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1. Introduction

Liquefied natural gas has been transported in bulk by sea for
some 15 years and the volume of traffic has increased steadily
throughout that time, with every likelihood of further expansion
in the medium term future. The safety record of these operations
has been good, with no loss of substantial quantities of the pro-
duct, either from ship or shore operations.

Nevertheless, the inherent energy content of the cargo and the
experience of the one catastrophic accident involving LNG (in a
pioneering peak-shaving plant at Cleveland in 1944) have at-
tracted critical attention to the hazards which may be associated
with LNG transport, and this has had a major impact on some
proposed projects, especially in the USA, and lengthy delays
and changes of plans have ensued.

The principal concern, especially for import terminals, has
naturally centred on the onshore storage tanks and the ships, al-
though the resulting developments in design have taken quite
different forms for the two: onshore tanks have tended to be-
come much more robust structurally, but safety of ships has
been improved mainly by enhanced navigational and manoeuv-
ring capabilities.

The trend in onshore tank design has been towards forms of
secondary containment which not only minimise vapour evolu-
tion in the event of spillage, but can withstand the cryogenicand
asymmetric hydrodynamic loads imposed in the case of sudden
failure of the primary tank, as well as external events such as air-
craft impact, earthquakes and unconfined vapour cloud ex-
plosions. Many modern tank designs now include some form of
full height secondary earth berm or concrete wall, which meets
all of these requirements. The result is that the worst failure case
that can be envisaged for the tanks themselves is total collapse of
the roof and inner tank leading to release of ullage vapour, a
small amount of flashing, and boil-off from the warm outer
tank. Calculations have indicated that the resulting danger zone
is quite small.

Designs having a lesser degree of integrity and a higher poten-
tial rate of vapour release, such as the early double wall tanks
with carbon steel outer tanks and a low dike for secondary con-
tainment, could, however, be shown to have a large potential
impact, both in terms of probability of release and the conse-
quences. Scenarios were envisaged in which vapour clouds
many kilometres in length could be formed, especially if, as was
often the case, LNG could overshoot the dike insudden collapse
cases.

Regardless of the probability of occurrence, LNG ship acci-
dents have always been considered a possibility and the ‘stand-
ard’ failure case adopted has been the total sudden release of the
contents of the largest single cargo tank (nominally 25 000 m*
LNG). The travel distance of the resulting vapour cloud has

been variously estimated by many authors, but the consensus is -

now settling towards a value of 5km to the lower flammable
limit (LFL). The more extreme estimates (which can now be dis-
missed with a high degree of confidence) suggested as much as
50 km for this case. Thus it was not surprising that regulatory
authorities gave LNG terminals close scrutiny and in some cases
laid down important constraints on site locations. The State of
California, for example. requires no more than 10 persons per
square mile within one mile of the perimeter of the site and less
than 60 per square mile within four miles.

This paper is intended to review the safety issues as they ap-
pear in the light of the latest developments in risk assessment,
and in the context of current standards of LNG facility design
and operation,

2. Brief Description of Hazard Analysis Methods

A typical Hazard Analysis consists of four major steps: identifi-
cation of a representative set of failure cases, calculation of con-
sequences, estimation of failure probabilities, and assessment of
overall impact.

Failure cases are identified first by establishing the location of
the main inventories of flammable material and then by detailed
scrutiny of the Process Flow and Piping and Instrumentation
diagrams using checklist methods (Wells er al, 1978), or the well
known hazard and operability study techniques (Chemical In-
dustries Association, 1977).

Once the failure cases have been identified, the consequences
of the failure must be calculated using a procedure that takes
into account the variation in meteorological conditions, the dis-
tribution of population and employees and the location of pos-
sible ignition sources. The analysis proceeds in the following
way:

1. Calculation of discharge rate using the relevant formulae
for liquid discharges, two-phase flows, etc.

2. Calculation of the boil-off rate using a spreading and vapo-
risation model such as those of Shaw and Briscoe (1978)
using empirical constants derived from LNG spill tests
(Battelle Columbus Laboratories, 1974).

