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Figure 1 -1 Layers of Defense against a Possible Accident
(American Institute of Chemical Engineers, 2001)
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Analyze Safety Functions Requirements

Analyze Safety Integrity Requirements
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Verify Safety Requirements Specifications

Validate Safety Requirements Specifications

Figure 1 -3 Analysis and Verification Procedure for Overall Safety

Requirements (Based on IEC, 1998, ISO, 2006)
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Figure 2 -1 Description of Riser Stack—up and Utilization Ratios for Quasi-
static Drift (Josefsson, 2014)

Y Fig. 2-1& AubAQl gho] A A ~8e] A3} A e 1] Offset(FAE 914
ol Hojdk Aglg TR Uy MESE=E Yebd gl wet 7 4 84
o Zg3t= sl=ES YElT Josefsson(2014)& A 38 29l Drift-off7} A8
57 A3t gisiA FxEAS FPetith Z24F A a4y 31 78
Adojsta, FEEE nFo] AT w9 sh5S AAtste] 7|Eo R RSkt
o] AlFE] 19 Offsetol] Wl 7} 4 8.4 HAStE s 7|¢o=
H Utilization RatioS A4t} sid Ayl ol = Al 19 Offseto]
6.14 %9 w Conductor Casingol] 1%o] WAlsle] w3}, Conductor
Casing®] 7|52 1ol AAH= A=Y stes Avs o=, vhef 5t
e e AAE gujse] FAE 4 3tk =, Conductor Casing®l 37+
3| A 4] 7] (Subsea BOP) 4 Alaz2 AAE o] FAATES e 33

o] WA & Uuk. S
b, - = —
5 o f{.;| -Il' ]_l| 'L-'r ]]I_

: -



Al 27 EE AAE "olv= €9l Drive—off 9}
Drift—off’ ¢ F 7} #F3 o2 EAstt}. Drive—off+ Thruster?)
Z23E AFoE AFYE 53X ARCA Holx= dAts gvlsta,
Thruster Alo] @A H3F AHS 23X A4 Thruster 5 457
eAES dovlE AS WA Drift—offi SRl AlFE 2t
Hdy 53 Ao HoX= dAS Yulstal, FH S =2 Thruster
es AU A" VxR AY WEvE s Ag dAst
Apdol Agels W AlFE 28] dNHARl A9l Fig. 2-29F #Zo]
ey, Drive—off7} A A|F8]17} Thruster? 3oz
ol Fat7] witol &2 AIZE el B2 AYE olFskA ¥ Drive—
off 7 A Aol = d3tAY Thruster?] &
Fv 5 o9 7 diA wWero]l EASHAIRE, Drift—off7b Ak

HE e
Aol A 5 Y deke] oz Ak,

==
B
Zi
(o]
D
O_u

0l e -

Distance (m)

0 20 40 60 80 100 120

Time (second)
Figure 2 -2 Typical Drive-off/Drift—off Behavior (Chen, 2007)
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Figure 2 -3 Three Main Barrier Functions with Respect to the Safety of DP
Drilling Operation (Chen, 2007)
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Figure 2 -4 Description of Emergency Disconnect Function
(Based on Chen, 2007, ABEL ENGINEERING Web Site)
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Start EDS
Command to Pods:
Unlock all functions that were locked by BOP Workstations (CCU)

Command to Pods:

Close blind shear ram preventer
Close upper inner choke

Close upper outer choke

Close lower inner choke

Close lower outer choke

Close upper inner kill

Close upper outer Kkill

Close lower inner kill

Close lower outer kill

Command to Pods:
Vent upper inner choke
Vent upper outer choke
Vent lower inner choke
Vent lower outer choke
Vent upper inner kill
Vent upper outer kill
Vent lower inner kill
Vent lower outer kill

Command to Pods:
Unlatch choke/kill connector primary
Unlatch choke/kill connector secondary

Command to Pods:
Vent blind shear ram preventer

Command to Pods:
Unlatch LMRP connector primary
Unlatch LMRP connector secondary

EDS is complete

Figure 2 -5 Emergency Disconnect Sequence
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¥l (Emergency Disconnect Sequenced System or
Emergency Quick Disconnect System, EDS or EQD) o2 WH =t}
2752 Aol wel AJAENS] Aol EebA| Y] witel ShA
AQst vdEY 7 e web vdEYAIAdS skl
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Jdo
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D Blind Shear Ram Preventer
L + Choke and Kill Valve

L | LMRP Connector

,".. Choke and Kill Stab Connector

Upper annular

Lower annular

Kill isolaton
valve

|——— Blind shear ram

Upper ppe ram

Figure 2 -6 Description of Emergency Disconnect System
(Based on API, 2012)
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Figure 2 -7 Blind Shear Ram Preventer(Transocean, 20
11 1

=l
=



Blind Shear Ram

Figure 2 -8 Shearing Process by Blind Shear Ram Preventer
(National Commission, 2011)

INLET PORT SHUTTLE  INLET PORT et pRILL
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o HYDRAULIC
ool LINE FROM PISTON
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CONTROL
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SHUTTLE
VALVE

LINE FROM BLUE
CONTROL POD

HYDRAULIC FLUID -

PISTON ROD

WEDGE
LOCK

‘g PISTON RAM RUBBER SEAL

Figure 2 -9 Blind Shear Ram Preventer Closing (Januarilham, 2012)
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LMRPAZ = LMRPE Lower BOP StackellAl #&3t7] <13
ARt LMRP+ EHFE HWHe dAdsto] FAulE Alostr] 9
og] ZH)|E9 RooF Riser Adapter, Flex Joint, Rigid Conduit
Manifold, Control Pod, 12]3 Annular Preventer® J-/d% o] 2t}
Lower BOP Stacks AL vtz 9o fXste] HAAA 7lss
Fasl7] Q15 ofe] ArEe BoR ZE 3 WA|E 7Y Sl
LMRPAAFE &3l LMRPI:L Lower BOP Stack® ZH ¥ #83 H-¢,

l

Lower BOP Stacks f43E= o Fob =349 (Acoustic Control)
T+= ROV (Remotely Operated Vehicle) & £3F A2 F4& Ao
T St ¥Wtd © 2= Primary PortE &3 54771 5] A%

E= BEgr)5e F8stA T vAdEe = Secondary PortE %3] O
=S gHo FUiE ARgEt wWE A Yo " £ %
g (Fig. 2-11). 3FAWE ¥ =% Secondary Port®] ARl
el M= st ekt

=
=

- -_
- -
_— -
- -
Upper Body
Gasket Retainer/
Release Lever
Indicator Rod — -
Ring Gasket
Retaining
Mechanism
Primary o
Lock Port L
Split Ring
Retractor
Secondary
Latch Unlock Port
Segment
Spreader
Lower
Primary Split Ring
Unlack Port Retractor
Hydrate Diversion Seal \Cll\
Annular Conversion KIT Ring Latch  Secondary
Piston/Cam Ring Gasket Segment  Unlatch

Piston

Figure 2-11 LMRP Connector(drill-equip.com)
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23 & 2 Fo|T AL 23 & 2 HAe st 9
AFE-ET LMRPEE GA] 23 & 2 gkelo] dAdHo Q& A, =3
& 7 un wze FFo] Ay wn %o #kle]l dwdE & e
Aol k. webA LMRPEE o]de] wt=Al x4 & ZA do|=
AARI} Bygojof & FAAs] 23 & 24 WHE T2 o By}
o]FolHol st} Actuating Cylindere] F+94F7F F%o] JdA4RE
A&3AY B2ttt (Fig. 2—12).
OUTLET FLANGE ACTUATING CYLINDER
~ Z SLIDE VALVE
<:.’.f<{;§' X/} \.—— UPPERBODY
N ~— PACKERSEALS
RN FLOW PASSAGE
FLOATING SEAL ASSEMBLY

ooy .'.'. = LMRP FLANGE

N LOWER BODY
“Syzz771=— BOP STACK FLANGE

\\_ = INLET FLANGE

o2 HARYVEs TS 98 Fest sjAFAT] e
AoJ Al 28l A AH B ST kA BAHEE] ol dogh
dHlEel disid AsRgted, dld FuEe #Echr] flEiAs
Aoj A ~8o] A&ttt 53] Fig. 2-59 #o] dAxjlo]| wel £xp8ow
o] 7]so] F-dEo ok shi= vl E 7 A AR AR E o] &%
A7 Festr] wiel vEstd AxpA] 7S Ao A AE (Multiplexed
Electro—Hydraulic Control System, ©]3} MUXA A AHE) FE=
AA2 AoJ A A (All Electric Control System)2 ZHQ 7 3t}
ShAINE A AoIA AR A ofA Aol Qlo] AHEstE A
QSk7] wiit el MUXAAAELS F3ll v/t e] 7] 5] F-d .

AWAQl S A Z A 7] ] MUXAA A F44L Fig. 2-13%
2o AGAE MES 28 54 Vs AsAlYlge ¥Ee dgd
Master Control Station®lA] Umbilical& §3l Subsea Electronics
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Module (¢]3F SEM)el 7] 2ls& HAgsitt. SEM2 H7ASE
fAlsto] Alse wet Y Vlee TdESH] 9 Zash Ao
T55 (Actuator) ol 47 o2 F JEF EFywols WHE
Aol 7ss ZsAlFh oW, SEM¥ &¥icolt WH= V|EA o=
ZPEo YA Electrical Power Units Fd HAgS Fawbo}
ZHE LA W B AFA] o= Uninterruptible Power SupplyE %3] 28-S
sarol ZFstth, f4+= LMRP T+ Lower BOP Stackel £ 3%t
H71E Tl FEe Wi, FVle EYEC $1AE Hydraulic

Power Unit(¢]d} HPU)CZHE {FUFE zawdct. =, AHl7t
T5d FAE FA7ld A%E FERE s

de W EWFS HPUANATH s+ Fudol 4715 TdgH
Fig. 2-13°+= 2% AA7L 6HX of fIAsle] A5 SEM°ﬂ
Adsla, SEMo] MCSZ A7|Als 2 vy 2dz7F 71 3

RO T Al~Ho] A Eo] it ﬁla—ﬂ o] 7|EgkolANE B

3% MCSellX Aiss 2srA ZAdx7E 98 s A st

)

e | e P ] |
{ Master | | Ejectrical | | Hydraulic |
: Control ! | Power Unit | | Power Unit |
| Station | - | I T ]

Umbilical

VALYVE

E Power Hydraulic
R S i - S
} ' —f—-Vem to sea
: 5 [1 : Subsea
] . | Control
‘ I Module
! Subsea Electronics 1% I
| WAL (SCM
‘1 Module : ( )
| |
P ——— I ——————. p—— |
R R S e ===
' |
|
| Sensors - | Subsea
| Pressure, Temperature, elc : Structures
I
| |
| |

Figure 2 -13 Multiplexed Electro-Hydraulic Control System(Bal 012)
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= TEs] 9% MUXASAI AR A dg gl
Ael AAl dial Bu AAs] AR, HGER A AR
AN O T A ZEW £F A o)A AE (Supervisory
Control and Data Acquisition System, ©|3} SCADAA]ZAE) o
sfgetct. 2P A+= MCSE Programmable Logic Controller(©]3}
PLO) A 35 += 53 =59 Ao (Supervisory Level Control) |
Folstal, SEM¥ o] ey d"olxl 3o fAsk PLCOlA =72l
Ao} (Local Level Control) & @@t MUXA|JAIARS] Mg A
9 A AAl= Fig.  2-143% 2o AR 7)AI8E
QIE)#Ho] A (Human Machine Interface, ©]st HMD¥ #dx7}
AlxEel AEE ERlsty MES T8 543 Vles FsAE 7 Se
H o] &gttt AlFg]1ol= Driller’ s Panel¥®} Toolpusher’ s
Panel + HMI Station®] <3t}

Backup Control Center
1 Primary Contral Center

Engineering
Workstations

Driller's Panel (DP) ——— RTU
Toolpusher’s Panel (TPP)

Modem
Master Control Station
Moo M@

Control Server Prinker oers
(SCADA-MTU)

Remote
Station

Blue Control Pod Yellpw Control Pod

Subsea

] Subsea
Eledmmc Lc PLC  Electronic

Level Pressure  Flow
Sensor  Sensor  Sensor

Level Pressre Flow
Sensor  Sensor  Sensor

Remote Remate

Station
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Figure 2-14 SCADA System for Emergency Disconnect
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Figure 2 -15 Control Logic for Measuring Drilling Rig's Position
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I Initiating Signal I
Supervisory Level Control
Main Functions
I ¥
HPU Block LMRP Block BOP Stack Block EDS Block
Control Pod Block Diverter Block Read-back Block
Local Level Control
| Well Shut-in Function ‘
Blind Shear Ram Preventer Closure Choke & Kill Valves Closure
| LMRP Disconnect Function ‘
LMRP Disconnect Choke & Kill Connector Disconnect

v

I Function I

Figure 2 -16 Control Logic for Initiating Emergency Disconnect Function
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Figure 3 -1 Reliability Block Diagram of BOP Control System
(Eikeskog, 2012)
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Manipulated
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Set Points,
Contral Algorithms
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Figure 3 -2 Control Loop for Operator Intervention System(Left) and Control
Loop for Manual Initiator Function Concept(Right)
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Figure 3 -3 Subsystems and Required Percentage of Safety Integrity
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AEA oA 1de] 19 ol dd B¢ o3t 7S AHH ZL 2
Q7 Wx9 7]% (Continuous Demand Mode/ High Demand Mode
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Table 3-1 SIL Table (IEC, 1999)

