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SUMMARY 

1. 	Purpose and Scope of Hazard Analysis 

Background 

Woodside Offshore Petroleum Pty Ltd (WOP) are proposing to add Liquid 
Petroleum Gas (LPG) extraction, storage and ship export facilities to their site on 
the Burrup Peninsula. They have been requested by the Western Australian 
Environmental Protection Agency (EPA) to conduct a Quantitative Risk Analysis 
(QRA) of the proposed new LPG facilities. Additionally the EPA have requested 
that the cumulative risk in the area with the new facilities be presented. 

In 1979, WOP canied out a risk assessment, of the then proposed, Gas Treatment 
Plant (GTP). The GTP consists of product reception facilities, gas treatment 
processes, LNG trains, stabilisation trains, fractionation units, domestic gas 
treatment and ship loading facilities of LNG and condensate. This is the only 
facility in the area. The plant, as built includes some variations of layout and 
technology to those originally proposed (and modelled in the original risk 
assessment), however many of the original flows and inventories remain essentially 
the same. 

The requirement from the EPA is for an integrated study of the far field risks, i.e. 
those that affect land use safety planing on the surrounding vacant crown land. 

This document is the report of the QRA of the proposed new LPG extraction 
facilities at WOP's Burrup Peninsula site. It includes the cumulative risk results 
for the LPG facilities and GTP combined. 

Objectives of the Quantitative Risk Analysis 

The objectives of the project were to: 

Identify the hazardous incidents which relate to the proposed LPG facilities 
and their operation, and which have the potential to cause far field effects. 

Assess the significance of each incident in terms of its offsite impact. 

Assess and quantify the offsite levels of fatality risk due to the plant and its 
operation, presenting imposed iso-risk levels for fatality (risk contours) for 
the criteria set by the EPA. 

A.1058'.41058.SUM 
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Assess the cumulative risk for any major industry in the area (i.e. the 
proposed LPG facilities and existing GTP). 

Consider the tolerability of the risk levels verses the EPA criteria. 

Provide clear, concise report of the analysis which includes an interpretation 
of the results in terms of land use. 

2. 	Summary_ofMajorFindings 

The results of the analysis are compared against the EPA's risk tolerability criteria. 
The results are therefore presented as risk contours for the EPA risk tolerability 
criteria. Near field (only onsite risk) incidents that do not have an impact beyond 
the plant boundaries or the beach and adjacent sea have not been included as these 
incidents can not impact upon the public under normal circumstances. 

The cumulative risk results for the proposed new LPG extraction facilities and the 
existing GTP are tolerable when compared with the EPA's risk criteria. The 
cumulative risk results are presented in Figure 1, note that the site boundary is the 
"dash dot" line around the site. 

Only one of the criteria contours extend offsite, the 1/2 in a million per year (5 x 
1(1) risk contour. This is the EPA's criterion for the maximum tolerable level of 
risk for "sensitive developments" such as hospitals, schools, child care facilities and 
aged care housing developments. The 1 in a million per year (1 x 1(16  per year) 
risk contour is about 50 m inside the site boundary at the point where it is closest 
to the boundary. This is the EPA's criterion for the maximum tolerable level of 
risk for residential zones. new are no residences, areas zoned for residential use 
or "sensitive developments" in the vicinity on the site and hence there is none 
within the risk contours. 

When compared with a conceptual land use plan put forward in the Pilbara 21 
Report the 1/2 in a million per year (5 x 1(1) risk contour extend into an industrial 
use zone and towards, intensive use and minimum use zones. The EPA's criteria 
for industrial activities is such that the risk at the site boundary should not exceed 
50 in a million per year (5 x 10). This requirement is met by WOP's site. For 
non industrial use areas between industry and residential zones the EPA's criterion 
is that the risk should not exceed 10 in a million per year (1 x 107 ). Again this 
requirement is met by WOP's site. However, not withstanding these findings, 
buffer zones need to be maintained around the G1'P and this requirement should be 
observed in any land use planning in the area. 

A.1058'.41058.SUM 
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FIGURE 1 CUMULATIVE RISK FOR WOP'S 
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Figure 2 shows the risk for the proposed new LPG extraction facilities. As can be 
seen they do not produce any offsite risk. Comparison with the total risk contour 
for both LPG and GTP plants (Figure 1) shows that the contribution to offsite risk 
from the existing facilities is greater than from the proposed new facilities. 

3. 	Conclusions 

The main conclusions of the study are: 

The site meets the EPA's published risk criteria. 

