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Abstract—For aliquefied natural gas (LNG) storage tank, the greatest concern is for the release of alarge amount
of LNG or its vapor due to the mechanica failures of main tank and its ancillary equipments or the malfunctions of
various hardware components. Nowadays two types of LNG storage tank design, that is, 9%-Ni full containment and
membrane concepts, are mostly applied to LNG industry. In Korea the membrane type has been nationally adopted
from the beginning step of LNG project because of its higher flexibility in storage capacity comparing to the 9%-Ni
type. All the while several huge membrane-type tanks have been built up and operating, the quantified results of risk
associated with them has not been systematically delineated. Hence the method of fault tree analysis as a quantitative
risk assessment has been here employed to identify and evauate the risks related to the membrane-type LNG storage
tank. Six top events leading greetly to the large release of naturd gas are defined as interndly induced major accidents
and the failure frequencies of these events are calculated by using other sources of process equipment reliability data
for the lack of membrane type-specific data.
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INTRODUCTION

To diversfy energy sources and meet the dtrict sandards of air
pollution levels aswdll asto seek the handiness of energy handling
in households, the amount of anthracite cod supply had been hadtily
cut off and liquefied naturd gas (LNG) has been replaced for it in
Korea The LNG was firg imported in 1987 and then the quantity
upplied as a city gas has been rapidly increased throughout the ne
tion. In ashort period many huge LNG dorage tanks have been built
up and now under condruction to store and resarve LNG for its ex-
panding demand. There are generdly four types of LNG tank con-
tainment, namely, single, double, full and membrane containments
which are dassified by British Standards Inditute [1993)]. The proper
section of LNG sorage tank types is made according to location
to be gted, sdfety, rdiability, environmenta condderations, and eco-
nomic efficdency. In these days, teking the operationd safety of tanks
and asciated equipments as well as the ease of maintenance into
account, the types of full containment and membrane-typetank are
mainly favored in LNG industry.

Inthetype of afull containment system the cylindrica tank wall
has adoublewdl gructure The rounded inner wall is made of 9%-
Ni sted with the thickness of severd centimeter in the top part to
sverd tens of centimeter around the bottom wall to withgtand the
liquid hydrogtetic pressure. The specid sed dloy of 9% nickd is
required to secure sufficient toughnessto arrest aquick crack prop-
agation even at the cryogenic temperature of about - 162 °C of the
stored LNG. Even though the inner wall is adle to contain the LNG
without any other support, an outer wall of prestressed concrete is
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affixed to the inner sted wall for the sake of accomplishing the &f-
fects of externd impact resgtance, retaining thermd insuldion, act-
ing as a gadtight barrier within the insulation and the roof space,
and supporting as a foundation for the inner sted shell. The outer
wall is connected rigidly to both bottom concrete dab and reinforc-
ing concrete roof which has asphericd form. Usudly the inner sur-
face of the outer wall plays arole of vapor barrier and isinsulated
with the cold resistance relief materia of poly urethane foam. Asit
can be seen, the outer concrete wall highly increases the tank sefety
and thus the tank isless susceptible to damage from externa forces
and fire. However, when it comes to augmenting the tank capacity
with the tank height increesing inthe axid direction, it will be very
hard job to fabricate the inner sted wall because the wal thickness
should be getting thicker to withstand the load of LNG. What will
be more important in the safety problem is that even with the im-
provements of toughness established in the 9%-Ni sted, the proba-
bility of occurrence of crack could not be completely diminated in
highly stress concentrated parts. Hence to overcome these undesir-
ablefactsanew design concept of membrane was proposed to gpply
to aboveground LNG storage tank by S. N. Technigaz [Giribone et
a., 1995]. At firg the membrane was developed for LNG carriers,
where the fatigue problem was dmost a significant factor.
Apparently the membrane-type tank has aso a concrete outer
wadl and hence looks identicd to the full containment tank. How-
ever, the fundamentd feature of the membrane typeis different from
the full containment tank in respect that the structurd and tightness
functions are separately consdered. Theinner shell ismade of thin
ded cdled membrane indead of 9%-Ni dloy in the full contain-
ment. The membrane made of 1.2 mm thick corrugated 304 Stain-
less sted sheet to get rid of thermd impacts does nat withstand the
hydrogtatic load of LNG. The hydrogtatic load is trandferred to the
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outer concrete wal through PVC insulaion foam layer with ply-
wood backing and anchoring the membrane It meansthat dl theflat
parts of membrane have dmost a zero dress Thiswill be amgjor
advantage of the membrane-type tank in comparing with the 9%-
Ni full containment tank. There is a smdl gap between the mem-
brane and the plywood pand where nitrogen gas is filled up. The
nitrogen space is engaged to keep the pressure to the normal tank-
operation bounds and to monitor the naturd gas concentration in
the event of alesk. When the membrane shdll isinitidly prepared
before the gart-up operation of the tank, the nitrogen gap is dso
used for the ammonia tightness test to check the welding setus of
the membrane shedts