PFH [1/hour] PEFD

11107 < PFH <107°| 1072 < PFD

211077 < PFH <107°| 1073 < PFD

311078 < PFH <1077/10~* < PFD

INIAJIA|IA
IA[IA {IA |IA

+ 110" < PFH <1078| 10~5 < PFD
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Consequence class Released volume Acceptable annual

of oil to sea frequency

Minor harm <10m’ 10"

Moderate harm 10-100 m’ 10~

Significant harm 100-1000 m’ 10”

Serious harm 1000—10 000 m* 10"

Major/Catastrophic harm >10 000 m’ 107

Figure 3 -4 Environmental Risk Acceptance Criteria Related to Released
Volumes of Oil to Sea(SINTEF, 2011)
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: . Acceptable Loss of Position
Ri |
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1 EDS: Emergency Disconnect System DP: Dynamic Positioning
[ Achievable Risk Reduction due to Available Protection Functions

Figure 3 -5 Risk Reduction Scheme for Hydrocarbon Release to Sea Initiated
by Loss of Position
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g 7lsel aHE HdFE4S PFH 3.19E—07/hourel
gttt o= PR A AEC] dEEo BAEYAAEC] TS
Fgo] A gEe] It vREEA LS A ABEAAFOCR

BA|AES] 359%—-15%—50%% H|&E=Z <FAFEAA
QTS gdetal, FAYgAtel sidels 15%, = PFH 4.79E-
08/hours  wWiAlstAHr. AFAE  wiAISE B A ARl PFH
2.71E=07/hour?) QA F-AA] Q A Elo) shotm] o Input
Subsystem= PFH 1.12E—07/hour 1¥] 3 Output Subsystem< PFH
1.60E=07/hour?] FHAFAA QArgo] st (Fig. 3—-6).

Subsystemy,,u; Subsystem)ogic Subsystemoypu
35% (1.12x 10°7) 15% (4.79 x 107%) 50% (1.60 x 10°7)

Sensor Binary Binary Actuator

Analogue ||
output

Analogue
Sensor inpﬁl i = Logic system 1

Actuator

Figure 3 -6 Required Safety Integrity for Subsystems
(Based on Pepperl-Fuchs, 2001)
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HFTE 24% + = ZE AAsIvH(Fig. 3-73 Fig. 3-8).
HFTE ZAAd3st7]  falixe= ABAAHY %65‘, Safe  Failure
Fraction(¢]3} SFF), 718]x SILS L =F 3t} AH

A¢t BE A7 F 72 LFE v %%f& ?i%— 7}113 %Oi
MBEAAEE] 1 A Y g =
Aol AR Yo, 7 BFetel 1 e 1 <l
WAl P EA z2 8

Output Subsystem< AFdEOoZE EF¥ 1 Logic Subsystem<
B o= EFHTt SFF= 185 T AlolEal e A ke
FFol gl nFE vE Hog¥rt. SFF& 4 (3-3)°o& AR
T e, deolguoj e zt FFatrhe] nAdEo] EAje] Wil Z
FE&utet SFF #ht= 7 vk SILS &ld FFel 875+
FAFAG el sfgeit. wkeF ARF 9 /\1E"]i%]°ﬂ s st ar,
SFF7F 75%4 w SIL 37} &
#F4 HFTE 12 A4 5 9 ] Hﬁfoﬂ HFTE 1
oo R AAES FAE £ Qu B =RoMiE 7 AqBAAH
el IECONA  AlAIGE WHel wel H4 HFTE AAstel x4
e B A AAES AT

FN

rU

(As + App)
S Gs w0 <1 (3-3)
Safe failure fraction Hardware fault tolerance (HFT)

(SFF) 0 1 2
<60 % Siu SiL2 SIL3

60 % ... 90 % SiL2 SIL3 SiL4

90 % ... 99 % SiL3 SiL4 SiL4
>99 % SIL3 SIL4 SiL4

Figure 3 -7 Architectural Constraints on Type A Safety Related
Subsystems(IEC, 1999)

Safe failure fraction Hardware fault tolerance (HFT)
(SFF) 0 1 >
<60 % not allowed SIL1 SiL2
60 % ... 90 % SIL1 SiL2 SIL3
90 % ...99 % SiL2 SIL3 SiL4
> 99 % SIL3 SiL4 SiL4

Figure 3-8 Architectural Constraints on Type B Safety Related
Subsystems(IEC, 1999)
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T4 Adde aEskd AAESs s olddl
YA A" Y] Vs ESAEE AT VeESAEE @ A9
ol Fdsks Ve ¥ N EFS @SR s, AlAHe] Vs
TS fE oW FES deE A E4s] Hs AdE A
AR A AR VS ESAEE Fig. 3-99 #th DGPSE &3
AXAHRE Wolew Analog Input® @ opd=7 dHolEHE tAHY
dolgz  wWgste] PLCE  AEdth. PLCeA:  Fig. 2-159
Aol=gel wet ASH 5 WEse AAska, AWkl AEklA
v A el del ddste] vl sigetd Aiss
AsA7lehe HEe WdEe "AE delHE  gREo] EHEH
Indicator® ZEA|ZIt}h o]F D7} A3S Hdste] s 7|5
24717 Y& HES T2 Analog Inputl @ opd 21 HolEE
OAd  golgZ WEste] Supervisory Level PLCE st}

Supervisory Level PLC® SEM Fig. 2-162 Aojx=glo] ulz}t
H7Ed 752 ddd e fes il Edxols WHE
2 A1 70

DGPS Analog BLC Digital

Input Output Indicator

\» Push Analog Supervisory SEM Digital Solenoid
Button Input Level PLC Output Valve

Figure 3 -9 Functional Block Diagram for Emergency Disconnect System

WA Input Subsysteme®l] 3]9d3= DGPS—Analog Input—PLC—
Digital  Output—Indicatore] W3] x4 AAAHAS 1851y
RedundancyES ZAA3E Tt Input Subsystem= %  THA]  Input
Subsystem, Output Subsystem, 83 Output SubsystemO =z

BTt kAFAA ] 35%—-15%—50% W|&EZ ZtZte| dddsio] Z;
MBEAIZEO @ e = bAFAALS Fetd 4 Qlltk(Fig. 3—-10).
o]% PDS Handbook= %3] Analog Input, PLC, Digital Output¥
SFFE 3o}3skdlal, IEC 60947-5-4% F3l Indicator® SFFE&

s 5 A2



gketel 4= QIlTh SHA|RE DGPSe| tisiA e #d AHE
A7 witol nHES 7HYstel SFFE AR = ]l o] % Fig.
3—7% Fig. 3-8% &3 Z 74 4wtk H& HFTE AAsa
v o 2 k—out—of—n(°]¥ koon) ¥ & AASAL. 7+ 74
X, Ha HFT, 831 koond ZHAste] Fig. 3-11°f
Sk, 1 43 DGPS—Analog Inputs #4A HFT7} 0=
AHE de® oA dv As Flegla, PLCx #HA HFT7}
w2 Al st JNE e R sk Ae skt 183 Digital
Output—Indicator+= #4 HFT7} 0°.2 ofE2 AnE IQ=E A
v Ae sl oo wet 747k koons lool, loo2, Z1#il
loolo® AZAsUE PLCE loo2& A HooF Fn=z 2/%
T/ Eoor e, 1 F 3 N FAACE Tlee FHEHH Logic
Subsystem®] 7]sol FqE= Ze vlgt. o] DGPS—Analog
Input—PLC—Digital Output—Indicator®] S&4 %7} Fig. 3—128} #9]
Z2Hd # T

£

— oX fo
T I AT
9 1o o 1o

Subsystem;,, Subsystem, ,4ic Subsystemg,gpue
35%, SIL 3 15%, SIL 3 50%, SIL 3
PFH:3.91x 1078 PFH:1.67 x 1078 PFH:5.58 x 1078
Analog Digital :
DGPS Input PLC Output Indicator

Figure 3-10 Safety Integrity Requirements of Emergency Disconnect
System from DGPS to Indicator

| component | e L cct09 Ly [ oo | s |||

DGPS A 10.00 1.000 10.00

Subsystemn,t 95% 0 1001
Analog Input A 1.600 0.160 1.600

Subsystem o PLC B 4.800 0480 4.800 95% 1 1002
Digital Output A 1.600 0.160 0.160

Subsystemoyput 94% 0 1001
Indicator A 0.100 0.050 0.025

Figure 3 -11 Reliability Data for Emergency Disconnect System from DGPS
to Indicator Data from PDS Handbook and IEC 60947-5-4)

@ k-out-of-n System T k-out-of-n Voted Systemo]&til @t} o=
HEd o2 nrfe] 4 84 F kW 715 Fdstd A=y 75| T8y
= TEE 9ujeg. B Was A xdstr] $18lA = koon:GEFal A,
koon:Fe] A& n/e +4 &4 T k/7F 715 3ol AslshH A]l2Elo]
7% e Aufste FE2E on| gt
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PLC

Analog Digital
Input Output

DGPS Indicator

PLC

Figure 3 -12 Block Diagram of Emergency Disconnect System from DGPS to
Indicator

o]% Qutput Subsystem®] 333} Push Button—Analog Input—
Supervisory Level PLC—SEM-Digital Output—Solenoid Valve©l
& x4 ZFAAdS 18389 RedundancyES AAEAtTE. Output
Subsystem= % THA| Input Subsystem, Output Subsystem, 13|11
Output SubsystemOo.Z EF3t11 <HAFAAMNY 35%—15%—-50%
Hl &2 Z}7be) disto] 2 JHA A" Q F¥ = b FAAdS getst
T At (Fig. 3—13). ©]% PDS HandbookS %3] Analog Input,
Supervisory Level PLC, SEM, Digital Output, Solenoid Valve<]
SFFE 3etstda, I1SO 13849-1S %53 Push Button® SFF&
wporsk &= 9l o] F Fig. 3—7% Fig. 3-8& %3 2 +4 24wt
4 HFTE AAsigla ol& vlE o= koons ZAAsIth 72 74
Q49 AR, FHA HFT, 183 koons ZAstY] Fig. 3-149]
A sttt 1 A3 Push Button—Analog Inpute # 4 HFT7F 102
loo2% offe v g NE e s Ae gsiia,
Supervisory Level PLC-SEM< #4 HFT7} 242zt 13} 2¢f &3k
20039 1oo3E o8] AvE 217t g et + NE ZoE ol A&
gelstdtt. Z18]a1 Digital Output—Solenoid Valve #HA HFT7}
007 offe FHE da= oA e A= #dsiqlth o]l Push
Button—Analog Input—Supervisory Level PLC—SEM-—Digital
Output—Solenoid Valve? EZA%7} Fig. 3—-158 o] A=}
E5HAES A9 koongs Zddb=dl oy o] Stk mEbA EFAHAL
olgfjell koone 7IAeteE A% AN Fig. 3—12% Fig. 3—1591A4+
koons W= Z|AjskA] @Sk, & JigRtE EFAHA R ZASSIT

JIEAH O kS 12 FRh



Subsystemy, Subsystem, q; Subsystemgyp,e
35%, SIL 3 15%, SIL 3 50%, SIL 3
PFH:5.58 x 10~% PFH:2.39 x10°% PFH:7.98 x 10~ %
Push Analog Supervisory SEM Digital Solenoid

Button Input Level PLC Output Valve

Figure 3-13 Safety Integrity Requirements of Emergency Disconnect
System from Push Button to Solenoid Valve

|| component [ Type [ 4, x109) JApu(x10©) [Aex109) | s [ | ]

Push Button A 0.500 0.400 0.300
Subsystem;,,, 86% 1 1002
Analog Input A 1.600 0.160 1.600
PLC B 4.800 0480 4,800 95% 1 2003
Subsystemy,gic
SEM B 4,000 1.200 3.500 84% 2 1003
Digital Output A 1.600 0.160 1.600
Subsystemg, oyt . 91% 0 1001
Solenoid Valve A 0.160 0.160 0.240

Figure 3 -14 Reliability Data for Emergency Disconnect System from DGPS
to Indicator (Data from PDS Handbook and ISO 13849-1)

_ | Supervisory | | |
Level PLC SEM
Push Analog
Button Input
Supervisory SEM Digital Solenoid
Level PLC Output Valve
Push Analog
Button Input
|| Supervisory | | [ | | |
Level PLC SEM