3. Dispersion of the vapour cloud in the atmosphere using
models which take account of the dense nature of LNG
vapour, such as that developed by Cremer and Warner
(Cox and Roe, 1977). This model is compared with others
currently in use in Fig. 1.

4, Modelling of the combustion of the dispersed vapour
cloud, in which all the possible consequences and probabi-
lities for each release case and ignition source are evaluated.

5. Summary of the impact of all the possible scenarios.

In the analysis it is assumed that LNG will not deflagrate ex-
plosively such that significant overpressures are produced. The
main impact of reversing this assumption is that the effective
area enveloped by the cloud and the attendant flame front
would be increased due to cloud expansion. The blast effects
would not be directly significant in the risk analysis, although
there is some possibility of ‘domino effects’.

The failure probabilities are based on historical failure rate
data, statistics on extreme external events such as earthquakes
and aircraft impact, and, where appropriate, from detailed ex-
amination of the failure case by fault tree analysis. Failure rate
data in the LNG industry is extremely sparse due to its short his-
tory, but some figures on marine incidents are presented in the
Appendix. Probabilities also have to be estimated for the case of
the release igniting immediately, rather than forming a disper-
sed cloud, and for the likelihood that each potential ignition
source would actually cause ignition if enveloped by the cloud.
The former is estimated from historical data whilst the latter is
estimated on the basis of the type of source (furnace, hot surface,
etc.), and its intermittency (e.g. the proportion of time for which



a motor car is present with engine running).

The overall assessment of the risk is most usefully presented
as risk to individuals (probability of death per year) or as the
communal risk, expressed as the probability of killing up to a
certain number of people in one accident per year. Both can be
compared with voluntary and involuntary risks commonly ex-
perienced in western society. Generally a breakdown of the risk
assessment into the contribution of each release case is also
given and this is a useful pointer to remedial measures, if con-
sidered necessary. The establishment of safety distances, exclu-
sion zones and the effects on future developments can then be
based on risk acceptability criteria as discussed elsewhere in this

paper.

3. Potential Sources of Hazard in LNG Import and Export
Terminals

The potential sources of hazard arising from typical modern
LNG import and export terminals are reviewed below. and an
indication is given as to the likely consequences of certain major
failure cases, and, where possible, their probability. The relative
impact from the two-types of terminal will be compared and
conclusions drawn as to suitable safety distances. In order to
facilitate this comparison, aspects unique to each type of termi-
nal are considered, and then the common aspecissuch asstorage
and marine operations are considered.

Both the consequences and the probabilities will be depen- -

dent on particular location and design in question. The figures
given are therefore offered purely as a guide, and are drawn
from our experience in carrying out hazard assessments of
several LNG facilities.

3.1 Imrinsic Hazards of LNG Facilities

The hazardous materials handled in LNG bulk shipment facili-
ties comprise the LNG itself; refrigerants or their constituents
used in liquefaction (e.g. propane, ethane): other hydrocarbons
in the natural gas feed, which may be separated in the fractiona-
tion plant. All of these materials pose obvious fire risks but the
main hazard from the point of view of safety of the plant loca-
tion is the case of a drifting cloud of vapour which ignites after a
time delay.

The higher hydrocarbons are in practice the most dangerous
for a given quantity, because they are often processed or stored
under pressure (hence can discharge rapidly and cannot be
readily controlled after release), and are demonstrably capable
of exploding violently in the unconfined situation. They also
create vapour clouds which are much denser than LNG vapour
clouds. However, these substances are generally present in much
smaller quantities than for the LNG. LNG vapour is generally
considered not to be capable of producing unconfined vapour
cloud explosions. Instead, ignition of a vapour cloud of LNG
will normally result in a flash fire. There are several reasons why
this view prevails. Firstly, there are no exam ples of LNG vapour
or pure methane exploding violently in the unconfined situa-
tion, either in accidents or in field experiments. Secondly, me-
thane is by chemical nature a relatively slow burning gas, so that
there are sound theoretical reasons why it would be expected to
burn less violently than the more reactive hydrocarbons. This is
demonstrated by the relatively long ‘run up' time to detonation
exhibited by methane/oxygen mixtures in shock tubes in com-
parison with longer chain hydrocarbons,

3.2 Import Terminals

For the purposes of identifying potential failure cases aconven-
tional LNG Import Terminal can normally be regarded as hay-
ing four well defined sections.