Currently both types of LNG gtorage tanks are now operaing in
two LNG receiving terminas located in Pyeong Taeg and Incheon
aress, Korea. Even secondly in the world the membrane-type tank
was introduced and have been successfully employed for deposit-
ing such alarge voulme of LNG as upto 100,000 m* per tank, the
quantified results of risk associated with it has not been systemeti-
cdly examined and published while the risk and failure assessments
in connection with the 9%-Ni containment had been performed for
the peskshaving LNG plantsin USA by American Gas Association
[Weker e d., 1979] and Gas Reszarch Indtitute [Johnson et d., 1980;
Atdlah e d., 1990]. Hence the present work has been focused on
the potentid hezards leading to release of large amount of LNG
vgpor from the membranetype LNG containments located in Pyeong
Teeg LNG receiving termind. First we have identified dl sgnifi-
cant causes of tank failure to produce arelease of LNG to the en-
vironment and the method of fault tree andyss as a quantitative
risk assessment has been then employed to evauate the overdl failure
frequencies which are synthesized from the component failure rate
data obtained in Smilar LNG facilities and other indugtrid sources.
Our asessment s redricted to the interndly-induced events that
could lead to catastrophic failure because the frequencies of these
occurrence are highly dependent upon human error and equipment
falure Sx internd prime evertts are here defined such as gross mechr
anicd failure, overfilling of the Sorage tank, overpressurization of
tank, imploson of tank due to underpressurization, rupture of LNG
inlet lineto tank, and rupture of LNG outlet line from tank. Unlike
externd events (eg., earthquakes, sabotage and missle attack eic.),
these internd events are under control of the operator and therr fre-
guency of occurrence may be reduced by taking appropriate mee-
aures.

FAULT TREE ANALYSS

Fault trees originated in the agrogpace industry and now have
been extensvely used by the chemicd processindudtries. Faullt tree
andysis is a deductive method using Boolean logic symboals for
identifying ways in which hazards could lead to accidents There
are AND and OR gatesto name only the mostly used Boolean logic
functions (refer to Fg. 1). The AND logic function is very impor-
tant for describing events thet interact in pardld, which meansthe
output dateisonly active when input Sates are active Smultaneoudy.
If events are rdated in series they must be connected to the top evernt
by an OR gate. The other logic functions which are usudly em-
bedded in the fault trees can be found in the textbook written by
Crowl et d. [1990]. Thefault tree goproach beginswith awel defined
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Q OR Gate The output event occurs if any of the input events occur
AND Gate T}{e oultput event occurs only when all the input events
exist simultaneously
INTERMEDIATE A fault event that results from the 1nt§ract10ns of other fault
events that are developed through logic gates such as those
- Event
Intermediate defined above
A component failure that requires no further development.
O BASIC Event A basic event is the lowest level of resolution in a fault tree
ErXTERNAL A condition or an event that is assumed to exist as a
HOUSE Event boundary condition for the fault tree
The TRANSFER symbol indicates that the fault tree is
developed further on another page. The symbols are
TRANSFER labeled using numbers or a code to ensure that they can be
Symbols differentiated. Transfer symbols are often used to avoid
repeating identical logic in several places in a fault tree
model