Figure 3 -15 Block Diagram of Emergency Disconnect System from Push
Button to Solenoid Valve
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Figure 3-16 Block Diagram for Emergency Disconnect System
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F3th(Fig. 3-179). o] wd g5 xdsE F(h) 2 Yehyd,
ol sl Alxwlo] (0, t] Atolel agho] WAyst sHgof &3t
t7F 1 @y AR 3AY gow mgoe] wAEy] wiof
ol 1A WAyl FEF ¥ 2,

Aol gEYULILs ()2 UeEgn, ol: $£2
gojEt, Aztel uwpet FEEEFF SFEUSTFY gte] wiH

o] Fig. 3—18¢] eI

(C1
ML
O ol >N

o
o
il
o,
10 fl
o
4
o
o
e

F(t)=Pr(T<t) fort>0 (3—4)
d . Prt<T<t+At)
f® = th(t) = Am, At (3-5)
xm 1 Failure
1 /l/
I Time to failure, T > t

Figure 3-17 State Variable and Time to Failure of an Item (Rausand, 2014)

f(t)

L

0 Time t

Figure 3 -18 Probability Distribution Function and Probability Density
Function (Rausand, 2014)

® Fig. 3-179] 28 W5 X(OE 19 09 o & Item® AEE etk 1S
A0 AHE onsta 0 wFo] BAdE AHE ¢u]dit}. Fig. 3-17S X
o v AIZE AR Itemo] A AEjell vzt i @A A 7ho)

At sgel WA wgol WA FHz HolHe A% FAF + Aok
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AdAF I AT o R FAAH= uAE aHshA derhal
P8ttt A bde 3% (Safe Failure)d st
1% (Dangerous  Failure) a9 A7 Agowy  AAEHE=
1% (Detected Failure) ¥ ZHA ¥ A] ¢k+= 1174 (Undetected Failure) 2]
7ol wel AA W AR E272 F dk(Table 3-1). @
g s 1] Ve BAHAAI AR o] Aol Qle
A ngow AAu=Ao e AT bdA-AA AR 7ol
Ao Qe Ao nFoz AAHA kow kdd uFo=
HFRE PABAEAARS] nAo] AoHi e FH o=
AdEH g nFew FFEH. ole VS L7 #Fe
A= Flo®, kYIS0l 87 HA s AEHelA PR TA-EAAE
o]l wAEtd  AlojEa Qle AAe bd F#ste]  QbHSh
o R ERE vk Ayt Mdow AAHE 1Fd A EHA
o 1S B adE At Ad A A e oFE #Rdth
A7F Ae w2 @92 AAle] wEel #A Thed o] HgE
B A s FHE @ 5 Qlvh bdd g AA Thed
a1 sk gevka 7pgste], Y AR QlE Ves A
%ol 4SS MAEYL 5 B =RoNE A7) Adew A
Qe e 1PN gEn
Table 3 -2 Failure Classification
Safe Failure Dangerous Failure
Detected Failure Safe Detected(SD) Dangerous Detected (DD)

Undetected Failure

Safe Undetected(SU) | Dangerous Undetected (DU)
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Al7ZF(Mean Repair Time or Mean Down Time, MRT or MDT)-
10A7Fe 2 7Fg38k3ith. ©&, Proof Teste]l AQF & A7FS 118314

Fsket.

P
—=

PFD(t)
- PFD(1)

- PFD(t)

i PFDO(t)

[

T|rne’
Figure 3-19 PFD of an Item with Imperfect Proof Test(Rausand, 2014)

PFH+ Rate of Occurrence of Failures(¢]3F ROCOF) ¢ 7ld 3}
FAFSEA R 918 e Al ROCOFE AlAbstt}(Rausand, 2014).
e WA ROCOFO] tisiA AHEE% gty ROCOFE 14 A
N2 ZFogt, Algte] g 174 3155 Plotdtd Fig. 3—203 9]
et 4 gloer, o] W ROCOF+= Hat 117 3ol oist nvlitAlSel
gt ol FAoE yEd 24 3-6)% B-7=E Hed F
Atk at7F wf$- ZFohar shd ROCOFE 474 (3—-8) 3 o] vehd &=
ATH drAo® VT T Aile S 7K atst Fopof
1ot =, (t, t+at)Eeke] 1 359 Ao] N(t+at)-NM+ 0
= 1ol sideteh webd Fargke] Aol whEb N(t+24t) -N(1) <
a4, t+ap)seke] o]l g FEY Fdsitta &
o} webA ROCOF= 74 (3—9) 8k 2ol vepd & it}

N(t) &

-
© o
L

o = N W &2 000 N @©

[
:

0 L L L [ . 4 bty Time

Figure 3-20 Number of Item Failure N(t) Plotted against Time t
(Rausand, 2014)
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Figure 3 -21 Relationship between ROCOF and PFH in time interval
(t1, tz)(Rausand, 2014)
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2004 Rausand & Hoylandell 9@ 271% ®Hol1, IEC Formulas:
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IEC Formulas® Channel ® —Equivalent Mean Downtime @ o}
Group—Equivalent Mean Downtime= A|A|stal ©|E PFH AAke
ARgstth A E A o= 918 vARES aEE] "ol A E= 93
e st F Ak dlYstE Mean Time To  Repair (©]sh
MTTR)S 0°=% 7}43g . MTTRe] 04 w Channel—Equivalent
Mean Downtime®} Group—Equivalent Mean Downtime< 2] (3—
353 (3-36)=2 EHET loolel wisk PFH Al4b4 Simplified
Formulas$} s¥dste] 2] (3—-37)°0= ZdHHAT loo2¢ gt PFH

ARAe 54 (3-39)% EAHL, ot AAHA Lt 99
)

MEAQuRoR Qe T FA Q4 ZZe] mFo] WAstE &3
FEAIuFo T F FA Q4o EAo mFo] WAEE= FE2 TS
oulgtt}, wh7FA 2 20039 thE PFH A4S (3-39) 2 &,

| AF2]
loo3e] gt PFH A4S (B3-40)2 x3dFY.  Simplified
Formulas®}t #o] koonel tiste] ARbstel 2lo] ofbd loo28t 7ol
A wAol LAt A5 WA PFHE AAMST 2 =iedAe
1oo2, 2003, 183 10039 AAkdTro] HQstry] difel o=
FAoR 7]#s9la, ©E koon Tl didsl PFHE AAtshs 41
IEC 61508—6(2000) ° “FAI3] 7<= ot

Apy T
tep = —2 (= + MRT)
CE 1, 2

(3—35)
A
toe = ;DU(n—k+2+MRT) (3—36)
PFH001 = 3 (3-37)
PFH°2 = 2. 2, (1 — e~ (=P Autce) 4 B 2y = 2+ [(1 = B) - Apyl* tep + B - Apy
(3—38)
PFH?°%% =6 - [(1 =) - Apy]* teg + B - Apy (3—39)

PFHY3 =6-[(1—=B) Apyl* tece"tee +B-Apu  (3-40)

2 A9 A 22, FEFS Elementglal g slar, 3k
174¢] Element7} B sube] 753 st 4-F 319 =S Channel

Downtime< Channel & Groupel| 1%o] BAdte 7|55 33}
= AEE ofugin) Rkojol= Uptimeo® YA SR 7|5S Fa4T

ARre olv g, 3

=
o
o
5
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PDS Method= 7RG R A% PFH AXks 9
Simplified FormulasE& AF&3slA|%F, 421 (3—-33)9 /fEHAN A&
ARGl ol A EA e Y aFES IUE ARgSt
TedJdaFgor <9lsk PFH AARE $3] Configuration Factors
=939t} Simplified Formulas$} IEC Formulasy 3Edeludo=w
13 PFH7F koon$t #AIRlC]l 54e gt= 7FRAW, PDS Methodel
2 koondll Wt AF Croon®l 2t 3 E&HJLFOE A7 PFHZF
Gzt o= koono]l thEW A|ARIS] FAJERE ofuet dE=g] Tt
Gt 7] wEel  koonel weEl FEAJILGEC] Gefx ol s
Azro]l vk ® Ayela g 4 Quh Fig. 3—22+ PDS MethodE %3
PFHE AAtsh= 2l a8, Fig. 3—332 Croon®ll a3

ol

¥
o o

—_

PFH formulas in the PDS method

Voting Contribution from Contribution from
Independent failures CCFs

lool ADU NA

HOON nADU NA

loo2 lzDU T + BADU

1003 A3 T? + C1o03BADU
2003 3).3DUr2 + C2003BADU
koon (rtp)ADy Hlen + CkoonPADU

Figure 3-22 PDS Formulas for Average PFH (Rausand, 2014)

k/n n=>2 n=3 n=4 n=>5 n==6
k=1 1.00 0.50 0.30 0.20 0.15
k=2 - 2.00 1.10 0.80 0.60
k=3 - - 2.80 1.60 1.20
k=4 - - - 3.60 1.90
k=5 - - - - 4.50

Figure 3 -23 Configuration Factors for Selected koon Architectures(Rausand,
2014)
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2 =idE lool, 1002, 2003, 283 1loo3¥t AR&HH, 7}
W ol et A& Fig. 3—24°] Fgstaint.

1001 Apy Apy Apy

1002 ((1=B) *dpy)Pe1+ B+ Ay 2+((1 'B)‘inu)z 2 G"’MRT) + 8+ dpy (App)?+ T+ *Apy
2003 Ie(A=B) e Apy))? +T+F *Apy 6’(“‘3)“‘00):’1?;‘(%"’””)"’3"’100 3+ (BeApy)?+T+24 B *Apy
1003 (A=B)* Apu))** T2+ B+ Aoy 6+ (L =B)*Ap)” * (72" + G+ MRT) + G+ MRT) + B+ Aoy (Apy)®» 72+ 05+ + Aoy

Figure 3-24 PFH Calculation Formulas

Fig. 3-249 A& ARgskl  ATe  Fdsl Sl6

HIAE A A" A E 2 S (Reliability  Block  Diagram) &
= )=] - o =) =) =
2Agednt. AP ESAEE 54 7les T8 S8 od A
SAER TAE ALY AEE Bl 9% =geE godrh
MR ESHAE 2 § FF &4 (Structure Function) & 7331
FATAA S FASE AR, B R T FAL A
AxE T AASE] g8 AHYEESARE A5l ohTig.
3—25)
PLC
oGps  — "“I':‘:':? { J— glgtgj'( —— Indicator |
PLC
Supervisory Supervisory SEM |
Level PLC Level PLC
Push || Analog 5‘ ’7
Button Input
Supervisory Supervisory SEM Digital | | Sclenoid
Level PLC Level PLC Output Valve
Push | | Analog J \\
Button Input
s || e sou

Figure 3 -25 Reliability Block Diagram for Emergency Disconnect System

Al 7AW Eel wet ATs T8kl fal Fesh d¥ie
Aestadet. Al WHES ALst] fdH Zest g™ 72 A
[4° IFEFAHA e ¥ EE Ao A EE v,

Q. Proof Test 7] r, 1831 3 <8l A7 MRTo|th

1

HIAE A A" A 949l DGPS, Analog Input, PLC, Digital
) O 7] =1L —
s < A S o) S
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Output, Indicator, Push Button, SEM, Z18]3 Solenoid Valved
AH S Aelsted Fig. 3-26°02 YERL. 1745 EAHE
Z1A s lek. 2 el «3FAl= HolBE ZH xa] 7Hgsh groltt
= 32 7 e Arele 2T 3%E 7Hdstelt

15 <10°9) | A0 (<109 _—_“

10.00* 1.000% 0.03* Assumption
Analog Input 1.600 0.160 0.05 160 10 PDS Handbook
PLC 4.800 0480 0.05 160 10 PDS Handbook
Digital Qutput 1.600 0.160 0.05 160 10 PDS Handbook
Indicator 0.100 0.050% 0.03* 160 10 IEC 60947-5-4
Push Button 0.500 0.400 0.03* 160 10 PDS Handbook
SEM 4.000 1.200 0.05 160 10 PDS Handbook

Solenoid Valve 0.160 0.160 0.03* 160 10 ISO 13849-1

Figure 3 -26 Input Data Set for Safety Integrity Verification of Emergency
Disconnect System

Fig. 3—-259 A#AE=ZHEo] ofs] Simplified Formulas, [EC
Formulas, 183 PDS MethodE %3] <HAFAAN ASLS F3d3t
A3E  Fig. 3-27% o] AYsiglo. AST Ay FAsH