These are:

(a) A berth to handle LNG ships, and the associated liquid
transfer systems.

(b) A number of large LNG storage tanks each of 60 000 to
100 000 m* capacity.

(¢) A pressure control system for the tank.

(d) A gas send-out system for vaporising the LNG and ex-
porting the gas at high pressure to the distribution grid.

The first two of these sections are substantially common to
both importand export terminals and are considered separately.

The vapour handling system is designed to handle the vapour
evolved due to heat inleak into the storage tanks and transfer.
lines and to provide vapour balancing during transfer opera-
tions. The system will typically comprise a number of low pres-
sure compressors and a gas absorber or recondensor.

Failures in lines on the vapour side of the system are unlikely
to result in consequences that would extend beyond the plant
boundaries. Failure of the LNG feed lines to the absorber and of
the absorber bottom connections could however result in a
flammable concentration extending some 100 metres depending
on the wind conditions and the degree of containment of the
spilt liquid (see Table 1),

The gas sendout system will normally include high pressure
pumps which feed LNG at pressures of about 80 bar to the vapo-
risers. Various types of vaporisers are used in existing LNG
facilities, but failures of manifolds or heat transfer pipes within
the vaporisers will usually only result in modest releases of
LNG. Failure of the line downstream of the high pressure LNG
pumps could result in a more substantial release. However, the
area surrounding the high pressure pumps and vaporisers will
normally be bunded, reducing the area available for vaporisa-
tion. Such a release would not result in flammable material
travelling much beyond the normal plant boundary, even in the
most adverse circumstances. '

It is unlikely that releases from either the vapour handling or
gas send-out systems would result in consequences of sufficient
magnitude to affect plant siting issues significantly.

3.3 Export Terminals

The hazards associated withan LNG export terminal are greater
than those at import terminals due to the additional presence of
liquefaction and fractionation units, refrigerant and LPG stor-
age facilitics and possibly a slugcatcher/sphere receiver unjt.

The hazards arising from the liquefaction and fractionation
process trains arise from the complexity of the units and the
large number of process holdups: reflux drums, heavies re-
moval, knock out drums, etc., where the contents are both flam-
mable and capable of sustaining an unconfined vapour cloud ex-
plosion. However, most of the potential failure cases are small in
the context of off-plant safety, although there is the possibility
thatsuch an event could escalate by the ‘domino effect’, in which
nearby larger units such as storage tanks fail due to the blast
overpressure or heating caused by the initial failure. Such events
are not, of course, in any way unique to LNG installations.

Substantial inventories of refrigerant makeup or LPG stored
on the site constitute a significant fraction of the land based risk.
Large releases of propane or ethane have the potential both to
drift considerable distances (see Table 1) and to explode.

[f the incoming pipeline is long, the need for a slugcatcher and

sphere receiving facilities introduces one of the most serious of

the possible on-plant hazards associated with LNG export ter-
minals. The significance of the slugcatcher arises because of the
high operating pressures (typically 60-100 bar), its generally
large size and transient mode of operation, and its connection to
the sphere receiver where large diameter doors must be opened
to remove the pigs, necessitating highly reliable double block
and bleed arrangements with redundant safety interlocks.
Total failure of the slugcatcher from, say, weld failure or over-
pressurisation would lead to a large release of gas and entrained
condensate which could travel well beyond the_plant boun-
daries. Rapid depressurisation would lead to flashing-off of the
light ends and subsequent entrainment of much of the remaining
liquid condensate. Although some of the liquid would *rain out’
of the resultant cloud, sufficient would remain to leave a cloud



containing most of the slugcatcher inventory.