Fig. 1. The description of Boolean logic functions.

top event and works backwards towards the various scenarios thet
can cause the accident. In other words, the fault tree modd is st
up to generate aligt of the failure combinations (failure modes) thet
trigger the concerned top event. In generd, the top event could oc-
cur by avaiety of different combinaions of eventswhich are caled
cut sets. However, with respect of probability of the top event we
have to find ast with the highest which isnamed aminima cut <&t
Thet is aminimd cut st is a smalest combination of component
falureswhich, if they dl occur or exist Smultaneoudy, will leed to
the top event in a short cut. Such combinations are the “smdlest”
combinations in that dl of the falures could contribute to the top
event. Here we have found the minima cut sets for each top event
before building up fault trees.

Before setting up the faut trees, firg of al, we have carried out
the hazard identification for the possble internaly-induced causes
of falure of LNG tank leading to legk or release of large volume
of LNG or itsvapor. Six interna events listed below are identified
asthe prime causes that could do severdy harm to tank sefety:

- Gross mechanicd failure of Sorage tank.

- Overfilling and sailling over theinner shell.

- Overpressurization that could leed to the activation of the relief
vaves.

- Underpressurization that could lead to the callgpse of the inner
shdl.

- Rupture of theinlet LNG loading line to the tank.

- Rupture of the outlet LNG unloading line from the tank.

As an illudrative example of the gpplication of fault tree anady-
dsto amembrane-type LNG tank, we estimated the frequencies of
occurrence of the above mentioned internd events for the mem-
brane-type LNG tank which has been under operation in Pyeong
Taeg LNG Receiving Termind dince 1987. The tank hes a shape
of a cylindricd, flat-bottom, round-roof, and above-ground con-
tainment with a capacity of approximately 100,000 m?. The indde
of the tank isingdled of 18-8(Cr-Ni) Augtenite membrane for the
compensation of therma contraction when it contacts LNG. The
dde and bottom walls of the tank are composed of 90cm pre-
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Fig. 2. The schematic configuration of membranetype LNG gor-
agetank.
1. Primary container 6. Flexible insulation sedl
(membrane) 7. Suspended roof
2. Secondary container (insulated)
(concrete) 8. Concrete roof
3. Bottom insulation 9. Insulation on inside of
4., Foundation pre-stressed concrete
5. Foundation hesting system  outer tank

sressed concrete, PV C insulation foam and plywood from the out-
sde. Nitrogen with a dightly higher pressure than the aamosphere
is filled within the annular space between the membrane and ply-
wood pand. On the upper part of the tank a disk-shgped deck with
glasswool covered is suspended from the celling of the roof. The
schematic configuration of membrane-type LNG dorage tank is
depicted in Fg. 2.

In order to sat up the fault tree scheme as aquartitetive risk and-
yss, herewewill briefly explain the method of how to get thefallure
rate data. When sdecting the right failure data for thiskind of quan-
titative risk analyds, the practica Stuation isto secure vdid histori-
cd data from the identica component of equipments in the same
application. However, in mog case, these data are unavailable and
thus we have no choice but to rely upon gppropriate generic data
as surrogates for or supplements to the plant-specific data How-
ever we don't have to worry about the unrdiability probably arising
from the generic data because the risk andyss methodology itsdlf
has the inherent uncertainties to some extents. The mgjor advan-
tage of the employment of generic falure rate deta is to identify
the hierarchy of the risk contributors to an undesirable event.