The offsite risk from the proposed new LPG extraction facilities is small 
compared with that of the existing facilities. It contributes about 17% of 
the total risk, from the LPG and GTP facilities, at the Visitors Centre (the 
nearest public access). 

The proposed new LPG extraction facilities produce no offsite risk (on 
land) above the lowest EPA risk criterion level (1/2 in a million per year, 5 
x 1O). 

The risk levels at the boat ramp in Withnell Bay is too low to be of any 
concern, below 1/2 in a million per year. 

The risk to fishermen fishing in Mermaid Sound is negligible. The risk 
along the ship channel is between 1/2 and 1 in a million per year which is 
tolerable. 

A.10541058.SUM 
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FIGURE 2 RISK CONTOUR FOR THE PROPOSED NEW LPG EXTRACTION 
FACILITIES 
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1. INTRODUCTION 

1.1 Background 

Woodside Offshore Petroleum Pty. Ltd. (WOP) are proposing to add LPG 
extraction, storage and ship export facilities to their site on the Burrup Peninsula. 
The site presently processes gas from the North Rankin offshore gas field, produces 
domestic gas for distribution within Western Australia and LNG and condensate for 
export. Gas from other offshore fields which are coming on stream over the next 
couple of years, (Goodwyn, Cossack and Wanaea), will also be transported by 
pipeline to WOP's Burrup Peninsula site. WOP are proposing to extract LPG from 
their current process, and to refrigerate and store it ready for export by ship. 

In response to this proposed development, WOP have been requested by the 
Western Australian Government, Environmental Protection Agency (EPA) to 
conduct a Quantitative Risk Analysis (QRA) of the proposed new LPG facilities, as 
part of the planning approval. Additionally the EPA have requested that the 
cumulative risk in the area with the new facilities be presented as part of the QRA. 

WOP's Gas Treatment Plant (GTP) are the only industrial facilities in the area. 
Hence it is the cumulative risk results of the proposed LPG and existing GTP the 
EPA wish to see. In 1979 WOP had a risk assessment, of the then proposed, GTP 
undertaken for them by Cremer and Warner (1979). The plant, as built includes 
some variations of layout and technology to those originally proposed (and 
modelled in the original risk assessment), however many of the original flows and 
inventories remain essentially the same. 

The requirement from the EPA is for an integrated study of the far field risks, i.e. 
those that affect land use safety planning on the surrounding vacant crown land. 
This document is the report of the QRA of the proposed new LPG extraction 
facilities at WOP's Burrup Peninsula site. It includes the cumulative risk results 
for the LPG facilities and GTP combined. The GTP risk have been reassessed 
based on the original report, brought up to date, to reflect the "as built" state of the 
plant and using current practice for frequency and consequence modelling. 

1.2 	Aims and Objectives 

The primary aim of the study is to assess the level of risk associated with the 
proposed new LPG facilities and the existing GTP. These risks can then be 
presented to the EPA to get approval for the development to proceed. The 
objectives of the study are to: 

A.I058ViJ05&SI 
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Identify the hazardous incidents which relate to the proposed LPG facilities 
and their operation, and which have the potential to cause far field effects. 

Assess the significance of each incident in terms of its offsite impact. 

Assess and quantify the offsite levels of fatality risk due to the plant and its 
operation, presenting imposed iso-risk levels (risk contours) for the levels 
defined by the EPA. 

Assess the cumulative risk for any major industry in the area (i.e. the 
proposed LPG facilities and existing GTP). 

Consider the tolerability of the risk levels verses the EPA criteria. 

Provide clear, concise report of the analysis which includes an interpretation 
of the results in terms of land use. 

1.3 	Description and Analysis of the Project 

The study has covered the proposed new LPG facilities and the combination of 
their risks with the risks of existing GTP. The LPG facilities were studied from 
the LPG off-take line from the GTP via the refrigeration plant, storage, export jetty 
pipeline, ship loading, through to the end of the ship channel from the Burrup 
Peninsula facilities. 

The existing GTP was studied by identifying which incidents from the Cremer and 
Warner report (1979) have far field risk. Re-modelling these incidents for the "as 
built" and presently operated situation required altering some of the incident 
definition data, e.g. adjusting the location of incidents for the "as built" plant or 
adjusting inventories to reflect actual operation. The original risk assessment was 
therefore upgraded to use up to date frequency data, consequence models, operating 
inventories, equipment locations, etc. Some incidents for the GTP were identified 
as having a potential offsite effect which were not included in the Cremer and 
Warner report, these were added to the study. Effectively the Cremer and Warner 
study provided the rupture incidents in the analysis. 