An example of the distances that such a release could travel is
given in Table I, for a large size slugcatcher, in which the release
has been modelled as an acrosol having the same average mole-
cular weight as butane,

3.4 LNG Siorage Tanks

The nominal tank design considered in this study is one having a
free-standing cryogenic inner tank. with a carbon steel outer
tank forming the vapour containment. The carbon steel is a
membrane supported by a full height concrete wall which also
carries the outer roof, from which the insulated inner roof is sus-
pended. The concrete wall is further supported by a full height
earth berm. Such construction is practicable and provides a cap-
ability for containing any failure of the primary tank, no matter
how violent the escape of liquid might be,
In such a system, the principal failure cases are:

(a) LNG deposited into outer tank with failure of roof.
Vapour is generated by release of ullage vapour,
flashing and some boil-off occurs. Causes include: sud-
den failure of inner tank leading to embrittlement of
outer tank and roof collapse, roof collapse through
overpressurisation, roof collapse through LNG pipe
leakage and embrittlement, external impact. extreme
wind loading or through extreme atmospheric pressure
change.

(b) Partial outer roof failure without failure of inner tank.
Vapour release from ullage space, with flashing of LNG
but no boil-off as such. Causes include process over-
pressurisation and extreme wind.

The consequences of these failure cases turn out to be quite
similar because the vapour generated through boil-off in the
outer tank is small, especially if the outer tank is insulated on the
inside. The distances to the LFL predicted in the Cremer and
Warner model are shown in Table 1 and are about 500 metres.

Typical frequencies associated with these two events have
been evaluated for actual designs using a combination of fault
tre¢e methods and historical failure rate comparisons. These
studies have included reviews of failure rates on broadly com-
parable equipment, such as other types of storage tanks and
make allowances for the non-corrosive nature of the product as
well as the high standards of inspection customarily followed
during the construction phase.

3.5 Dock Area and Shipping

At the dock area. potential failure cases are associated with the
loading arms. the large diameter transfer lines, circulation lines
and vapour return lines and any surge drums which may be in
the system.

A number of small spills. listed in the Appendix. have already
occurred during cargo transfer, The amount released is small,
say 0-50 m>. unless failure of the relevant automatic shut-down
system also occurs. Such spills could typically be caused by ex-
cessive joint wear, ship movement or inadvertent disconnection.

Failure of the transfer lines is less likely, but might still occur
due to faulty construction or thermal expansion when blocked

in (coupled with failure of the relevant thermal relief valve). and-

would result in rather larger spills of 200-2 000 m*. In such cases
the cloud front can travel up to about 1 km from the source. de-
pending on the wind conditions and the location of ignition
sources.

Failure of the circulation lines or vapour return lines will re-
lease only small quantities of LNG or natural gas vapour respec-
tively. and the resulting cloud will not travel a sufficient distance
to be significant from the point of view of selection of the site.

The ship itself constitutes the greatest potential hazard in an
LNG terminal because of the possibility of unrestricted spread-
ing of LNG on water. Although' LNG carriers are built to the
highest design standards and their containment systems are bet-

ter protected than those on any other ships carrying hazardous
cargo, one cannot consider the risk of a massive spill as being
totally negligible. Massive ship spills could indeed arise from
several causes: maloperation. inherent defects, collisions.
groundings or sinkings.

Maloperation events such as overpressurisation have been
known to occur on a minor scale, as mentioned in the Appendix.
but they are less likely than other modes of failure to result in a
massive release. due to the high level of safety built into the de-
sign and the likelihood that corrective action could be taken. In-
herent design or construction defects are most likely to be un-
covered during tanker commissioning. but this is unlikely to
have major hazard impact due to the small quantities of LNG
involved,.