As far as the membrane-type LNG tank is concerned, we car-
not find any plant-specific failure rate data because of its short hitory
and samd| scde of facility units in comparison with the other chem-
ica plants. Thus, for the sources of the fallure data as aprdiminary
generic database we mostly depend upon the databases such asthe
Guiddines for Process Equipment Religbility Daa published by
the Center for Chemica Process Safety (CCPS) of the American
Indtitute of Chemica Engineers (AIChE) [1989), the Utility Reguire-
ments Document prepared by the Electric Power Research Ingti-
tute (EPRI) [1995], the Standard 500 published by the Inditute of
Electricd and Electronics Engineers (IEEE) [1984], and the Off-
shore Rdidbility Data [1997]. After the gppropriate generic daa
has been collected, the source data are then screened and traced to

identify the gpplicable boundaries to which the component-gpecific
failure is assgned and to check the exigence of any crossng-ref-
erences among the sources. During these procedures of sdecting
generic dataand meking asingle data pairt if there are Smilar ones,
unacceptable circumstances, which may cregte very largetolerance
of uncertainty, could aso be avoided by using the operation and
meaintenance manuds of LNG tank, the physicd and chemica prop-
erties of LNG, and failure modes experienced in the other LNG
fedilities.

CALCULATION METHODSFOR FAILURE RATE

Before proceeding to show our main results, we have defined in
our own way the acronyms standing for the equipments, gauges,
switches, and any other components of the membrane-type LNG
Tank asliged in Table 1. These are introduced only for our conve-
nience sake to describe events. In Table 2, we have shown an ex-
emplary sample sheet to ligt up the databases of failure probabili-
ties of components, which were later used asinput data for the cal-
culation of the amed gross mechanicd failure frequency of LNG
tank. Here, the firgt two letters are for the sysem name, thet is, TK
means LNG storage tank, then the following cheracters atached
by numbers stands for tag numbers of component exposed to fail-
ure, and the fina Sngle letter is characterizing the failure mode of
the event such as defined in Table 3.

While performing the quantified failure frquencies of the events,
we need two types of failure probability vaues for a component
hardware: probability thet a system or component doesn't respond
as required on demand (unavailability), and probability that a sys
tem or component fails during mission time given that it success-
fully garted (unrdiability). Hence component unavailability is ca-
culated from the demand failure probability. A demand falureisa

falure of a component to change its state of regpond as required
upon demand. Typicd examples of the demand fallures are the fail-

Table 1. Symbolsfor major equipments, guages, switches and val-

Ves

Symbol Full name

LI Levd Indicator

LOIA Loss of Ingtrument Air
LOSP Loss of Off Site Power
LSL Low Leved Switch

LSLL Level Switch Low Low
PIC Pressure Indicator Controller
PCV Pressure Control Vave
PAL Low Pressure Alarm

PALL Pressure Alarm Low Low
PAH High Pressure Alarm
PAHH Pressure Alarm High High
PSH High Pressure Switch
PSHHH Pressure Switch ExtraHigh
PSv Pressure Safety Valve

RPM Butterfly Valve Motorized
RSM Globe Valve Motorized
TSV Temperature Safety Valve

Korean J. Chem. Eng.(Val. 22, No. 1)



4 H.Kimetd.

Table 2. Someresults of failurerates (4) used for the calculation of failure probabilities