A
2THE QATAYL WFAIA

HI AT 2 Al A B B ] 7] 5o 21

Xl AETAoR Jes TEE 7 flSS FAs. olst A
Fig. 3-279 A < =3ZAI7F Hol e 74 84 8 =54
Aoz AT =XEAIZF Hol = FA Lie 1F FES
GEOZTLE QFEHE HHAFEAY FES UFHAIA K A4S A
T 9tk 5ol EF lool? A4S mE1 Qlrk= Aotk lool®
PFHE= 7} 74 849 AAHA e 98 13 Ee s 7324
FAANS 18E w= SFFE 183197 w2 loolo =z ZEETE=
A7t B9 5 oy AAHA g ¥ nFESY A7) AATE
TR AAA olyst dgo] HAT 5 e ALT = Uk
ek QT EE FAFAAS RSA7]7] S «EAIVE | A 24
sl HFTE sy 58 wWeks agsdt. &, g 74
Q2o thel HFTE 12 581 25 loo2® AL WA
HAE A dEids AFRPESHAEE Asela, ©]F Fig. 3-
28% et o]F Fig. 3—-289 AFHAHEZHAE tis) Al 714
W ES Bl byAd HAFESE 73 A3E Fig. 3-299 #o

g shert,



|| Koon | Component | simplifed IEC PDS

DGPS
Subsystemy,o,. 1o01 1.16E-06* 1.16E-06* 1.16E-06*
Analog Input
Subsystemyggic Too2 PLC 2.40E-08 2.40E-08 2.40E-08
Digital Output
SubsysteMoyp,e 1001 - 2.10E-07* 2.10E-07* 2.10E-07*
Indicator
Sum 1.39E-06 1.39E-06 1.39E-06
Required Safety Integrity 1.12E-07
Push Button
Subsystemye,, 1002 2.00E-08 2.00E-08 2.00E-08
Analog Input
2003 PLC
Subsystem ;. 8.40E-08 8.80E-08 7.80E-08
1o03 SEM
Digital Qutput
SubsysteMoyp: 1001 - 3.20E-07* 3.20E-07* 3.20E-07*
Solenoid Valve
Sum 4.24E-07 4.28E-07 4.18E-07
Required Safety Integrity 1.60E-07
Total | 1826-06 | 1.826-06 | 1.81E-06
Required Safety Integrity 2.71E-07

Figure 3-27 Safety Integrity Analysis Results

Analog Digital "
DGPS  — PLC g —
Input H :|_|: Output Indicator :|
) Analog Digital ] | i
DGPS Input PLC Output Indicator
Supervisory Supervisory SEM |
Level PLC Level PLC
Push Analog Digital Solenaid
Button Input Output Valve
Supervisary Supervisory SEM |
Level PLC Level PLC
Push Analog Digital Solenoid |
Button Input Cutput Valve
pervisory Supervisory -
Level PLC Level PLC SEM

Figure 3 -28 Reliability Block Diagram for Re—arranged Emergency
Disconnect System

DGPS, Analog Input, Digital Output, Indicator, 283 Solenoid

Valve®] HFTE 34 58 Fig. 3-28% o] wAReAsge
TAT A9 Fig. 3-20014 #A F IRl HAFEe|A 2ol
R sel QT EE AGS NEAD S gl e FAd 5 9

HAHEE] 7] 5o Q75 E A e AdAE wiAsES w, PFH
2.71E—07/hourel a3t sid  Q7AMES BAEEA
7 7

A<
gatel Axdo] QHATAY LTS BEAY 5 LA AZH

i
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$38) Simplified Formulas, IEC Formulas, 1331 PDS Method&
AbEeldar, 1 A3 PFH 1.89E-07/hour, PFH 1.92E—-07/hour,
383 PFH 1.83E—07/hour® Q7AFel PFH 2.71E-07/hourX®.th
Zbolb @ FAEE WA= AE AFEld. ol st
G A A"e]  AyAow HAAEeZlss TP ol A%

Fd=e S g des vt
DGPS
Subsystemy,,,,  1002* 3.82E-08 3.80E-08 3.82E-08
Analog Input
Subsystem,qg;c loo2 PLC 2.40E-08 2.40E-08 2.40E-08
Digital Output
SubsysteMoypy:  1002* - 9,50E-09 9.50E-09 9.50E-09
Indicator
Sum 7.17E-08 7.15E-08 7.17E-08
Required Safety Integrity 1.12E-07
Push Button
Subsystem), o, loo2 2.00E-08 2.00E-08 2.00E-08
Analog Input
2003 PLC
Subsystemy g 8.40E-08 8.80E-08 7.80E-08
1003 SEM
Digital Output
SubsystemMopee  1002* 1.28E-08 1.28E-08 1.28E-08
Solenoid Valve
Sum 1.17E-07 1.21E-07 1.11E-07
Required Safety Integrity 1.60E-07
Total | 189-07 | 192607 | 1.836-07
Required Safety Integrity 2.71E-07

Figure 3-29 Safety Integrity Analysis Results for Re—arranged Emergency
Disconnect System

Simplified Formulas®} PDS Method: 10029 tiair+= AAE
A7t A9l fAFs A9E HATE 1oo29 did] AlAkd S
M/ tha] mHeteE & HEAN FEdJdage] sy
Ak Fdsitk a9d 7o 2l
s HHYE AL PFHYE 3&5dd el 938 d4devy A4e &
ATt 20039 10039 thsiAE % 5
sl st o] et r] Wielth PLCYHS vl walXA Simplified

Formulas®} PDS Method® AAFet A37F PFH 2.40E—08/hour®}
4.80E—08/hourel dlgsta, 2d] =o]7} = gol1st 4= 9t}

7 % = = =
20039 AAAE vlws|RH PDS Method? ¥&dJ1FS 8 dhe

3ol Configuration Factor 27F &34 Q= ZS& &% = Q. ol &

45 7 ,H e 1_'.] 'ﬁ}



3l PFHE AAste= T2 9471 35ddn
At} Simplified Formulas®t IEC FormulasE ¥B]uwstd DGPS<2H
Analog Input®] PFH¥ Simplified Formulas?} © A AAFE A qF
PLC®} SEM®| PFHi: IEC7F o AAl AArEdS

I[EC Formulas® 9138 14E3 MRTE F714°
T Wl o Aot debslE Ao ® odEn

1o
s
=
oy
Y
o
e

>,

A4dE FAFEYE AT B HE

UM HPREE A A B IHFAY QALY WS oRE
Asetelar, 2 delMde= HTo BEAd dsid HEY. ey
AE= AT AR &4 By el u2 A Mo HASE
Tk, RYoly AAES Fil L FES FJAEE WHe Fl
ojFoixitt. dAACoR RYo ANAEE vtEol ddE & g Sle
ofdol HA kvl wWEel & &4 WHes S& A HASE
T Zor AT HIEE HESSIH B AEE SlE
AR AREERA] Far Ao mE AIAES] AEjClE Akl

o

15 98 2012 IECelA ALt Petri Net= AFE-33 )

Petri Net2 HA+EH F8olx sA4 (Concurrency) S T3]
el =l A 30 Fob chdAHEAIAEY 1 FE A4
Al AFEEITE Petri Netd 7]EHoz  AlAEIS]  Abg|do]
BAYEL7] 93t =l siwEle, Reachability Graphs(©]sF RG) S %3
A A /A g|Ao] 7tedtth. RGE AlAHES FASE BE 74
5 0¥ 1= xdste] WEYHE xE¥HASH= Reachability

T AFE 1#ste], Alztel wEl Reachability Seto] o] @A
i =4 ez z 583 Aotk sty A QAT loo2E FAE
AAEel AEfHolE BEARsE Ad= Fig. 3-30% Zow, olE
At 98l RGE AAste] Fig. 3—-31% etk RGE A4 st
2 A7 A Sl slgste], AlA®Y 1 A
el dis BE A FE HoE S Sk vk gFAd 3
AaA = Ak 8ol whet Al O A R AES] AE T oW
Hel=x5 18E 4 9+ Timed RGE TAldiof 3l ol5 E3
Markov Chain ¥+ Monte—Carlo Simulation 7] AFg3te] A<
FPgrt. IEC 62551(2012)°M &= AAEE] A7]ek Aol

A2QE = AZFY B FF/Y AA ASE WX ¢= Monte—Carlo

ko J
B o

e
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Simulation 7]'H& AFE3 A3 @usta Ak (Fig. 3—32).

Figure 3 -30 Petri Net Model for Repairable 1002 Voted Group
(Rausand, 2014)

piw I:lIF pEW pZF pSW pSF

(10101011
Clotro107yy (1001101
(010101 OW

Figure 3 -31 Reachability Graphs of Petri Net Model for 1002 Voted
Group(Rausand, 2014)
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M_ble__ Reachability analysis
Qualitative
Size of RG
| 1510009 o4 ctured analysis
Exclusively Markov Strationary analysis
Start exponential distr.
RGis Markov : ;
analyzable ) L——— Transient analysis
Arbitrary _Monte Carlo Strationary analysis
distributions
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M Transient analysis
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is too big
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Figure 3 -32 Analytical Methods for Petri Net Models(IEC, 2012)

Petri Net> #7].:12F  AAARS] Aoj=glE  EAlsh=H

olatal, AIZEe]l EFe] wel AAERE] AEiHolE A@Aor BHALE
we FAe 7HAI AARE AARe] =77 A-ASFE Petri Net©]
ot }X]El ATh 20037 3% A]AEIS] Petri

ox
N r”lo
N

At} wepd wur eka

Ak
H
5 9l Wl ol ANHL

=wo A= Signoret(2012)e] & JidH oz Aty
Reliability Block Diagram Driven Petri NetS AF&3}%t}.

X
=
-

* )Psw
-

Figure 3 -33 Petri Net Model for 2003 Voted Group(Rausand, 2013)
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Reliability Block Diagram Driven Petri NetC. 2 H|AE-2] A A H 9]
FAFAAL e Tl A, Petri Netell thefd zrekatA
Ao En Petri Net2®& HHE Yebdll= Place (p) 9k EidolE
of7]8l= AbAe]| sl Transitiont) ® T4 ¥k Fig. 3-34+&
7H 21k Petri Net®2 3ol sigstct. 235 olsistr] flsiA+ Fig.
3-34°] MEE ZASH Z3} o] st AEs) st AMdE @elE
£ Zo] Eu} Fig. 3-34°] Fo=w FAE & EF(Token) o2

= ¥4 4% 574 Placeol #1A8H dd AIAHIY AHE
dFrt prol EFo] YA, g AlAEE pi o2 FogE el
A= olmsitt AA p S S9E ASEAE, AR o] BT AS

| AHd ©1oZ Q1S piolA Hojues As FAE = Q. olF
17 peE @HE A¥EY, AR o] AT A9 EFo] AR 11 0%
A3l pE Folov Ae AT 5 vk AR Fig. 3-34¢] B¢+
7bket mof ddstr] wlitol Petri Net® 8o ¢&538HA] 942 AlH R
$oE v e glol AHAer osd 4 Utk SHAIRE Petri
Net®3&o] EH33]4 Place?t Transition® <7} v 3sht9
AEISE shel AFAS &R Sho] EASkA] ko B
olgfst= A-F7F A + v

OPI t, _Op
P —=0"
=

Figure 3-34 Simple Petri Net Model(Rausand, 2013)
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A el AFAS ddstE olF(Are)E A T EFUF EAEC
i dWbAQl st E AeEdolrt wAske AS dvsta, oE
i Al ol go] Eojd: Iy ¥z Aexelrt wAskE AL
WA k= 218 onlgtth, o]Z Inhibitor Arczhal HEt} Fig. 3—-35%
olE 5o AWS kA, peot e WeE A¥EW E2 Inhibitor

ArcZ AZAHO] pyol EFo] AT A AF 612 AdE RAYEA
Seth wEkA prol EFo] EASAE AR o] wAsHA] X3l
AEHol 7 dojA] oki=th poo] Eo] Algtd Ao uk A 0%
3 AEjdol7E Zbssizith. Multiplicity (5 Weight) &= Abzo]

—

1%t

w7 fld e BEFY R FoHo], dntdoR Arc ikl
FAE Arc F3bel ob- EAZF fle Arole e EES doR
AN 54 AE AE3le Aeele ol AHel 1 AR
EZo] Aot Abxio] v d Tt

P

P>

Figure 3 -35 Petri Net Model with Inhibitor Arc(Rausand, 2014)

ukok AFg] A o]o]] A]7FO] + 4% (Timed Transition)°l| 33
Petri Net2 Timed Petri Netola} ! 5&‘4 AEjdole] AQE =
Alzrol AR EA R Folxl Aes FEEHoE Fox Ae BT
xdol Thsetth AdEdole] AQE+«= /\]Zio] 5 AAEAoR
T Aol ¥ vE B0l AN, Aol AL EE AlFlo]
B gEEHoR FoX A= 1T Petri NetS Stochastic Petri

Hom Foll A%e FEEAOE
QurAole] ol 4t HY

® Inhibitor Arc A £l o] £o] = Fer} 7}0 Zo]
W&l 7o) AA A kol Petri Net Modelnbt} Roko] o2
IEC(2012)9l A+ Inhibitor ArcE Ao = velhd AL 7]F0
A7MA = A Eoll do] o] A& ﬁEH% wol AR&3tar gt}
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Petri Net2 Generalized Stochastic Petri Neto]#} it} AFe]z o]