Collision of an LNG tanker with another vessel such that one
or more tanks rupture or the tanker sinks is a more likely mode
of failure. Many collision studies have been done that show the
striking speeds necessary to rupture the inner tank and these
studies, together with the likelihood of such collisions occur-
ring, can be used to estimate the probability of collision leading
to rupture.

If rupture of one tank occurs and the spill does not ignite im-
mediately. a pool of boiling LNG will spread on the water. The
dimensions of such a pool as a function of time are shown in Fig.
2. The subsequent dispersion distance to the LFL can be ob-
tained from Fig. 1. Much greater confidence can be placed on
these dispersion estimates than on earlier predictions. due to the
more realistic modelling of the physical processes involved. and
this confidence is reflected in the similarity of the three indepen-
dently developed predictions shown in Fig. 1.

In some collision scenarios, for example collision with
VLCC’s or other bulk carriers. rupture of more than one tank
must be considered as a possibility. However, in such a severe
case the probability of immediate ignition is substantially in-
creased over the single tank case.

Grounding events that might lead to massive spills are histo-
rically the most likely incident mode, in view of the LNG tanker
incidents mentioned in the Appendix. The recent case of the ‘El
Paso Paul Kayser’ grounding demonstrated the continuing vul-
nerability of well designed and competently operated tankers to
the ancient marine hazards of collision and grounding. These
risks, which have resisted centuries of effort to eliminate them,
cannot be expected to disappear totally just because a special ef-
fort is made for this potentially hazardous trade.

It is. furthermore, readily conceivable that an LNG release
following such an accident could occur without immediate igni-
tion. especially in cases of underwater release: quenching effects
and over rich mixtures in the rupture area also contribute to this
possibility. In cases where an LNG tanker might break its back.
for example when wedged across a channel. the potential for a
sudden massive release could be considerable, depending on the
design of the tanks and the depth of water surrounding the

tanks.

4. Overall View of LNG Terminal Hazards
4.1 Methods for Assessing Toral Impact

The sample results given in Table | represent a selection of the
most significant of the failure cases that may arise. In a complete
analysis of any specific installation. many more failure cases
would be considered. and the probabilities and consequences of
each scenario are calculated - separately for each weather condi-
tion, wind direction and ignition source. The distribution of
population by day and by night is also taken into account in the
computer model which we have used for these calculations.
In a typical analysis, there might be 30 release cases. 8 weather
categories. 12 wind directions and an average of about three
possible ignition sources (each with a different probability) per
case. Together with the different day and night population fig-
ures. this gives some 17 000 possible outcomes. The resulting
mass of results can be conveniently summarised in terms of
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directly useful statistics, such as the average rate of fatalities
(used as an index of total hazard impact), and the geographical

" distribution of risk to an individual (used for specification of
safety distances).

4.2 Relative Importance of LNG Terminal Features

Table 1 indicates that, provided the LNG storage tanks are de-
signed to high standards of integrity within a double contain-
ment concept, their contribution to the total impact is no greater
than that of other necessary features such as LNG transfer lines
and loading arms and (for export terminals) process plantitems
like refrigerant stocks and fractionation columns,

The only features of the operation which could give rise to
very extensive impact (i.e. of the order of | km from the source)
are the ships, large LPG or refrigerant stock tanks and (where
applicable) large slugcatchers. The probability of these large
events must therefore be kept low, by instituting stringent
measures for prevention of groundings and collisions, protect-
ing LPG tanks from external impact and providing for detailed
hazard and operability studies of slugcatchers. Slugcatchers
generally should be of conservative design and be regularly in-
spected in service, as with other pressure vessels.

4.3 Safety Distances and Site Selection

From the point of view of site location, the major problem is to
ensure a low probability of a major tanker accident. As has been
indicated in this paper, it is prudent to assume that shipping ac-
cidents with LNG tankers will occur at much the same rate as for
other well-equipped and crewed vessels, so the main problem in
siting is to ensure that the LNG traffic has as little interference
from other ships as possible. An isolated, dedicated terminal
with its own approach channel is the best solution but shared
facilities can be used if a strict traffic control scheme is
instituted.