Name Descriptions Mode A Duration  Unit Remarks
TKPSV0123C PSV-1xx.01/02/03 fail to open at 230 g, 0 2.12x10™" - - CCPS4.332
TKLI131012F LI-131.01 & 131.02 fail to indicate level 1 1.00x10° 8760 h EPRI
TKLSH131013A LSH-131.01 & 131.03fail to actuate 0 1.00x10°° - - EPRI
TKLSHH13102A  LSHH-131.02 failsto actuate 0 1.00x10°° - - EPRI
TKPAH131061A PAH-131.06 & 131.01 fail to actuate 0 250x10™ - - EPRI
TKPAL131014A PAL-131.01 & PALL-131.04fail toactuate O 250x10™ - - EPRI
TKPSHHH13105A PSHHH-131.05failsto open RPM-131.13 0 250x10™ - - EPRI
TKPSV131045C PSV-131.04/05 fail to openat —2.5 g, 0 2.12x10* - - CCPS4.332
TKRPM13113C RPM-131.13 failsto open at 215 g, 0 2.20x107 - - CCPS4.332
TKRPM13101C RPM-131.01 failsto close 1 3.59x10°® 8760 h CCPS3533
TKRSM13112C RSM-131.12 fails to open on demand 0 2.20x10° - - CCPS3533
TKRSM13112H Operator failsto open RSM-131.12 0 1.00x10°? - - Engineering Judgement

Table 3. Characteristic symbolsfor failure mode

Failure symbol Description

Failsto actuate (to provide output)
Break or rupture

Fails closed or failsto open
Failsto function

Human error

Spurious signa

Fails open or failsto close

Failsto run

Failsto start

Tube rupture

— nmIVO—ITOW>

ure of apump to gart on demand, and afalure of amotor operated
vaveto open on demand. If the fallure detais given as the probability
per reques, the falure datais given as the probability per demand.
The vaue itsdf is the component unavailability and will be cacu-
lated using the following equition:

U:ﬂdXN,

where U is the probability of acomponent failureto response when
it is required on demand, 4, is the probability of a component to
fal per demand, and N representsthe number of demands.

The component unrdighility is caculated using the running fail-
ure rate. The running failure is the failure of a component to con-
tinue to operate during its mission time given that it has success-
fully garted to operate. A typicd example of the running failure is
apump failure to run through its misson time. The failure data for
this type of failure mode is given as the failure probability per unit
time. The component unreliability is caculated with the running
failure rate and mission time using the following equetion:

P=2,xT.
Here Pisthe probahility of acomponent falure during missontime,
A is the probability of a component to fail per hour, and T stands
for the misson time period in hours.

Mog of the unavailahility or unreiahility of a component has
been cdculated usng the methods described above. However, it is
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requested to be more cautious when we ded with the unavailabil-
ity or unreligbility of “redundant” configurations. No matter how
well redundant system is applied, there are dwayslimits of achiev-
able levesfor the availahility or rdiability. These limits can bere-
presented as the common cause failure (CCF) of the redundant when
componentsor discrete items arranged for the same purpose or func-
tion are susceptible to a Smultaneous falure. These CCF factors
have to be conddered from the design step of any process. Here,
the B-factor modd has been employed to etimate the rate of CCF
goplicable to two or more sysems operating in pardld sysems.
The modd has been highly recommended for tresting CCF in many
references (EPRI URD [1995]; NUREG/CR-4780 [1998]) because
the characterigtics of the modd are Smple and intuitive. The unavail-
ability or unreliahility of system dueto CCF is cdculated using the
following equation:

C=pxP(or U),

where C is the probability of CCF in the redundant system, and 3
is CCF factor which is defined as the ratio of the dependent failures
to thetotd failures.

RESULTS

The Interpreted Reliability Anaysis Code Package named as
KIRAP by Korean Atomic Energy Research Indtitute (KAERI) has
been employed to generate the fault trees and minimal cut setsto
perform our quantification processes[Han, 1999]. The faullt tree basad
on the above-mentioned mgjor internd events for the large rlease
from the membrane-type LNG tank is shown in Fg. 3. From now
on in details we will show the sub-fault trees connecting to the top
eventsin the following subsections.