The QRA evaluated the far field risk levels generated by the GTP and proposed 
LPG facilities. 	The calculated risk levels have been compared to the 
Environmental Protection Authority's (EPA's) "Criteria for the Assessment of Risk 
from Industry" February 1992. The study was undertaken in accordance with the 
guideline document "Draft Guidelines for a Preliminary Risk Analysis" by the 
Environmental Protection Authority. 

A.10541058.SI 



Woodside Offshore Petroleum 	 1.3 	 DNV Technica 

LPG Extraction Facilities QRA 	 Apr14 1993 

1.4 	Description of Risk Analysis Techniques Used 

The Quantified Risk Analysis (QRA) methodology used in this study is that of 
classical risk assessment. This is a systematic approach to the analysis of what can 
go wrong in complex industrial systems. The normal conditions of operation of the 
system are defined and then the following questions asked: 

What accidental events can occur in the system? 
How frequently would each event occur? 
What are the consequences of each event? 
What are the total risks (frequencies x consequences) of the system? 
What is the significance of the calculated risk levels? 

These questions correspond to the five basic components of QRA discussed below. 
Once a system has been analysed, if the risks are assessed to be too high according 
to some criterion, the system can be modified in various ways to attempt to reduce 
the risks to a tolerable level, and the risk levels recalculated. The process may 
therefore be viewed as iterative, where the design of the system may be changed 
until it complies with the needs of society. By objectively quantifying the risks 
from each part of the system, QRA enables the most effective measures to reduce 
risks to be identified. 

In its overall scheme, the methodology used follows the "classical" form of 
quantitative risk analysis and involves the following steps:- 

System definition, in which information on the facility is collected and 
assimilated. 

Hazard identification, in which site events and external events are identified 
which may lead to the release of hazardous material. 

Frequency estimation, in which the frequency (i.e. likelihood per year of 
occurrence) of each of the accidental events is estimated, based on historical 
failure data. 

Consequence modelling, in which all the possible consequences of each 
event are estimated. 

Risk calculation, in which the frequencies and consequences of each event 
are combined to determine levels of fatality risk. 

Risk assessment, in which the risks calculated are compared with the EPA 
risk criteria. 

A.1058'.41058.S1 
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Each of these steps is described below in more detail in Appendix III. Figure 1.1 
shows the project flow by task. 

Note that there is an iteration step, this is present as the use the cost effective QRA 
approach (Charsley, 1991) was used. In this approach the study risks are 
calculated in such a way as to avoid spending excessive time and effort modelling 
low risk sources. 

The SAFETI package (Software for the Assessment of Fire, Explosion, and Toxic 
Impact) was used to undertake the project. This package was developed by 
Technica and is used by the Department of Minerals and Energy in Western 
Australia for their risk analysis work. SAFETI is also used by many chemical and 
petrochemical companies (including Shell) and government agencies in different 
countries around the world. In the past SAFETI has been used by DNV Technica 
in many QRAs involving dispersion of flammable gases, such as LPG and Liquid 
Natural Gas (LNG). 

The SAFETI package comprises of a suite of computer programs developed 
specially for QRA. The conceptual flow of data through the various programs 
follows logically through failure case definition, release modelling, consequence 
modelling and calculation of risk. Release modelling for liquid, two phase 
(gas/liquid) and gas releases, instantaneous and continuous, are all part of the 
package. The physical conditions of the material, following the release, are 
calculated in order to evaluate the fraction flashed off upon release, droplet 
entrainment in a cloud, rain out and evaporation. 

Dilution or entrainment of air is handled by a suite of dispersion models. The 
models simulate four regimes of dispersion which linked together model all the 
characteristics of a release: 

Turbulent jet dispersion (initial kinetic energy dominates). 
Hybrid dispersion (joint turbulent and dense gas behaviour). 
Dense cloud dispersion (density effects dominate). 
Passive dispersion (atmospheric turbulence dominates). 

The results of the discharge and dispersion results are used to calculate the 
flammable effects (jet fires, pooi fires, flash fires, BLEVEs and explosions). The 
effects are taken to be effiptical or a section of an ellipse in shape. The effect 
areas are used directly (in combination with the actual meteorological, population 
and ignition source data) to determine risk impact. The effect envelopes are, in 
effect, laid over the population map for every weather type and for every wind 
direction and allowing for ignition. 