295 = A7 = AI7FY] &85 F ¥ &= Transition o3 ZAs=d],

Transition® 7]& %3t Gepxlth. AMR-EH= Transition 71%E
Aelsle] Fig. 3—362% e Petri Net2 ¢HAFAA 84 (XA
Aol AR A, dEdoled AQHE AREE FE OAFEEE
ARG o] w AeRE AF Ae 4 A 249 uFEC
sl ey,
Type of transition
Deterministic Stochastic
Exponentially
Delay Delay or geomet- Arbitrarily
is zero isd rically distributed
distributed
Parameter d A ¢. A{‘bm'.ary
distribution
7
Symbol | I D ,/;
_

Figure 3 —-36 Symbols Used for Transition(Rausand, 2014)

ANEPEFHAES Petri Netg  AFs  Jidolth
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Block, & 7|5 @9=E 4 245 vH AR 7les T8V A
FES goteta ¥3&8 1 SEE AAY AAY 17 g5 At
T Atk WEA Petri Net Alte] & A|AHS] T34 Ass 34E
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i |
o]e] Signoret(2012)2 + WHES 533t Reliability Block Diagram
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AR BB 7S

d Q45 Uy dEel 72 7lE
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A4l nFd  FES AAsE Zoltk. Signoret(2012)
EAAIZAI A e sl sld WHES FE8AIA Petri Net Models
et (Fig. 3-37). Fig. 3-372 2¥rd (DHFE O)7HA+=
AX7F 200372 FAAHANL, (D)FH (E)7HA= Logic SolverZf
loolo® A=l glom (BE)FH (S)7HA= WHI7E 1oo2ZE
TAE el itk Aol disiARE 7heE] Amud A sfe] AlA] Zhzte
a4 Petri Net Model& WH=Slth 414 9] Petri Net Model Y
Ne] el 5718 Ao R 4 H o]

Wi Adde=z Zgste 7les 3T & Sl g™, Us 149
WAty 7)1 5S A Kok AH, D Proof TestE &3 13S
A Ae, a8 o7 RS FEEH1 e Al s
Edo] WellA UR o]Fstr] fsixe F AR & sty dAdeof

[e)
. et gEddmgln HE sk uddmgo

T

FTEANTHFL 9 Petri Net ModelZ2 Z&Fo HAAE 3
ZAEo 7 AFsit). ?2Ccfiz Cef=10]W Aol WASt= AL
olulstar, 2% Petri Net Models Aunw FEdduzel Ay
AlZbo] AFREE wWETal Hol low, mAo] whAskH  [Cefehs
HAIAE E3l Cef7b 0olA] 12 wpATh o]F Lol o3l AlA <
FE7E WollAl UR dojdt), /MEAnge] B A AFEEE
w2ty Ho] glom, o] IAlStH AlA S AEIZE WellA U=x
Aol AE7E WellAl U= dol& w), !-Slolgk= wAIA 7} §lo]

Slo] 1elx 002 wpHlty. Efo] Wi UR olFsty] aixe
shte] AbAS Hew v, ol uAS AAEE Abdel s
of 71 M= o] wAskA wiE a7go] A Eo] AFE7F WelA DE
24 A He Aoz ol 9tk dAIRE URtH o & Proof Test
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Model2 E3 ZAES E3 AFdo] Ay =
EZo] DA RE o]Fat7] fsliAe= <
S 2 AFsle Abde dgdt s AlRe FEAdS Hyet
dol  &Al #A]Jol  sheskAe] 2AEE Fd AR
sttt ??nbR>00]e= HWAIAE F3 A 2
A=A Fetete]  wheF EXNE AL
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e B, o] EFo] RolA W=E o]Fdtr] Slaix+
dngl= AMHS "7 dta, MRTWEO A7to] AQwd g &8
Aol st AlA L] AEi7E 7% o] ks AdEIE dolHth
Logic Solver?} MH ] Petri Net Model= AlA9} IA th2A] A
TAE 7] wEel AWE AHstEE @tk loo2® TdE WE|

i 7] Petri Net Model& Fig. 3—38% UYERJo] Reliability
Block Diagram Driven Petri Net©. 2 Rt} 1tds] RElgo] 7153kt
Ze BTt

v [ise ]
H IInb R=nbR+1 i
Em‘Lﬂ et f o |
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component
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Figure 3 -38 Petri Net Model for 1002 Valve Group(Slgnoret 2012)
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oA wAAEYA|AH Y thal] Reliability Block Diagram Driven
< RPEE3 T Signoret(2012)0] A MES vpFo®
nags 78k, IECS #ae] wel Monte—Carlo Simulations
= TSt v EA AR AR ESHAEE Fig. 3—
P

A Qo] s Fig. 3—399 #o] Petri Net

=

Mean Repair Time, mrt

Test Interval, 1 t_O Exponential Distribution, 1/84

Figure 3 -39 Petri Net Model for Each Component of Emergency Disconnect
System

RNeE AH, Us 7les T3 3 ,
Ao sttt Signoret(2012)°] <FAAAAAHS EE
A= 24 9% Petri Net Model2 %@ Proof TestF7]
s oy, FHEAYE FdsE Hel i aEle= wiAESIith
Proof Test 715 1#3d}7] 9 25 Petri Net Modelel th3lA
pskA AEskad, 9% Petri Net Model  Proof
Test+7] (r)WH&2 Al Zrol Ao ZHA] s ARz 0]
WAlstel ITESTE &3l TESTO  #el 0dA 12 w#pyi
1§ ?TEST#h= wIAIAIZ TESTgke] 1o] wbHe S FQlstd
= fASkE Abdo] wAste], A Q48] e o] 7HAH
doldr, FEdJq gy MELA1ZS posr Bds F3
o, Simplified Formulas®t IEC Formulas® #o] 2
upet 37 A Ao st ARl AFE AW

o

o 1 ox K
o 1 & oX A

2, o Hu



A2 Monte—Carlo Simulations %3] F33tF T ovt
Fask= HAgolA  Signoret(2012)°] AQbsh JEI Aolgh Fol
ST Signoretd] EREE WS (DFH (9O)7HA9 2e 4
Q4o thal] sApA o R A o] FaEoloF ] wiTo] Ao W
Alzbo] ZQHnh SHARE A AAES] 1S s AL Tss
Fd3s7] Yal koonl®E FAE Group®l 7les FHHA T A
wAgsta, wekA FxFoer (DFYH (S)7HA] EgE de glo]
Group®] 7ls& F¥8A Xote A5 Zol AAHS] nFS AT

T AEE §4s AT A4S Matlab®= F3383aL, Petri

¥3lyo] glom 9 Petri Net< Function®® A3+t Matlab®
FEE FFo F£E33Y. Monte—Carlo Simulation 3 34+
10002 s u ol S AE FAsn 1 A

gA~Ee 14 FES PFH 1.89E—07/houre] dFal= A<
Atk ol A HAME FE Hes Fst ARnset AL
dste, v 7lsel &7 5= PFH 2.71E-07/hours HHA7]=

Feteh AT B AARe] MR E Vsl 8T EE
]

(HAFAY s WHATI= S vA] ASsE] ool s d
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w2 FAo] 7]sol $mw”] Mol Physical Limite]l Z=9std
7b g3 el &gt fE Al 2T ¢ itk
o] Ao dst= HAuE FI 7les T
Q= AR FoEE wEEAIRE Y o] mpdREsEel 4
Q3t Mo st As & Ak

HHYE & (Beaufort Sea)el A= AlFg 2ol o3|
v 2] 7] 5ol 87t E = wheAIRkE A
Imperial OilAF(2009)+= 574 374 Ao  Drive—off=2 <lgh
AlFE e HA e el i S sl 2ela ghol A A AE
T3kl AFe] 18 Al wet golA AARSY] 72 4 84
g3k 8 A8t gholA =g fASEYE s AEE
AR T Fel28 Al wep 2holA AR 7
ofGA A=A FAste] EE ARE AILSE FO7 Sk e
232 YEFA Y (Fig. 4—1). Imperial OilAFH(2009) &= dld 1382 &
& BRI S EHE RESAIREE EAERlE, Ha
HWEEAIZEO. R 4525 AlAlSHSAT

552
o1F A

# 1
N /0
8 'J‘gi 15
-]
@
¢ z
8 $
o3
% S
§ w
3 45
Required
O : Al eloar 2 GE::;O:“ :‘5 ESECS Di::onnect
PRLLL LN P 4 =0
+ Hang-off drill pipe and prepare for disconnect . ¢ Time &
O + Initiate Emergency Disconnect Function
0 50 100 150 200 20 300
O: Paint of Disconnect (Usually Black Limit, blue in figure) Time (seconds)

Figure 4 -1 Description of Watch Circle and Drive—off Analysis of Vessel in
Beaufort Sea (Imperial Oil, 2009)

P ISO(2006)% W AIZHE ZAFo M AA7 e gHo] Al 1]
ot XH:]]U]—X AG= = AlZre 3|3t Signal Time A o] wa} 3
H7F 7158 st 288 Azt dFets shift timeo] oz A

.5 Bbe Algrele Ay Wil Wi@o] AAR o] H = v AW E A
Zrolel & & SQlth

3 5 4 2T 8 3

A% BAE AT Abd7E EA S,



B w=Ro|MqE= Drive—off Wi Drift—off2 913 AlFg] 19
Ases wAsta,  golAAAHe  dist Tz sHE TSt
AR A2 el HA wEEAIZEE Ak A il Aol F=
AHEE = 7SS ekt Al elA = vl A R Sl9l AP S
2= Zlo] g dubAolr] wite] XjEA /g E API STANDARD
53(2012)%  Fasksl API(2012)&  HIAEEA RS HAa
WS AIZFO 7 902 A|AEATE 2F o AlRFoRE BedE Ad
B w72 AL Hst=d 45% a9l LMRP 43 % LMRPE
Bojaled 45%5 H4a WAoo 7 AAEAT & B R
HA HEEAIZE 902 E w75 Vs QAo R Aokt

Q7= FHA RESAIRE 90% ofdel wldEETse @S|

20 s 2ol JPgslth. AlFEae 3 xror 74
10,000 ft=, 283 AxA fAHe] =55 247 20 €8k 1 C
Hgedet. f-d=e 43S 18  3/4  inch®, 18
H AR A A E O] FAddE 7 F2eE 2> 2H2F 15,000 psigh 5,000
psiZ 7Hg skt

AnbA o7 &g A= AZGAANTFEH Fuistr] wiel A=G AL
7tg 215 Fxely, FA= A% gy st A
Adsto] Alds Ietskitt

Sl A 3 WA 7]= Hydrilrte] Conventional Ram BOPZ
Adeint. EdE Ad O BHVE A7) % 9
e 2 3,000 psi®t 5,000 psi & A"o] 7pFelal, €1 @ VoS
?l8 Opening Port%} Closing Portell 1% ool Fy= 44

33.4 US gallon®} 38.8 US gallono] @&iwstct  HydrilAke)
Conventional Ram BOP2] R &2 Fig. 4—2% UEtH A& QR =
2187 Y8l AFEE = MPLO tiaf|lA s w2 a8 skA] ekSrtt.
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Figure 4 -2 Conventional Blind Shear Ram Preventer (Hydril)

] Zl WY = CameronAt®] MCS Gate Valve® 417 3}3 ).
23 & 4 RS FAFAI] A FERE 4ES 1,500 psigh
3,000 psi & Ago] 7lssta, 93 Y+ 75 = $13 Opening Port%}
Closing Portell §5 = GoGo Fyu= F2As4 0.75 US gallon ©l
ettt Cameronite] MCS Gate Valved E&2 Fig. 4-3°9%
UERRtE Fail-close’le< Fd3t7] 98] ~x#o] Fu|x o] Iy
Aol tfgh Al FolE & gl

i

O

ror

e, ©

Figure 4 -3 MCS Gate Valve for Choke & Kill valve(Cameron)
3 L R | (0T [y
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LMRPH A= Camerontte] DWHC Collet Connector®
AAstdv. LMRPAAF-E 2sA7]17] S1sh f9+9 ¥ 3,000
psi?t 5,000 psi & AHo] 7hsstal, ALt EEsts 7les Sl
Unlatch Port®} Latch Portell %= #+2 F3& 47 12.1 US
gallon®} 15.1 US gallon®] @33t} CameronAlte] LMRPSIZH-9
252 Fig. 4-42 YRt #dA o 52 999 #YRE
Aol wEA] Agsta F2lsl7] fl@l Secondary Port7h 7-H| ¥ o]
WAIRE, oo sl = wE kA okt

Figure 4 -4 DWHC Collet Connector for LMRP Connector (Cameron)

%3 & Z o] AAKX = RadoilAbe] Choke & Kill Connector®
ARt 23 & A o= AARE HAFAI7] AT FEFY
ot e 1,500 psi®t 3,000 psi = A€o] 7}pssty, Ad&5sty EEsts
71%5% 938l Latch Port9 Unlatch Porte]l #d%H+= 479 Hy=
s93tA 1 US gallonel 3@ttt RadoilAte] =4 & 24 sfo]x
AAR &L Fig 4— with,

AAR-o] B4 Fig. 4—-5= b}E}}é\\;‘r v }r] 'ﬁ',_EH
(&) ~=

ol



Figure 4 -5 Choke & Kill Stab Connector(Radoil)

7l &l desk gule) sidstes Sels Ad #
WA7), 23 & 7 ¥HE, LMRPIAAY, 181 23 & 7 Jol=
AAF-] Ads 4 20H P 20S aHste] A0, ol F
gelsto]l Fig. 4-63 #Zo] yElth. Fig. 4-6°l% Closing Ratio<}
F9+ <® (Pressure to Close against RWP in Fig. 4—6)°] 37
71 = o] Qlth SRR AWt o7 A F3|ALY] e E 19A Closing

Ratio”}  7]1AEe] Q= AL &7 wiEo 19 AFA$
API(2004) ol @A a3k vle} #o] Closing RatioZ 1022 71433t}

Rated Opening Closing Pressure
2 Operating (Unlatch) (Latch) Closing to Close
- Working R N

Equipment P Pressure Volume Volume Ratio against

b (psi) (US gallon) | (US gallon) ) RWP

(psi) .