1. Gross Mechanical Failure

A gross mechenica loss of LNG tank ismainly atributed to the
cardess operators and the mafunctions of the process equipments
when they are demanded to operate or while they arerunning. Due
to the lack of plant-spedific failure deta, the failure probabilities pres:
ented here are evd uated mostly based upon generic data sources of
the mechanicd components associated with the tank operation. In
addition, we have examined trouble memos sheet by sheet for ac-
quiring plant-specific data as possble as we can. For examples, the
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Fig. 3. The categories of major accident scenario for LNG tank.

trouble memos issued for the instrument air and boail-off-gas (BOG)
compressors have been reviewed because the failures of these com-
pressors are the main contributors to causing high pressure and va
cuum phenomenawithin the tank.

Because of the huge bulk of database for the mechanica loss of
the membrane-type LNG tank, we have only cdculated the frequen-
des of occurrence in the gross mechanicd failure which may lead
to the rdease of alarge amount of LNG or its vapor. The evaluated
result shows this event frequency of 8.8x10 %year which means
this event may occur once in more than 110,000 years.

2. Overfilling

Ovefilling isthefirg scenario leading to amgjor rdease of LNG
from tank. LNG storage tank is subject to high level when the tank
isbeing filled and levd indicator failsto indicate trueleve to operator
or operator failsto correctly observe level indicator. At thistime, if
two redundant high level darmsfail to actuate or the operator fails
to take correct action after recognizing the high leve darms, the

Major LNG release
from storage tank
by overfilling

OF

a

[ 1

Tank level reaches LSHH-131.02 fails
. to actuate to close
high level s
unloading lines
OF-HL TKLSHH13102A
L'; 1.00E-03 O
[ 1
Tank level Operator fails to
increased during respond to high
filling operation level
OF-IL OF-OHL
— <

Operator fails to LSH-131.01 and Operator fails to

Tank is being filled respond to 131.03 fail to respond to high

increasing level actuate level alarm
TK-FL OF-OIL TKLSH131013A TKLSH131013H
24001 [ ) roeos () soeez ()
LL-131.0L and Operator fails to
131.02 fail to P
P correctly observe
indicate true level to s
level indicator
operator
TKLII31012F TKLI131012H
8.76E-03 Q 1.00E-03 O

1.00E-06/h
8760h

Fig. 4. Fault treefor overfilling from LNG tank.

8760h

level in the tank continuoudy increases until high level switch ac-
tuates to close inlet valve on unloading line. However, falure of
interlock such as the high leve switch fails to actuate or the inlet
vavefalsto closeresultsin overfilling of LNG tank. Fg. 4 shows
afault tree for overfilling scenario. The eva uated result shows this
event frequency of 1.2x10°/year.
3. Overpresaurization

The second scenario is tank rupture by overpressure. Pressure
risein LNG tank can be occurred due to blockage of dischargeline
by vavefailure, or sudden drop in barometric pressure, or rollover.
At thistime, if high pressure darm fails to actuate or the operator
failsto take correct action after recognizing the high pressure darm,
the pressure in the tank continuoudy increases. When this devia
tion occurs, the tank can be damaged if pressure control system on
flare line and high high pressure switch fails to actuate, and pres-
aure relief valves fails to open. Additiondly failure of BOG (boil
off gas) control, loss of instrument air, and loss of offgte power are
conddered as another causes for overpressure scenario. In such cases,
LNG tank can be dameged if theincident is not restored within 10
hoursand pressure relief sysem falsto actuate. Fg. 5 shows afaullt
tree for overpressure scenario. The evaluated result shows this event
frequency of 6.5x10 "/year.
4. Under pressurization

The third scenario is LNG tank damage by vacuum. LNG tank
is subject to low pressure when pressure control sysem on flare
line fails actuating due to controller mafunction or control vave
falure, or barometric pressure increases aoruptly. At this time, if
gas make-up system falsto actuate or the operator failsto take cor-
rect action after recognizing the low pressure darm, the pressurein
the tank continuoudy decreases before vacuum bresker opens How-
ever, falure of vacuum bresker to open on demand resultsin tank
damage. Fg. 6 shows afault tree for vacuum scenario. The evau-
ated result shows this event frequency of 2.9x10 /year.
5. Rupture of LNG L oading/Unloading Lines