Naturally, each case must be considered on its own merits, but
it may be helpful as a guide to indicate the order of magnitude of
necessary safety distances that have emerged in our previous
studies of this type. These are based on a criterion of accept-
ability of risk published by the UK Royal Commission on En-
vironmental Pollution (6th Report). This recommends less than
lin 10 years chance of death for individuals not benefiting
directly from the hazardous installation. On this basis, a typical
zone for exclusion of all residential developments near an LNG
terminal is 2km from the site boundary, but low employment
density factories or offices could be alléwed as close as 1 km on
the basis of shorter time being spent there by individuals, and
the better possibility of evacuation of workforces than residen-
tial populations. Risk analysis also indicates no need to restrict
access of the public to the area immediately outside the security
fence.

5. Conclusions

(i) Export terminals for LNG generally contain many more
hazardous plant items than import terminals.

(ii) Modern LNG storage tanks can now be made so safe that
they do not contribute significantly to the problem of safe
siting of terminals. _

(iii) LNG tanker incidents appear to occur at much the same
rate as other shipping incidents.

(iv)  The most important siting issue is the reduction of prob-
ability of an LNG tanker grounding or colliding with
other vessels near the terminal,

(v) Some of the more stringent planning constraints on safety
distances and employment densities near LNG terminals
previously published by regulatory authorities appear un-
duly conservative if they were to be applied to plant de-
signed 1o the best modern standards.
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Appendix
Marine LNG Incidents

Some 19 incidents of all types (listed in Table 1.2) are known to
the authors in the period 1964-1977, in which 3 300 cargo de-
liveries (6 600 movements) were made. All except one of these
events (on *Arctic Tokyo’, 1971) occurred either in port orin the
approaches to the port. There may be more incidents, either un-
known to us or not reported, but the effect of any such lack of in-
formation is to underestimate the frequency, especially for the
minor incidents.

Itis of interest to compare the LNG tanker accident rate with
figures for general shipping. Since none of the LNG terminals
are located in river ports, the LNG incidents have been com-
pared with inciderits reported in estuarial and open sea ports
only. In the UK ports study used here, an ‘incident’ was any re-
ported accident event includingall cases, whether or not damage
occurred.

In none of the LNG incidents did a significant spill into the
sea result nor were there any major fires.

The comparisons are shown in Table 1.1. Although the data
base for the LNG incidents is not as good as that for the UK
ports survey, the comparison is still sufficient to show that the
incident frequency is of the same order in both cases. The LNG
incidents may be underestimated, due to lack of comprehensive
data whilst the UK port figures may be too high due to the inclu-
sion of every reported incident, however minor.
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Table 1 Typical Failure Scenarios

Scenario Total Mass  Typical Failure | Distance to LFL
Released Frequency (metres)
(events per yr) | (1:5-2 m/sec, F)
(spill on land:
u*/u =01
(kg) Zo = 18 cm)

Storage Tanks (9% Ni Steel inner tank with suspended
roof, carbon steel concrete backed outer tank. earth
berm against outer tank)

I. Catastrophic failure of inner tank leading to 98 194 2x 10 500
outer roof collapse.

2. Partial fracture of outer roof due to over- 94 000 2x 10 490
pressurisation.

Dock Area

I. Failure of loading arm together with failure of 13 500 1% 10
shutdown system. Spill onto sea during unloading,

2. Failure of 36” transfer line. 2400 kg/s 4 x 107 690
Spill onto sea. (over 5 mins)

Vaporisers (Import Terminals Only)

1. Absorber bottom connection failure, into small 3000 kg/s 10-# 80
concrete bunded area. (over 19 secs)

2. Vaporiser manifold failure onto unconfined 27 kg/s 10-3 80
area, (over 5 mins)

Refrigerant Srorage (Export Terminals)

I. Catastrophic failure of 480 tonne semi-refrigerated 240 000 10-% 860
propane tank (assume half full).

2. Catastrophic failure of refrigerated full ethane tank, 82 000 2x10¢ 560

Slugcarcher ;

1. Total failure of full slugcatcher. 1 800 000 10-% 1 740

2. Total failure of slugcatcher under typical operating 180 000 10-3 850

conditions (10% full).