A.I058.4 1058.SI 
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FIGURE 1.1 FLOW DIAGRAM FOR QRA 
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More details on the SAFETI package is provided in Appendix H. Detailed 
documentation of the modelling theory can be found in the SAFETI (Version 3.2) 
User and Theory Manuals (DNV Technica, 1992a and b). 

1.5 	Risk Standards and Criteria 

The EPA have published the criteria which they use to assess the acceptability of a 
major hazards industry in their Bulletin 611, "Criteria of the Assessment of Risk 
from Industry", (EPA, 1992). 

Risk Criteria for New facilities 

The EPA use the following criteria for the assessment of the fatality risk of a new  
industrial installation: 

A risk level in residential zones of one in a million (1 x 1(Y6) per year or 
less, is so small as to be tolerable to the EPA. 

A risk level in "sensitive developments", such as hospitals, schools, child 
care facilities and aged care housing developments of between one half and 
one in a million (0.5 and 1 x 10) per year is so small as to be tolerable to 
the EPA. 

Risk levels from industrial facilities should not exceed a target of fifty in 
one million (5 x 10) per year at the site boundary for each individual 
industry, and the cumulative risk level imposed upon an industry should not 
exceed a target of one hundred in a million (1 x 10) per year. 

A risk level for any non-industrial activity located in the buffer zones 
between industrial facilities and residential zones of ten in a million (1 x 
lO s) per year or lower, is so small as to be tolerable to the EPA. 

A.I058AI058-SI 
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Cumulative Risk Criteria 

As can be seen the criteria not only apply to new facilities, which in this study 
equate to the proposed LPG facilities, but also apply to existing facilities whose 
contribution must be incorporated into the cumulative risk. The EPA state that 'no 
extra risk would be acceptable where the cumulative risk of existing industry, 
combined with assessed risk of the proposed new industry, exceed the risk levels 
proposed for new industry". Hence when building a new facility it is necessary to 
show that all industry (new and old) in the area meet the new industry criteria. 
The existing GTP is the existing facilities to consider when looking at cumulative 
risk. 

A.1058'A 1058.51 
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2. 	PROJECT DESCRIPTION 

In this section a description of the facilities being studied is given along with a 
description of the surrounding area. Also the hazards at the site are discussed. 

2.1 	Location and Environment of Site 

2.1.1 Site Location 

The proposed LPG extraction facility is to be located at WOP's GTP on the Burrup 
Peninsula in Western Australia. The Burrup Peninsula is part of the Dampier 
Archipelago and extends north-north east from the town of Dampier. It is serviced 
by sealed roads from Dampier and Karratha to WOP's site. There are four wheel 
drive tracks penetrating further into the Peninsula. Figure 2.1 shows the location 
of the Burrup Peninsula in Western Australia and Figure 2.2 shows the location of 
the site on the Peninsula. 

Figure 2.2 also shows a conceptual land-use plan for the Peninsula from the Pilbara 
21 Report. Note that the land use zones are not drawn precisely and only represent 
a set of possibilities for the land. 

2.1.2 Land Use 

The Pilbara 21 report states that: 

"Planning and management of the Burrup Peninsula must aim at the retention of its 
multiple values and protection of its natural and cultural features. It must provide 
opportunity for visitors to explore and enjoy the area, at the same time allowing 
industrial development to occur, when proposed in the foreseeable future. Thus the 
principal purpose of land use on the Burrup Peninsula should be: 

To offer a balanced diversity of tourism and recreational opportunities 
consistent with the preservation of the area's natural values; 

To enable visitors to have the opportunity to appreciate and understand the 
significance of Aboriginal cultural resources of the area and to preserve and 
maintain those resources; 

To permit the planned and managed development of industry associated 
with the primary raw resource production of the Pilbara region." 

A1058/A1058.52 
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FIGURE 2.1 LOCATION OF SITE IN WESTERN AUSTRALIA 
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FIGURE 2.2 CONCEPTUAL LAND USE ON THE BURRUP PENThSULA 
(AVER THE PILBARA 21 REPORD 
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There is an exclusion/safety zone of 700 m radius applied to the end of the WOP 
loading jetty (which will be extended to cover the proposed second jetty), and a 
700 m safety zone applied around the LNG and the Domgas plant including the 
locations of the proposed LPG facilities. 

2.13 Natural Hazards 

The natural hazard of greatest concern for the area is a cyclone. The area is within 
the North West region of Australia affected by tropical cyclones between the 
months of November to April. On average, for 2 days a year, a cyclone will, be 
within about 160 km of the site. 