Here, we condder the failures of two kinds of mgjor LNG trans:
mitting pipes mounted aop the LNG sorage tank as the find sce-
narios to be assessad. Oneis for lodaing LNG to the tank and the
other isfor the discharge of LNG from the tank. The lines are not
aways under operation, hence there will be some zoneswhere LNG
is locked and isolated from the main stock in the tank. Once the
lines are isolated, LNG will evgporate due to hegt input from sur-
roundings and result in high pressure in this section. This Stuation
has been considered for a mgjor concern of the presiding risk be-

Korean J. Chem. Eng.(Val. 22, No. 1)
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8760h | |
PAH-131.06 and Operator fails tQ RPM-1xx.13 fails Almosphenc( PSV-
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pressure on demand at 230g/cm
TKPAH13106A TKPAH13106H OP-RPM TKPSV0123C
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Fig. 5. Fault tree (portion) for overpressurein LNG tank.
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250804 () 220503 O

Major LNG release from
storage tank by under
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Tank pressure reaches to
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=

]
Gas makeup system RSM-
131.12 fails to open
VA-RSM

D

[
Tank pressure

| [ ]
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VA-LP

A

(r)g :rfi;oc; tf:lllcs);o RSM-131.12 fails to Operator fails to
P open on demand open RSM-131.12
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VA-OLP TKRSM13112C TKRSM13112H
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2.20E-03 Q
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1

1

Tank pressure drop due

PAL-131.01 and

Operator fails to

to abnormal increase in Flare sta:):kel:lCV fails PALL-131.04 fail to respond to tank low
barometric pressure P actuate pressure
TK-IBP VA-PCV TKPAL131014A TKPAL131014H

1.00E-02

2.50E-04 O

1.00E-02 O

1.00E-02 O

O A

Fig. 6. Fault tree (portion) for vacuum in LNG tank.

cause it has a potentid to make damages to the piping linesiif the
safety degassing vaves a the sections fail to open a their setting
points. Thet is, the piping systems could be damaged by the md-
function of pressure relief when a degassing function required for
any isolated section on the line failsto actuete. The degasing valves
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are usudly employed for this purpose and they are being driven on
the pneumatic controller. Thus, the failure causes of degassing sys
tem could be attributed to the loss of instrument air or the blackout
of offsite power. The evauated result shows these events frequency
of 2.6x10 °/year for inlet line and 2.8x10%/year for outlet line as



Major LNG release by failure
of inlet lines

IN

b

r
Major LNG release by failure
of inlet lines (section #1)

1
Major LNG release by failure of
inlet lines (section #3, #4, #5)

Major LNG release by failure
of inlet lines (section #2)
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unavailahility dueto the jobs of test and maintenance, common cause
falures, and human eror. From the current andlysis, the membrane-
type storage tank has an acceptable leved of failure frequency with
the magnitude of 8.8x10°® in its gross mechanica failure. How-

ever, it has to be noted thet the assessment has been conducted by
using other data bases obtained from smilar prosesses and facili-
tiesfor the lack of the plant-gpecific data for membrane-type LNG
doragetanks.

INOI INO2 IN0345

>
/N ) /\

1
TSV'’s (6¢a) at the isolated section
#2 fail to open at 17.5kg/cm’

[
Failure of degassing system
at the isolated section #2

INOZ-DGS INTSVIN02C
. (o . 260 O The resuilt of this study will play an important role of aguiddline
D ok aroay Failure of qegassing valve toward a regulatory framework induding any necessary standards
ol IN02-DGV and andyticd tools acoeptable in implementation. In the neer future,
O L to estabilish more concrete LNG storage safety, the following cre-

aive works should be executed,

Failure of degassing valve
at loading line
IN02-DLD
(A

RSM-111.09 fails to open RSM-111.09 fails
dueto LSL-111.03or || oroo 0 e
LSLL-111.03 failure P

