).

Journal of SNAK, Vol. 47, No. 1, February 2010

85
<Fault Tree> <Event Tree>

T

Starboard
engine fail

Shaft line
failure
Gear
Failure
cp | |
failure

| Risk Model |

Loss of main
propulsion

Fig. 11 Risk model

2 ¢F0A AT ZEs Itz HAlS
=

RCO & Fig. 12 o+ &Lt
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Fig. 12 Risk control options(RCOs)

4.6 Cost Benefit Assessment

O HHUAM= 2N == RCO ol T8t ZH
A5 2AECE 0] O CAF(Cost of Averting a
Fatality)el= JHEE Soll ZHNES TSt
B o2 GCAF < 3M$ , NCAF <0 & Z= &Hl
A0l A= RCO 2t & = UCHSAFEDOR 2005).

Cost of RCO
Reduction in PLL caused by RCO
NCAF= Cf)st (_)f RCO - benefits
Reduction in PLL caused by RCO

GCAF=

= GF0AM FMAIEE RCO O Tt GCAF &gt2
Table 3 1t ZCt. O] Z001 =X RCO3 = M2
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Table 3 Cost benefit assessment of RCOs
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Fig. 13 Risk reduction by RCOs
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