(psi)

Blind Shear Ram Preventer 183/, 15,000 3,000 & 5,000 334 388 - 2,459

Choke & Kill Valve 8% 45000 3000&S5000  co75x8)  6(075%8) 10 1,500

LMRP Connector 346 15,000 1,500 & 3,000 121 15.1 10 1,500

1
Choke & Kill Stab Connector 412 10,000 (DG ST 2(1x%2) 2(1x2) 10 1,000
Total 1154

Figure 4 -6 Specification of Emergency Disconnect System
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Closing Ratiow 2] I|AE WAy = WA 9 H]i 1494301 BN
(4—-1)3 o] AArAY.  Closing Ratior

e dEe 2As] fe dew %koi T4 (4—2)9} o]
gef FES Arshz el L Aide]l =153 Closing Ratios
&8 4 o FUFe dHe 44 5 Ao AAAUE2
Al W

(4—

o Ay o F o akx Aol Fuyt Ad 3l
Hol Atoez AFojdrt. webA  Fig. 4—7f+ 2ol 54 A
AEnd Fo dFe=

_]
Bz NG FAEA fHe @

Piston Area
Piston Shaft Area (4—1)

Closing Ratio =

Piston Area X Hyraulic Pressure = Piston Shaft Area X Rated Working Pressure

(4-2)

Hydraulic Pressure = Rated Working Pressure + Closing Ratio (4—3)

Piston

Force from hydraulic pressure

Force from Rated
Working Pressure

—

Piston Shaft

Figure 4 -7 Forces on the Hydraulic Actuator

Fig. 4—=6°A =4 & Z4 WH LMRPIAHF, 181 =4 & 2
felx Al AR AL AU AVAAY, Yo
A 18 5



Fig. 4-89 3Wo] {F =gl Aed7kA aesialr] s,
T ety 2 Aol7b gle e o¥E Fig. 4-73 2ol
Agko] 7tasltl. 3 AWkA © 2 Housing®] Ho] Q& A$of:= Fig.
4-82] 493} zro] afjs=o] fHo] zhgshA| oFol Aol Thsaitt. vyt
el Ad 9 A7 Fodf oY ArkE flEiA = Fig. 4-89
13 Zro]  A|F3}o )
a#Eop sty AFTolZ s ddst=d 2o oHS AAteh)

Koutsolelos(2012)2] A-t¢} o] FxsiAS wleoz 3 sHEA
A7 st Al olFA AL UAINE AA AFGA = A
Hgo s sk AxAAL] B2 o] ARGHT. wEbd EEIE Hdw
WA 7] AzZPAZ F93F Cameron, Varco Shaffer, 78] 3 Hydril9)

A

_,_4

A2 s ZAFEFSG T CameronAte] 7d-% Distortion Energy Theory s
7INkO 2 Sl AP A /\}%3}5 A &It A|wt, Varco Shaffer 2}

Hydril of® 215 AREsh=A <& 5 glolth oo # =FoA=
Hydril®] E&1= Ad = ‘%}XVI% T e o e B
F-5o]stAl CameronAte] A8 2S  AFESHSIY. CameronAlellA
Abgete AEAS Fig. 4-9% YERX]=  Distortion Energy
TheoryS 7|HFo % 3t} Cameronite] ZAEA1e Fig. 4—-10%F 2t}
g A S—135 AHE AFdolzE HAdstedl Fdesh f4EES
Axrs7) %k Aow, sl @ Zole] uhe} Fig. 4-109] &%
el o) ShElo] Afske S g

e,

1: Wellbore Pressure + Pipe Shear Pressure
2: Seawater Pressure

3: BOP Fluid Pressure plus Hydrostatic Head
4: Seawater Pressure (Not Considered)

k.

0 Rk



Fig. 4-102% uYErd Cameron® 72| uwep A|F3to]=
Acte] o s AAbstr] 98 Aitel dast WeE A4 s3lH
C1 379.6 inch? Coi 52.2 inch?, Csi= 0.23, Pyi 5,000 psi, Yield
Stress+ 135,000 psi, Outer Diameter(e]s} OD)+= 5.5 inch, 2181
Inner Diameter(®]3} ID)= 4.778 inch® ZAAsAL. G Co=
AzAA gz 0% yellA] ¢kol Fig. 4-109 &% 18> 9
Zo] yjAEe A Zo]= 11.8 inchE 3] Closing Port2} Opening
Porte] H¥& &3 Ci¥t CoE ZAsu. Cse= CameronAlelA
A F3 AN FAe igst, S-135 AMHL A Fuo|ZE
AFE37] W&o Yield StressE 135,000 psiZ ZAAsIAtt #7429
k2 5,000 psi® 7FE3FH AL, AlFdo]Z o] ODe} IDE dutE o g
Al AbFelA] AREE &= AlFTto] o] Alfor ARt Fig. 4-
109 ARl 7 W gE didstel AlFdtolzs Adelet
Hod g S At ALl A3 AlFato]sz ] AwkE fls 2,459

psiel §HEol Westrhs g FAT + A,

F =0.577 XSy X Are = 0.577 X Sy X Area
Sy: drill pipe material yield strength
Sy: drill pipe material ultimate strength
Area: cross-sectional area of the drill pipe
Figure 4 -9 Distortion Energy Theory for Drill Pipe Shearing

Force [%] 4

2 v Ey 3
((Cs * oy1e1a) (ipedp — pivef) « 292) + Py« C; ™1 7 ]

Shear = C
1

Psnear=calculated required operator pressure to shear (psi)

¢y =piston rod closing area (in?)

Cy=piston rod opening area (in?)

Cy=empirical constant obtained from laboratory testing
B,=wellbore pressure at time of shear (only kick pressure, psi)
oyieta=Yield strength of the tubular material (psi)
pipegp=pipe/tube outside diameter (inches)

pipe;p=pipe/tube inside diameter (inches)

= M0 Swoke fin)

Figure 4 -10 Drill Pipe Shearing Pressure Calculation Method
(Agito AS, 2010)

A7 eE sy Ss) Bad MUXA|JAI =82 Fig. 2-
139 712 A& nEeE st Fa Fue AdS API
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SPECIFICATION 16D(2004) ¢l wet Astdh kA Al 27 A
MUXA|AA ~EN 0 2 Fu]E FFsts Ao diaiq tdstAl A s
b QAIRE Al taskAl AR TR St MUXA A AR

2dzrel wEes AVASE Adgete] ALY &yol= WBHE
2EA71aL, EEeels MEVE dejdA F47el AFE FoTt
o] o] WHE ¥t Wes st d o] %ol
EHFOETE FUFE TEYr SWNE AT s ¥EE T3
THE stk olAHF siAC AT FUVIE Ee sl FaE7
o] MUXAA| A"l = F94718] Ads AAste Zlo] 7H
ke

7= dHbgo® LMRP® Lower BOP Stack T+ 3o
A gt Ao wep 2 9Eo] tEd, LMRPe 9Ag F%7]+=
e s ZFEAZIAY F¥ (Annular)  WA7IE S FAEAl7]EH
A4 Lower BOP Stackell $1x3F %9}7]+= Lower BOP Stacke®ll
e AHES AEA7=d AFEETh 2 FelA s Lower BOP

Stacke] <X AHELS ZHEA7|Ed A2Q0HE A7 HAEs=
Zol7]  w&Eeo] Lower BOP Stackel ¢x3 =979 AL
A7 53 ot

b) With nitrogen
charged to pre-charge
pressure PO

a) Without
nitrogen charge

¢ Inlet of fluid
for storage

d) Charged to
maximum operating

f) Discharged to
minimum operating

€) Discharge of
fluid

pressure P1 pressure P2

Figure 4 -11 Accumulator Conditions
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S 8710l w2 4™ 7AE viE A9gM sk dHE
At e e EE FAAY M AEY, volofLay,
g EREE S UgS FU717E SASAT MUXA A 25 ol A =
ditd o Sduy F4V17F AREh %— 719 AdE AR
A& F4719 dl el e Fosks Aotk fth 457 A
a9kl 7kAant EA3H= Pre—Charged, #¢7F &% %® Charged,
THFe Aol

HAa B2 dgo] s9dstE Minimum Operating
Pressure, 18] /¢H7F €ds] wAYZF Fully Discharge”}
4719 vl Adejel sfdstth(Fig. 4—11).

Zol7)ol AYS AAS 7] Y8 API(2004) oA A AsE W ES

AbgEFtE, olw, o] 10,000 ftd W AFS 4,450 psiol
AFsty] Wl Fig. 4-69 47 4=HY Aeds aysd
Zo7)o] FYEE U 48e 5,015 psiktt & Frol s|gdi)

ek A FU4719 AP API(2004) oA AAITE HPHE
Method BE &3l 249t (Fig. 4—-12 & 4—-13). Method B&= &
8l AFgsk= 7FA~E Real Gas® 7Fg8ta, 7hA9 A3}

774 & Isothermal Process® 7Fg3sts W EC sttt WA 7l
TS f& de® sk FaFe FuE 9otste], Method Bell whh
Volume EfficiencyE AAtetal o5 Fa 4719 #AlLS d43A.
Volume Efficiencys A wi= 7 Ao dxE Jo= 3,
s 7 NIST €5 (http://webbook.nist.gov/chemistry/fluid/) A
Isothermal ProcessE A% 3}F%] Normal B.P. convention® = 3} % ]
w9l HA 52 o8 (Minimum Operating Pressure) oA 9] AR S

e o of

4 >

At Ve FHS Y ZeE s F9+e  F3 (Functional
Volume Required, ©|s} FVR) &= A8 vtt; o229k API(2004) oA +=
HAEE 7S 9l o3 RE  AHE AZsta (4 )

RSt (2Ed) ALY AR PAE FAArk Fig 4-6914
% @z W)

313 X
dl () Bew 3ol T%—

O Zoblol 4 WRUE fekhel Ha dele] ddet gow 7 guE A%
A7) e Baw fael 4 F b Ee
ettt mepd Bepels A 9

=
h=! = [
Aehs et sldats 6,924 psivh A4 T& bl slE et

(<3


http://webbook.nist.gov/chemistry/fluid/

Maximum gas
pressure, psia

Surface systems

Subsea systems

Functional volume
requirements

Surface accumulators  Rapid discharge Surface accumulator Mam hydraulic Rapid discharge sys-
systems, such as (mncluding credit for any| supply supplement tems (e.g., autoshear,
dedicated shear system stack-mounted accumu-{ stack-mounted deadman) dedicated

lators) for subsea accumulator shear systems, and
systems some acoustic and

5.1.4: Close one annular Volume and pressure
and all rams and open  requirement specified
one side outlet line by purchaser. Usually
5.1.5.1: rwice pilot 100% of function and
function volume needed required pressure times

5.2.3.1: Close and open
one annular and four
rams

5.2.3.2: pilot function
volume needed to close

Volume and pressure
requirement specified
by purchaser. May be
requured 1n order to
meet closing times if

special-purpose
accumulators
5.82.2,5.9.1: Volume
and pressure
requirement specified
by purchaser. Usually
100% of function and

to close all BOPs in the method design factor  and open one annular flow supply from required pressure tunes
BOP stack for volume. and four ram BOPs in | surface 1s madequate | method design factor
5.5.3: operate all of the the BOP stack without added subsea] for volume
divert mode functions 5.5.3: operate all of the | supply.
divert mode funcuons
< 5015 psia MelEod A Me\_hod C Mﬂ_hod A Method A Method C
| > 5015 psia Method B Method C Method B Method B Method C
Method A Method B Method C