Failure of degassing valve
at mixing loading line

m? = (@ Structuring a probabiligtic framework of the risk oriented ac-
cident andysisand its Monte Carlo smulaions[ Theofanous, 1996],

RSM-111.10 fails to open RSM-111.10 fails - X
(b) Accident sequence development depending on the uncertain

duc o LSLA11.020r || “o¥-! -0 e
LSLL-111.02 failure Pe

IN02-LS11103 INRSM11109C INO2-LS11102 INRSM11110C tiesand sengtivities,
A O LS () Consaquence analysis to connect acdident evolutions o resuit-
LSL-1 ; c1 tf‘)astefalls t LSLI.O-L l lll;gtze fails | [LSL-1 ; C1 n?azl efalls to LSL{.O-L l 1]\;2125 Tails ing d (to lifeand pr ).
INLSL11103A INLSLL11103A INLSL11102A INLSLLI1102A
00203 O 100e03 () 100803 () 1.00e-03 () ACKNOWL EDGMENT

Fig. 7. Fault tree (portion) for failure of inlet lines. ) o
This gudy was performed by the supports from the University

of Seoul, and University of Cdiforniaa Santa Barbara where Prof.

I

Failure of line safety of the
isolated section at P-201

1
TSV-131.03 and 131.05 at
the isolated section fail to

Miajor LNG retease by Hyo Kim spent his sabbetical leave during 2003 Fall and 2004 Sring
OuT sfemeders He gopreciatestheir supports.

NOMENCLATURE

pump discharge open
OUT-P201 OUT TSVI31035C BOG : boil off gas
mos O C : probability of CCF

CCF : common cause failure
DBP : decreased barometric pressure

TSV’s (3ea) at the
isolated section fail to

Failure of degassing
system at the isolated

section open at 24.7KG
OUT01-DGS OUTTSV0123C DGV : degag' ng vave
R 212605 () . . .
J T ] DLD : degassing valve on loading line

1
RSM-131.19 fails to open due to
LSL-131.04 or LSLL-131.04

Degassing valve
unavailable(due to

DML : degassing valve on mixing loading line

RSM-131.19 fails to
open on demand FL

LOIA or LOSP) failure Ailli
- filling
LOIA OUT-LS13104 OUTRSMI3119C .
3.00E-01 O () 2.20E-03 Q GMP: gas md(eup pressure
HL : highleve
LSL-131.04 fails to LSLL-131.04 fails to I BP . Incrm ba.omanc prmre
actuate actuate : X
OUTLSLI3104A OUTLSLLI3104A IL  :increased leve
toosas O rooeos O IN :inletpipeline

INOL(02) : #1(#2) isolated section of inlet line
INO345 : #3, #4, #5 isolated section of inlet line
LNG : liquefied natural gas

Fig. 8. Fault tree (portion) for failure of outlet lines.

showninFHg. 7 and Fg. 8, repectively. LP :low pressure
N :number of demands
CONCLUSIONS OF : ovefilling

OHP : operator failure to high pressure
OIL : operator failureto increased leve
OLP : operator failureto low pressure

Based on the risk assessment of 100,000 n* membranetype LNG
dorage tanks located in Korea, we have obtained the gross failure

frequencies for six top events which might lead to a great ded of OP :overpressure

LNG release by virtue of the fault tree andlysis. The caculated and OUT : outlet pipeline

specified frequency of each falure occurrence shown on the trees P :failure probability during missontime
has been derived by including the potentia probabilities of the fail- RO :rollover

ures to respond as required on demand, to run during mission time, SG : safeguard

Korean J. Chem. Eng.(Val. 22, No. 1)
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T :missontime[h]

TK :tank

U :failure probability to response
VA :vacuum

VP :ventpressure

VRP : vacuum relief pressure

Greek Letters

B : CCFfactor

Ay failure probability per demand
An - failure probability per hour [h™]
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