Liquetaction and Fractionarion Units

I. Total failure of heavies removal column. 13 700 10-3 260
2. Total failure of debutaniser reflux drum. 7 800 10-% 200
LNG Ship

1. Total failure of one cargo tank. 11000 000 5% 10 5160
2. Total failure of two cargo tanks. 22000 000 5x 107 6300

*NOTE: Distances to LFL quoted here are generally somewhat lower than those in Fig. 1 because of the larger surface
roughness (and hence greater turbulence) over land as compared with water.



Table 1.1 Ship Incident Frequencies - 1964 to 1977

No Incidents/1 000 Movements
Incident No UK Port Survey
Cases
LNG Traffic Estuarial | Open Sea
Port Port
Grounding,*
Stranding.
Drifting 3 0-45 0-16 0-17
Collisions, Impacts.
Ramming 4 06 0-17 1-22
Leaks from Tanks or '
during transfer 6 0-:90 - -
Others 6 0-90 - -

*The recent grounding of the *El Paso Paul Kayser' is not included because itis
outside the time period covered.

Table 1.2 LNG Ship Incidents 1964-1977

Grounding, Stranding, Driftings

‘Methane Progress'

‘Methane Progress’

‘Hassi R'Mel’

1.5.66
19.4.74

28.10.74

Collisions. Ramming, Impact

‘Methane Progress’
‘Methane Progress®
‘Methane Princess’

*Methane Princess’

*Jules Verne'
‘Palar Alaska’

‘Polar Alaska®
‘Methane Progress’
*Hilli*

‘Descartes’
Others

*Jules Verne'
‘Arctic Tokyo'
‘Benjamin Franklin®
‘Massachusetts®
‘Methane Princess’

‘Methane Princess'

6.12.74
19.10.70
10.2.69

Dec 74
19.11.69

20.12.76
1.5.75
14.5.77
Vovage 2

Vovage 2
14.9.71
1.12.76
16.7.74
30.8.66

1964

Stranded in Thames. Believed to be no damage,

Touched bottom at Arzew. Damaged bottom and rudder,

Stranded in Rhone delta.

Rammed whilst moored in London. 31t hole above water-line,

Hit pierhead whilst under tug assistance in lock, Damage to vessel bow.

"Collision with barge in Thames. then ran aground. Hole in forepeak.

Rammed from astern whilst unloading. No hull penetration.

Leaks from Tank or During Transfer

Leaking tanks.

Gas leak during loading due to perforation of primary barrier, Heavy damage to
equipment,

Leakage during loading at Kenai,
Spill during disconnection of transfer line. Deck plating crack.
Metal objects found in the cargo lines during first unloading at Chiba. Japan.

Gas leak above 1ank detected: no damage.

LNG overfilled during loading. Brittle failure of tank cover and deck stringer plate.
Heavy weather damage to tank insulation at sea,

Broke moorings during violent wind in Marseilles.

Glove valve overpressurised during loading. Canopy cracked.,

Small fire probably caused by welder's torch.

Small fire at the forward vent riser during loading.
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Tabular Results

Spill Size (m3) Distance to 5% (metres)
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Figure 1. Comparison of Maximum Downwind Distance to Methane LFL, Neutral Stability, 10 mph Wind-Germeles-Drake, SAT and
Cremer and Warner Models (G-D and SAI curves from Havens, 1979).
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Figure 2. Vaporization Rate and Pool Radius from a Continuous Spill of 20 000 m® LNG onto water over 200 secs.