Tropical cyclones can produce very high winds, high waves, storm surge (risk of 
flooding), rapid changes in atmospheric pressure and heavy rainfall. 

Cyclones 

Tropical cyclones develop over the seas to the north-west and the north-east of 
Australia in summer between November and April. Their frequency of occurrence 
and the tracks they follow vary greatly from season to season. On the average 
about three Indian Ocean cyclones affect the north-western coast a year. Tropical 
cyclones approaching the coast usually produce very heavy rains. Some cyclones 
move inland, losing intensity but still producing widespread heavy rainfall. 
Individual cyclonic systems may control the weather over northern Australia for 
periods extending to three weeks. 

Two major studies have been undertaken to determine the effects of cyclones in the 
Dampier region. These are an analysis of 43 tropical cyclones passing within 100 
miles of Cape Legendre and North Rankin by E.G.&G. Environmental Consultants 
and a more detailed analysis of the effects of 6 of these within Mermaid Sound by 
James Cook University. 

These studies have established that cyclones that make landfall to the west of 
Mermaid Sound are potentially the most severe. Factors most influencing 
maximum water level are the astronomical tide, storm surge and wave conditions. 

Seismic Activity 

The whole area of the Dampier Archipelago is in a region of intermittent seismic 
activity and is classified as Zone 1. 

A10581A105&S2 
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FlOOdS 

There are 2 concerns for the site with regard to flooding. The first is high sea 
levels and waves, the second is high rainfall. Under cyclonic conditions rainfall 
could be great. The design needs to ensure the drainage for the site can cope with 
high rainfall to avoid severe erosion problems. 

Maximum water levels above ISLW are of the order of 11 m to 12 m for the site 
(1 in 100 year return value). The maximum water level used by WOP in their 
design is 15.6 m. 

2.1.4 Neighbouring Industry 

The proposed new LPG extraction facilities will be located on WOP's existing 
GTP site. This is an existing industry. No other industries exist within the 
immediate vicinity of the site. 

The closest industry is the supply base 5 km south along the coast. Hence the risk 
of accidents from a nearby site causing a secondary accident (domino effect) on 
WOP's site is not an issue to be studied in this report. 

2.1.5 Transportation Routes 

The main transportation routes for the hazardous goods are the shipping routes 
from the site and pipeline import/export. LNG and condensate are currently 
exported by ship while (domestic) gas is transported from the plant by pipe and 
product is imported to the plant in the trunkline. A new jetty is proposed by WOP 
from which the LPG will be exported. The new jetty will also be used for the 
export of condensate leaving the existing jetty for LNG only. The risks associated 
with the export of LNG, condensate and LPG from the site are covered in this 
study. 

There will be no special deliveries of hazardous goods to the site for the new LPG 
extraction facilities. 

The current gas pipeline from the offshore platform, North Rankin "A", will 
continue to be used to import gas (the raw material) to the site. 

There is a road from Dampier and Karratha to the site, other requirements are 
provided along this route for the existing GTP, for example sulphuric acid and 
caustic soda. 

Al05&'A1058S2 
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2.2 	Process Description 

The proposed LPG extraction facilities represent an additional operation at WOP's 
onshore GTP next to Withnell Bay on the Bunup Peninsula. The operations 
presently comprise gas reception, domestic gas preparation and compression, LNG 
and condensate production and shipment. Figure 2.3 shows the site layout. 

2.2.1 Current Operations 

The existing processes applied to the two phase gas/condensate feed stock from 
offshore (Figure 2.4) can be described as follows: 

The gas/condensate phases are separated and metered in the inlet receiving 
plant. 

Gas to be delivered via pipeline as domestic gas is treated to reduce its 
dewpoint by chilling using propane refrigerant at -24°C and -34°C. The 
liquid collected is processed to recover LPGs. 

The raw condensate must have its vapour pressure reduced before shipment. 
This is achieved by stripping out the light fraction (C4s and lower) in a 
column where a portion of the bottoms condensate product is externally 
heated and recycled to provide heat to the column. The remainder is sent to 
condensate storage ready for shipment. 

Gas to be used for LNG is first scrubbed to remove carbon dioxide and any 
traces of hydrogen suiphide in the acid gas removal unit. It is then dried by 
cooling against high pressure propane with a final polish in molecular sieve 
drying units. This is followed by a mercury removal step. 