1deal gas, 1sothermal

1.5 volume design factor for volume-linuted

condition, F,

1.0 volume design factor for pressure-limited

condition, F,

condition, F,

condition, F,,

real gas, NIST data, 1sothermal

1.4 volume design factor for volume-limited

1.0 volume design factor for pressure-limited

real gas, NIST data, adiabatic

1.1 volume design factor for both volume and
limated conditions, F, mdFP

Figure 4 -12 Accumulator Calculation Method Overview(API, 2004)

FVR = min(BV g0 * VEy curf + BVsin * VEy s BV g * VEp surp + BV i+ VE, )

¥ Volumetric Efficiency
VE, = "%/ p, —

VE, = (1.0

FVR = Functional Volume Required (given)

BV = Bottle Volume (find)

VE = Volumetric Ef ficiency (see below Table)

v" Optimum pre-charge density
pn/."i)/ 10 Po=1 0/(1'4/192 - 0'4/!’1)

—Pp)/1.4

Figure 4 -13 Method B for Calculating Accumulator Specifications

(API, 2004)

Method BE &3 Z4d¥ 4719 A¥E Fig. 4-14°=
UERRTE kAl Ask kel ol v AEleA e FH 7tAC ShE T
Ho, a8a %‘ o] Fu7t AR F97] £719 Fu& 13.8
US gallon®] 3l%ste] FVR 123.8 US gallons gH3al7] 9sia=
70709 7] %7]7} o3t =, 70709 %9717 Lower BOP
Stackell ¢35} %?ﬂf‘ﬂ TAHNE Aol vt s T3]
918l 125.4 US gallon®] §4HE o578 & UAES Fig. 4—-149} 2o
Ads AAsAr.
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Hydraulic

Temperature Gas Gas Fluid Usable
Condition pn Pressure | Volume Volume
{K) (psi) (gallon) LD (gallon)
(gallon)
70 ea. of
Pre-Charged 1 62719 966.0 0.0 e
Charged 1 9331.6 790.5 175.5
10,000 1254
Minimum
Operating 1 6909.0 915.9 50.14
Pressure
Ll 1 6271.9 386.4 0.0 >1238
Discharged ’ : : ’

Figure 4 -14 Subsea Accumulator Specification

rl:l
12
e
A
~
O
1o
Jo

9
Jo

API(2004)°] wW=2W HPUx= F WY HX(Primary Pump$
Secondary Pump)® %71, a28]lx ddz2 FAEe 158 olue
Aol X FUrIE & AT F lojof Tk AZE AR
AlFE= e el 2 o9 5,000 psiith "ojd o AEs
Al &st=t], Primary Pumpv #Hs el 90%°l 3ldste 4,500
psiol ZES A]Zstal Secondary PumpE  ZHE oF#H o] 85%9
A F3h= 4,250 psiol ZES AlFSY. 18]3 Primary Pumpy 2%
FHe] 97%l siFsk= 4,850 psiol EEsle W AEs HE
Secondary Pump+ 2Hs 489 95%9) sig3l= 4,750 p51°ﬂ =S
W FaEE F479 gol 5,000 psioll ¥5E F ARF dh F
o] HAx= % 25 US gallon/ming &0 7 %‘Q%% &5 5ro]
ol e Aol fAst FA471E s8] 4 J=F skt
HPU wi¥-ol $1Ash= F3t71= 40 US gallon®] 3o didsh=
SV &7 112 FA3ssth ol F4HE 0ox2 HAsNS

HEd7lss sl Zes  Be AuE AdEsta(da)
et (Fad) g f9h2 F9E FVRE sto] APl Method
AR ARSI 7% HPUZE s Aol 1xst HS471E 168 o]yl

dAds] =HAZ F+ Yd+=4 SimulationXE E3 Ay H T} HPUE=
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ITI Subsea®lA] A| &8s HPURES AFEslo] Ralgs 531519 0,
A4 FlE £2 2Add F97 mES

HPUZYXE Ao gxg =AN71% Fa8-=
Conduit Lines> €7 3.5 inch¢ W7 2.63 inchel 3
2a3sodth(Fig. 4—15). 2d¥ o] xEHo|HS FdqePx, 1
A3 153 &<t HPUR F4d 7+
L, 15% ol 7l&

P
T
5.

e
Ol

o] Fo3 1254 US gallond
Q13+t (Fig. 4—16). Fig. 4—169]
4 US gallon?] T #o] k5= Aol st}

- [e]
d= A

=2 =
AXRE 12

h ] T GISTE)
Ri::::;z J R‘::«:n’r:i @ \ﬂ m— jf:‘ \ \ \ a P'!'é\
o W g

L — | Accumuiator 1 wal 1

3 et m] . ST == "&: —( Supply

" l A )—O Retrn 73
Figure 4 -15 HPU Module and Model of Subsea Accumulator Charging
System
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Figure 4 -16 Simulation Result of Hydraulic Transmission from HPU to
Subsea Accumulator
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Figure 4 -17 Specification of Emergency Disconnect System Model
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— : Power Fluid

~— : Pilot Fluid
(not considered)
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SimulationX& ol H] AR 2] 7] 5ol 2 Q% ) 2}
MUXAAA AE ] REg)s sy, b4 Eepl= 5 WA7], 23
& Z WB LMRPAZAR, g % 7 spo]x AANK] o3
2agE FYPsGith Eels dAd
HEol Mz EASHA ¢l
HydrilAbe] &z 1] 714
A= @ Zdo]= 11.8 inch, YAE AAHES 23.45 inch® 7Hg3F ).
shtel 3 EZS MassZ B2 FAE 170 kgell dlg3te}.
Lol = Ad @ WA 7)o Fig. 4-199 o] ylo]x zdg 3z
gotal o]Z2=m 9l 72go] ALt} do|T AT
Ay, sto]lx g ddatr] & Has g hgo] ALt
HWA ] wo g AdeE AAledlal, Fig. 4-103 Zo] AgES] 34
Aol uwal HAwrglo]l miyEE wdysiuh. f43 ol g
49 Damper® EHHSGE, #AH HHE o7l oHS
SimulationXo|4]  Default® AFgstE  #S U= AFESHSIT
Boele 9 WA7]= Fig. 4-209 #Zo] Rdgsgit J~E A=
1 shE MPLS 18f38h=] ¢Skt

71 = i -T ” -Lf.'} Tu

l:l



1. Pipe Shear Force
2: Damping Force

Figure 4 -19 Forces on Blind Shear Ram Preventer
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Figure 4 -20 Blind Shear Ram Preventer Model
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Figure 4 -22 Concept of LMRP Connector Actuator Modeling
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Figure 4 -23 LMRP Connector Model
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Figure 4 -25 Emergency Disconnect System Model
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7 =

Reliability Block Diagram Driven Petri Net® Matlab®FZE=E

S,
t=0; % Global Time

t_end=175200; @AI2~¥S] +4

ts=10; %time step
tau=160;

n_comp=24; %component?

n_group=11; %groupd <

e
K
o
1o,
~
AN
>
N
N

t_base_if=zeros (1, n_comp); %7}

t_base_ccf=zeros (1, n_comp); %% 179 7]
t_f=zeros (1, n_comp); %component®] 1& = Az} A%

t_if=zeros(1, n_comp); %7/NE o] WA= Azt
t_ccf=zeros (1, n_comp); % &% 17go] WA= Azt

t_ccf_g=zeros(1l, n_group); %grooup F%E o] WA= Azt

R=zeros (3, n_comp); %2 component? reachability set
for i=1:1:n_comp
R(,1D)=1; %A+ BT F AH

end

test=zeros (1, n_comp);

ccf=zeros (1, n_comp);

%Input Data

lambda=[1.00E—06 1.00E-06 1.60E-07 1.60E-07
4.80E-07 4.80E-07 1.60E—-07 1.60E-07 5.00E-08
5.00E—-08 4.00E-07 4.00E-07 1.60E-07 1.60E-07

8 3 i—-! _-:I:I_ 1_-_15 =]



4 .80E—-07 4 .80E—-07 4 .80E—-07 1.20E-06
1.20E-06 1.60E-07 1.60E-07 1.60E-07
07];

beta=[0.03 0.03 0.05
0.05 0.03 0.03 0.03
0.05 0.05 0.05 0.05
0.03];

mrt=10%ones (1, 24);

n_f=0; %A|2~E 1354
pfh=0;
a=0;

%Monte—Carlo Simulationr
s=1E6;

for p=1:1:s

1.20E-06

0.05 0.05 0.05
0.03 0.05 0.05
0.05 0.05 0.05

%Monte—Carlo Simulation A] %+

%EE a7go] LAk Al AT

t_ccf_g(1l, 1)=t_base_ccf(1,

1)*lambda(1, 1)));

t_ccf_g(1, 2)=t_base_ccf(1,

3)*lambda(1, 3)));

t_ccf_g(1, 3)=t_base_ccf(l,

5)#*lambda(1, 5)));

t_ccf_g(1, 4)=t_base_ccf(1,

7)*lambda(1, 7)));

t_ccf_g(1, 5)=t_base_ccf(l,

9)*lambda(1, 9)));

t_ccf_g(1, 6)=t_base_ccf(1,

11)*lambda(1, 11)));

t_ccf_g(1, 7)=t_base_ccf(1,

13)*lambda (1, 13)));

t_ccf_g(1, 8)=t_base_ccf(1,

15)*lambda(1, 15)));

8 4

1) +random ('exp’,

3) +random ('exp’,

5)+random ('exp’,

7)+random ('exp’,

9) +random ('exp’,

11) +random ('exp',

13) +random ('exp',

15) +random ('exp',

1.60E—

0.05
0.05
0.03

1/(beta(1,

1/(beta(1,

1/(beta(1,

1/(beta(1,

1/(beta(1,

1/(beta(1,

1/(beta(1,

1/(beta(1,



t_ccf_g(1, 9)=t_base_ccf(l, 18)+random('exp', 1/(beta(l,
18)*lambda (1, 18)));

t_ccf_g(1l, 10)=t_base_ccf(l, 21)+random('exp', 1/(beta(l,
21)*lambda(1, 21)));

t_ccf_g(1l, 11)=t_base_ccf(l, 23)+random('exp', 1/(beta(l,
23)*lambda(1, 23)));

t_ccf(l, 1)=t_ccf_g(1, 1);
t_ccf(1, 2)=t_ccf_g(1, 1);
t_ccf(l, 3)=t_ccf_g(1, 2);
t_ccf(1, 4)=t_ccf_g(1, 2);
t_ccf(1, 5)=t_ccf_g(1, 3);
t_ccf(1, 6)=t_ccf_g(1, 3);
t_ccf(1l, 7)=t_ccf_g(1, 4);
t_ccf(l, 8)=t_ccf_g(1, 4);
t_ccf(1, 9)=t_ccf_g(1, 5);
t_ccf(1, 10)=t_ccf_g(1, 5);
t_ccf(1, 11)=t_ccf_g(1, 6);
t_ccf(1, 12)=t_ccf_g(1, 6);
t_ccf(1, 13)=t_ccf_g(1, 7);
t_ccf(1, 14)=t_ccf_g(1, 7);
t_ccf(1, 15)=t_ccf_g(1, 8);
t_ccf(1, 16)=t_ccf_g(1, 8);
t_ccf(l, 17)=t_ccf_g(1, 8);
t_ccf(1, 18)=t_ccf_g(1, 9);
t_ccf(l, 19)=t_ccf_g(1, 9);
t_ccf(1, 20)=t_ccf_g(1, 9);
t_ccf(1, 21)=t_ccf_g(1, 10);
t_ccf(1, 22)=t_ccf_g(1, 10);
t_ccf(1, 23)=t_ccf_g(1, 11);
t_ccf(1, 24)=t_ccf_g(1, 11);

DNE 7o) WASE Al AL
for i=1:1:n_comp

t_if (1, 1 =t_base_if(1, 1i)+random('exp', 1/((1—-beta(l,
35 #;rﬁ'! _uljl_ 1—l| -_.fJ]_ T_III
¥ el I