Next is the removal of the heavy ends (C5s and above plus any aromatics) 
which would solidify at low temperatures. This is achieved in the 
scrubbing column by chilling and washing with cold recycled heavies liquid 
from the top product reflux drum. The top product (mostly methane) is 
liquefied to form LNG. 
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FIGURE 2.3 SITE LAYOUT 
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FIGURE 2.4 EXISTING FACILITIES BLOCK DIAGRAM OF PROCESS FLOW 
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The heavy ends bottoms are fractionated in three columns in series - a 
deethaniser, depropansier and a debutaniser. The bottom product from the 
debutaniser is condensate (C5s and above) and is sent to condensate storage. 
Some of the ethane and propane products are removed from the column and 
sent to separate refrigerant storages. Surplus ethane, propane and butane 
are currently added to the domestic gas or LNG stream without exceeding 
dew point and heating value specification. 

The liquefaction of the natural gas is a two stage process, initially chilling 
in a cryogenic exchanger under pressure with fmal chilling by flashing to 
atmospheric pressure. 

The LNG is stored in four storage tanks, with a maximum capacity of about 
70,000 m3  prior to shipment via adjacent jetty and loading facility. 

2.2.2 LPG Extraction 

At this stage detailed design for the new facilities has not been carried out so any 
description of the process will of necessity be lacking in detail. Figure 2.5 is a 
block diagram of the existing and the LPG process flow. 

However, the proposal basically consist of rerouting the surplus propane and butane 
streams, as currently added to domestic gas sales or LNG, and separately 
processing them for liquid storage in preparation for export shipment. 

The surplus propane and butane will be piped under pressure to a new LPG chiller 
facility sited on the northern boundary of the complex some 700 m distance from 
the source fractionation unit. Here the two streams will be flashed to a lower 
pressure and the flash gases liquefied. 

The chiller will be a two stage propane system. The propane run down cooling 
will require both Medium Pressure (MP) and Low Pressure (LP) run down chillers 
whereas butane will only require a MP run down chiller. 

Boil off in the storage tanks will be reliquefied by compression and condensation 
using propane refrigerant from the chiller unit, propane requiring LP cold and 
butane needing MP cold. 

For the refrigeration cycle first stage cooling will be provided by intermediate flash 
gas from the inter stage flash gas separator. Second stage cooling comprises a 
desuperheater, a condenser and a final sub-cooler. 
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FIGURE 2.5 LPG EXTRACTION FACILITY BLOCK DIAGRAM 
OF PROCESS FLOW 
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The new facility will require a new loading jetty and associated loading equipment 
for LPG export. This jetty will be approximately 600 m long and will be sited 
some 300 m north-east of the existing LNG loading jetty on the shore line with a 
separation of some 500 m at the jetty head. 

When in operation it is planned that this new jetty will also handle all condensate 
export shipment leaving the existing jetty to be dedicated to LNG duty. 

2.3 	Hazards Associated with the Facility 

The hazards of the proposed new LPG extraction facilities are the flammable 
hazards of the propane and butane. Table 2.1 shows the flammable ranges for the 
two materials. 

TABLE 2.1 FLAMMABLE RANGES FOR PROPANE AND BUTANE IN AIR 

MATERIAL LOWER FLAMMABLE 
LIMIT (LFL) (mole %) 

UPPER FLAMMABLE 
LIMiT (UFL) (mole %) 

Propane 2.1% 9.5% 

Butane 1.8% 8.4% 

If propane or butane escape into a confined space and are ignited an explosion 
could result. if a vessel containing the materials is involved in a fire it may 
overheat and rupture violently giving an intensely hot fireball, Boiling Liquid 
Expanding Vapour Explosion (BLEVE) and may project pieces of the vessel over 
considerable distances. Vapour air mixtures arising from leakage or other causes 
may be ignited some distance from the point of escape, and the flame front travels 
back to the source and overpressure effects may occur. This can cause a flash fire 
or vapour cloud explosion. 

A BLEVE is a possible result when a pressure vessel is exposed to fire. However, 
the refrigerated storage tanks, which contain the largest quantities of flammable 
materials at the site, are not pressure vessels and will most likely fail long before a 
substantial pressure can build up inside the vessels. Hence a BLEVE is not taken 
as a credible scenario for the refrigerated storage tanks (existing LNG and 
proposed LPG tanks). 
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When heavier than air gases like propane or butane are released the gas cloud 
begins by flowing over the ground rather like a spilt liquid. This continues until 
the gas is fairly dilute. Thereafter the cloud, which is being carried along by the 
wind, is subject to atmospheric turbulence and the turbulence created by the 
movement over buildings and rough terrain. This mixes air into the cloud so that 
it grows larger and more dilute, and hence the gas concentration in the cloud 
decreases in both the cross-wind and down-wind directions. Eventually the degree 
of dilution is sufficient to render the gas harmless, when the concentration of gas 
in the plume or cloud has fallen below the LFL. 