1)) *lambda(1, 1)));
t_f(1, i) =min (t_if (1, 1), t_ccf(1, 1));
end
if min (t_f)<t_end
t=fix (min (t_f)/tau) *tau;
else
t=t_end;
end
while t<t_end
for i=1:1:n_comp
test (1, i) =Function_TEST (t, tau);
ccf(1, i) =Function_CCF (t, t_ccf(1, 1));
[R(1, 1), R(2, 1), R(@3, )] = Comp_Reachability ( t,
t_if (1, 1), ccf(1, D, test(1, 1), mrt(1, 1) );

if R(3,1)==1 && ccf(l,1)==
t_base_if (1, i) =t+mrt(1, 1);
t_if (1, 1) =t_base_if(1, 1) +random ('exp', 1/((1—
beta (1, i))*lambda(1, i)));
t_f(1, 1) =min(t_if (1, 1), t_ccf (1, 1));
a=1;

end

end

if R(3, 1)==1 && ccf(1l, 1)==ccf(1, 2) && ccf(l,

t_base_ccf(1, 1)=t+mrt(1, 1);
t_base_ccf(1, 2)=t+mrt(1, 2);

t_ccf_g(1, 1) =t_base_ccf(1, 1) +random ('exp’,
1/(beta(1, 1)*lambda(1, 1)));

t_ccef(1, 1)=t_ccf_g(1, 1);

t_ccf(l, 2)=t_ccf_g(1, 1);

t_f(1, 1) =min(t_if (1, 1), t_ccf(1, 1));
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t_f(1, 2)=min(t_if(1, 2), t_ccf(1, 2));

if min (t_f) <t_end

t=fix (min (t_f) /tau) *tau—ts;
else

t=t_end;
end

end
if R(3, 3)==1 && ccf(l, 3)==ccf(1, 4) && ccf(l,

t_base_ccf(1, 3)=t+mrt(1, 3);
t_base_ccf(1, 4)=t+mrt(1, 4);

t_cef_g(1,  2)=t_base_ccf(l, 3)+random('exp/,
1/(beta(1, 3)*lambda(1, 3)));

t_ccf(1, 3)=t_ccf_g(1, 2);

t_ccf(1, 4)=t_ccf_g(1, 2);

t_f(1, 3)=min (t_if (1, 3), t_ccf(1, 3));

t_f(1, 4)=min(t_if (1, 4), t_ccf(1, 4));

if min (t_f) <t_end

t=fix (min (t_f) /tau) *tau—ts;
else

t=t_end;
end

end
if R(3, 5)==1 && ccf(l, 5)==ccf(1l, 6) && ccf(l,

t_base_ccf(1, 5)=t+mrt(1, 5);
t_base_ccf(1, 6)=t+mrt(1, 5);

t_ccf_g(1, 3)=t_base_ccf(1l, 5)+random('exp',

1/(beta(1, 5)*lambda(l, 5))); ‘ ;
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t_ccf(1, 5)=t_ccf_g(1, 3);
t_ccf(1, 6)=t_ccf_g(1, 3);
t_f(1, 5)=min (t_if (1, 5), t_ccf(1, 5));
t_f(1, 6) =min (t_if (1, 6), t_ccf(1, 6));

if min (t_f) <t_end

t=fix (min (t_f) /tau) *tau—ts;
else

t=t_end;
end

end
if R(3, 7)==1 && ccf(l, 7)==ccf(l, 8) && ccf(l,

t_base_ccf(1, 7)=t+mrt(1, 7);
t_base_ccf(1, 8) =t+mrt(1, 8);

t_ccf_g(1, 4)=t_base_ccf(1, 7)+random ('exp’,
1/(beta (1, 7)*lambda(1, 7)));

t_ccf(1, 7)=t_ccf_g(1, 4);

t_ccf(1, 8)=t_ccf_g(1, 4);

t_f(1, 7)=min (t_if (1, 7), t_ccf(1, 7));

t_f(1, 8)=min (t_if (1, 8), t_ccf(1, 8));

if min (t_f) <t_end

t=fix (min (t_f) /tau) *tau—ts;
else

t=t_end;
end

end
if R(3, 99==1 && ccf(1l, 9)==ccf(1, 10) && ccf(l,

t_base_ccf(1, 9)=t+mrt(1, 9);

t_base_ccf(1, 10)=t+mrt(1, 10); ;
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t_ccf_g(1, 5)=t_base_ccf(l, 9)+random('exp',
1/(beta(1, 9)*lambda(1, 9)));

t_ccf(1, 9)=t_ccf_g(1, 5);

t_ccf(1, 10)=t_ccf_g(1, 5);

t_f(1, 9) =min (t_if (1, 9), t_ccf(1, 9));

t_f(1, 10) =min(t_if (1, 10), t_ccf(1, 10));

if min (t_f) <t_end

t=fix (min (t_f) /tau) *tau—ts;
else

t=t_end;
end

end

if R(3, 11)==1 && ccf(1, 11)==ccf(1, 12) && ccf(l,
1)==
t_base_ccf(1, 11)=t+mrt(1, 11);
t_base_ccf(1, 12)=t+mrt(1, 12);

t_ccf_g(1, 6)=t_base_ccf(l, 11)+random('exp/,
1/(beta(1, 11)*lambda(1, 11)));

t_ccf(1, 11)=t_ccf_g(1, 6);

t_ccf(l, 12)=t_ccf_g(1, 6);

t_f(1, 11)=min(t_if(1, 11), t_ccf(1, 11));

t_f(1, 12) =min(t_if (1, 12), t_ccf(1, 12));

if min (t_f) <t_end

t=fix (min (t_f) /tau) *tau—ts;
else

t=t_end;
end

end

if R(3, 13)==1 && ccf(l, 13)==ccf(l, 14) && ccf(1,
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13)==
t_base_ccf(1, 13)=t+mrt(1, 13);
t_base_ccf(1, 14)=t+mrt(1, 14);

t_ccf_g(1, 7)=t_base_ccf(l, 13)+random('exp',
1/(beta(1, 13)*lambda(1, 13)));

t_ccf(1, 13)=t_ccf_g(1, 7);

t_cef(1, 14)=t_ccf_g(1, 7);

t_f(1, 13)=min(t_if (1, 13), t_ccf(1, 13));

t_f(1, 14)=min (t_if (1, 14), t_ccf(1, 14));

if min (t_f) <t_end

t=fix (min (t_f) /tau) *tau—ts;
else

t=t_end;
end

end

if R(3, 15)==1 && ccf(1, 15)==ccf(1, 16) && ccf(1,
16)==ccf(1, 17) && ccf(1, 15)==
t_base_ccf(1, 15)=t+mrt(1, 15);
t_base_ccf(1, 16)=t+mrt(1, 16);
t_base_ccf(1, 17)=t+mrt(1, 17);

t_ccf_g(1l, &)=t_base_ccf(l, 15)+random ('exp,
1/(beta (1, 15)*lambda(1, 15)));

t_ccf(1, 15)=t_ccf_g(1, 8);

t_ccf(1, 16)=t_ccf_g(1, 8);

t_ccf(1, 17)=t_ccf_g(1, 8);

t_f(1, 15)=min(t_if (1, 15), t_ccf(1, 15));

t_f(1, 16)=min (t_if (1, 16), t_ccf(1, 16));

t_f(1, 17)=min(t_if (1, 17), t_ccf(1, 17));

if min (t_f) <t_end

t=fix (min (t_f) /tau) *tau—ts; : _
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else
t=t_end;

end

if R(3, 18)==1 && ccf(1, 18)==ccf(1, 19) && ccf(1,
19)==ccf(1, 20) && ccf(1, 18)==

t_base_ccf(1, 18)=t+mrt (1, 18);
t_base_ccf(1, 19)=t+mrt(1, 19);
t_base_ccf(1, 20)=t+mrt(1, 20);

t_ccf_g(1, 9)=t_base_ccf(l, 18)+random ('exp,

1/(beta(1, 18)=*lambda(l, 18)));

t_ccf(1, 18)=t_ccf_g(1, 9);
t_ccf(1, 19)=t_ccf_g(1, 9);
t_ccf(1, 20)=t_ccf_g(1, 9);
t_f(1, 18)=min(t_if (1, 18), t_ccf(1, 18));
t_f(1, 19) =min (t_if (1, 19), t_ccf(1, 19));
t_f(1, 20) =min (t_if (1, 20), t_ccf(1, 20));

if min (t_f) <t_end

t=fix (min (t_f) /tau) *tau—ts;
else

t=t_end;

end

if R(3, 21)==1 && ccf(1, 21)==ccf(1, 22) && ccf(l,

t_base_ccf(1, 21)=t+mrt(1, 21);
t_base_ccf(1, 22)=t+mrt(1, 22);

t_ccf_g(1, 10)=t_base_ccf(l, 21)+random('exp’,

1/(beta(l, 21)=*lambda(1, 21)));

t_ccf(1, 21)=t_ccf_g(1, 10);
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23)==

t_ccf(1, 22)=t_ccf_g(1, 10);
t_f(1, 21)=min (t_if (1, 21), t_ccf(1, 21));
t_f(1, 22) =min (t_if (1, 22), t_ccf(1, 22));

if min (t_f) <t_end

t=fix (min (t_f) /tau) *tau—ts;
else

t=t_end;

end

end

t_base_ccf(1, 23)=t+mrt(1, 23);
t_base_ccf(1, 24) =t+mrt(1, 24);

if R(3, 23)==1 && ccf(1, 23)==ccf(1, 24) && ccf(1,

t_ccf_g(1, 11)=t_base_ccf(l, 23)+random('exp',
1/(beta(1, 23)=*lambda(1, 23)));

t_ccf(1, 23)=t_ccf_g(1, 11);
t_ccf(1, 24)=t_ccf_g(1, 11);
t_f(1, 23) =min(t_if (1, 23), t_ccf(1, 23));
t_f(1, 24) =min (t_if (1, 24), t_ccf(1, 24));

if min (t_f) <t_end

t=fix (min (t_f) /tau) *tau—ts;
else

t=t_end;
end

end

if a==
if min (t_f) <t_end
t=fix (min (t_f) /tau) *tau—ts;
else
t=t_end;
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end
a=0;

end

S=(R(3, 1)+R(3, 3))=(R(3, 2)+R(3, 4))+ (R(3, 5)*R(3,
6)+R(E, TH+REB, 9)*R(3, 8+R(3, 10)+([R(3, 11)+R(3,
13)*(R(3, 12)+R(3, 14)+((R(3, 15)+R(3, 16))*(R(3, 15) +R (3,
17)*(R(3, 16)+R(3, 17)))+(R(3, 18)*R(3, 19)*R(3, 20))+ (R(3,
21)+R(3, 23))*(R(3, 22) +R (3, 24));

if S>0
n_f=n_f+1;

end

t=t+ts;

end

t=0;
for i=1:1:n_comp
t_base_if (1, 1) =0;
t_base_ccf (1, i) =0;
end
R=zeros (3, n_comp); %2 component?] reachability set
for i=1:1:n_comp
R(1,D=1; %AFls &5 3 4
end
pfh=pfh+n_f/t_end;
n_f=0;
end

pfh_avg=pfh/s
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Abstract

Analysis and Verification of
Safety Requirements for
Emergency Disconnect Function

Hyunjoon Nam
Naval Architecture and Ocean Engineering
The Graduate School

Seoul National University

In 1998, International Electrotechnical Commission
suggested a guideline for a management of safety functions realized
by safety instrumented systems during life cycles. After that, most
of industries used IEC guideline to manage safety functions in their
industries. In accordance with this tendency OLF, Norwegian Oil
Institute, applied IEC guideline to oil industry. However, as most of
safety functions in oil industry were realized by critical alarms and
human intervention system, not safety instrumented system, they
were not the intended target of IEC guideline. Therefore OLF
introduced a concept of manual initiator function to regard a human
intervention system as a safety instrumented system. However this
concept might have a limitation that it could cover only some parts
of control system. So this paper suggested a concept which could
consider entire control loop of human intervention system and
applied this concept to the emergency disconnect function used in
offshore drilling industry. First of all, an analysis was conducted to
clarify the safety requirements of emergency disconnect function.
After that, emergency disconnect system was organized and safety
requirements of emergency disconnect function was allocated to the

organized system. Finally, verification was conducted to check
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whether the organized emergency disconnect system could satisfy
the requirements or not. Safety requirements were divided into
safety integrity requirement and safety function requirement. To
clarify safety integrity requirement for emergency disconnect
function, Environmental Risk Acceptance Criteria which had been
suggested by SINTEF was used. As a result, PFH 2.71E—07/hour
was required as a safety integrity requirement and it was allocated
to the emergency disconnect system. To meet the requirements
structural robustness was considered and redundancies of each
elements were decided. After that, with Simplified Method, IEC
Formulas, and PDS Method verification was conducted. As the
results were PFH 1.89E—07/hour, 1.92E—07/hour, and 1.83E—
07/hour, it was verified that organized emergency disconnect
system could satisfy required safety integrity. Finally, to validate
the wverification an analysis by Petri Net with Monte—Carlo
Simulation was conducted and the result was PFH 1.89E—07/hour.
With this result, verification was validated. As a safety functions
requirement, there was a required time limit to perform emergency
disconnect function after initiation by operators. The time limit was
defined as a response time and API suggested 90 s as a minimum
response time. With manufacturer’ s catalog, specification of
equipment needed for emergency disconnect function was decided
for assumed sea states and operating conditions. Specifications of
main components in MUX control system form emergency
disconnect system was also decided. After that, to verify the
response time of emergency disconnect system modeling and
simulation was conducted and the result was 53 s. With this result,
it was verified that organized emergency disconnect system could
satisfy safety functions requirements. With this paper, a concept to
consider entire control loop of safety functions which was realized
by a human intervention system was suggested and the application
of suggested concept was also suggested. This will be used widely
in oil industry where most of safety functions are realized by human
intervention systems and also can be applied to other industries.

Improvements of the safety in industries can be expected with this
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paper.
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