The existing facilities, which are not the primary focus of this study contain 
hydrocarbons, sulfinol, sulphuric acid and caustic soda. Only the hydrocarbons are 
seen as having the potential to cause offsite risk. Their hazards are similar to those 
described for propane and butane, except the primary materials is methane which is 
considerably lighter and is considered to be more likely to cause explosions on 
ignition of flammable clouds. 

2.4 
	

Ship Management 

At the present only one jetty exists at the site and therefore only one ship can be 
loaded at any time. With the proposed extension, to two jetties, the possibility of 
two ships being loaded at the same time may occur. 

The ship channel to the facility is relatively narrow and the space outside the jetties 
for turning of ships will be limited. Hence the manoeuvring of a ship while 
another ship is present at the jetty will increase the risk in the jetty area due to an 
additional failure mode. 

An impact (striking) of a ship may cause damage to a ship tank. This is a possible 
cause of release of product from a ship (see historic data in Appendix V Section 
V.4). Hence it is recommended to limit the number of ships at the jetties and in 
the channel to one to avoid avoidable risk. This report is based on one ship (only) 
in the vicinity of the plant. 
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3. 	RISK ASSESSMENT 

In this section the results of the analysis are compared to the EPA's risk 
tolerability criteria presented in Bulletin 611 (EPA, 1992). The results are 
therefore presented as risk contours for the EPA risk tolerability criteria risk levels. 
Note for all results the analysis is for offsite risk. The contours within the plant 
boundary are therefore risk levels due to offsite risk incident only and do not 
represent the onsite risk levels. Near field (only onsite risk) incidents that do not 
have an impact beyond the plant boundaries or the beach and adjacent sea have not 
been included as these incidents can not impact upon the public under normal 
circumstances. 

	

3.1 	Cumulative Risk 

The cumulative risk for the proposed new LPG extraction facilities and the existing 
GTP facilities is tolerable when compared with the EPA's risk criteria. The risk 
contours are presented in Figure 3.1, note that the site boundary is the "dash dot" 
line around the site. 

Only one of the criteria contours extend offsite, the 1/2 in a million per year (5 x 
10) risk contour. This is the EPA's criterion for the maximum tolerable level of 
risk for "sensitive developments" such as hospitals, schools, child care facilities and 
aged care housing developments. The 1 in a million per year (1 x 10.6)  risk 

contour is about 50 m inside the site boundary at the point where it is closest to 
the boundary. This is the EPA's criterion for the maximum tolerable level of risk 
for residential zones. There are no residences, areas zoned for residential use or 
"sensitive developments" in the vicinity on the site and hence there is none within 
the risk contours. 

When compared with the a conceptual land use plan put forward in the Pilbara 21 
Report the 1/2 in a million per year (5 x 107 ) risk contour extend into an industrial 
use zone and towards intensive use and minimum use zones. The EPA's criteria 
for industrial activities is such that the 50 in a million per year (5 x 10) risk 
contour should not extend beyond the site boundary. This requirement is met by 
WOP's site. For non industrial use areas between industry and residential zones 
the EPA's criterion is that the 10 in a million per year (1 x 10) contour should 
not encroach on such areas. Again this requirement is met by WOP's site. 
However withstanding these findings, buffer zones need to be maintained around 
the GTP and this requirement should be observed in any land use planning in the 
area 
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FIGURE 3.1 CUMULATIVE RISK FOR WOP'S 
BURRUP PENINSULA SITE 
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3.2 	Risk from Units 

3.2.1 Risk Contours 

In this section the risk contours for the proposed new LPG extraction facilities are 
discussed. Also the risk contours for the GTP alone are presented. 

Figure 3.2 shows the risk contours for the proposed new LPG extraction facilities. 
As can be seen they do not produce any offsite risk. In the study the new facilities 
were broken down into four groups, namely: 

The pipeline from the existing facilities to the refrigeration plant (referred to 
as the plant section). 

The pipeline from the refrigeration plant to the storage tanks referred to as 
the storage section). 

The pipeline from the storage tanks along the jetty to the loading arms and 
ships at the jetty (referred to as the jetty section). 

The ship movements. 

Each of these groups were modelled separately to identify events with the potential 
to cause offsite risk. The results for the plant section and for the ships showed that 
the risk was below the 1/2 in a million per year (5 x 10- ) level everywhere, hence 
no risk contours have been presented for the plant section or the ships. Figures 3.3 
and 3.4 show the contours for the storage section and jetty section individually. 

For comparison purposes Figure 3.5 is provided. It shows the results for the 
existing facilities (with the condensate export via the proposed new jetty). As can 
be seen the risks from the existing facilities are tolerable but are greater than those 
from the proposed new facilities. 
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FIGURE 3.2 RISK CONTOUR FOR THE PROPOSED NEW LPG EXTRACTION 
FACILITIES 
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FIGURE 3.3 RISK FOR LPG STORAGE SECTION 
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FIGURE 3.4 RISK FOR LPG JEITY SECTION 

SUPPLY 
BASE 	

1 Km 

iCing Bay 	 ri: 

A.1058\41058.S3 



Woodside Offshore Petroleum 	 3.7 	 DNV Technica 

LPG Extraction Facilities QRA 	 April, 1993 

FIGURE 3.5 RISK FOR EXISTING FACILiTY AT 
WOP'S BURRUP PENINSULA SITE 

* Note the condensate export is modelled from the new jetty in these results. 
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3.2.2 Major Risk Contributors at the Visitors Centre 

It is appropriate in a risk study to provide insight into the results such that effort 
can be placed into mitigating the risk in an effective manner. The risk at any 
position can be attributed to the major sources of risk. The general public location 
of greatest significance in this study is the visitors centre. This is located inside 
the site buffer zone on the south-east side of the site. The risk at the location is 
about two in a ten million per year (daytime risk is used as visitors will not be 
present at night). 

Table 3.1 breaks down the risk by LPG process section and shows the risk from 
the GTP facilities. 

TABLE 3.1 RISK BREAKDOWN FOR THE VISITORS CENTRE 
(DAYTIME RISK) 

PROCESS SECTION CONTRIBUTORS RISK 
(per_year) 

LPG Facilities 

Plant* - 
Storage 2.4 x iO 
Jetty 1.3 x 10.11 
Ship Movement 4.1 x lO 

Total 
' 	i4 L.OO 	iii X 	i 

GTP Facilities 1.3 x iO 

Site Total 1.6 x iO 

* Note no risk measured at visitors centre for incidents modelled. 

Table 3.1 shows that the major risk contributor in the LPG facilities is the storage 
tanks. It has to be borne in mind that the failure frequency evaluation approach 
used for the LPG (and LNG) storage tanks is considered to be conservative in that 
it does not take into account the design factors of the outer wall. This is reflecied 
in a higher (more conservative) risk contribution from the storage tanks. 
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3.23 Risk at the Boat Ramp and to Fishermen 

The boat ramp at Withnell Bay is located in an area that lies below the half in a 
million (5 x lO) per year risk contour. This risk level is tolerable according to 
the EPA criteria for the activity of using the boat ramp (recreation). 

The fishermen will be exposed to risk levels above one in a million for the period 
of time they are within the Withnell Bay area. Once they are in the open sea and 
away from the coast the risk is below the EPA criteria. 

3.3 	Major Risk Contributors at the Site 

The incident cases that cause offsite effects are only the tanks/vessels that contain a 
considerable inventory and large diameter pipelines transporting products to the 
jetties. As can be seen in Figure 3.1 (Cumulative Risk for WOP's Burrup 
Peninsula Site) the 1/2 in a million risk contour does extend more than 1 km 
outside the site boundary. This is due to large flammable clouds drifting away 
from the point of release and upon ignition resulting in such consequences as 
explosions (creating furthest risk distances) and/or flash fire. 

Pool fues and jet fires result only in localised effects and do not contribute to the 
offsite risk. No credible BLEVE scenarios have been identified which would 
contribute to the offsite risk. This is because the major hydrocarbon inventories 
are stored at or near atmospheric pressure in the atmospheric storage tanks, the 
refrigerated storage tanks and the ship compartments and do not contribute to the 
offsite effects. 

The scenarios which result in highest offsite risk are catastrophic failure of a 
storage tank or a compartmant on a ship (mainly refrigerated products). These 
could result in large flammable clouds drifting away from the site and if they are 
ignited they will contribute to offsite risk. 

A.1058\A1058.S3 



Woodside Offshore Petroleum 	 4.1 	 DNV Technica 
LPG Exiraction Facilities QRA 	 Apri4 1993 

4. CONCLUSIONS 

The primary conclusions of the study are: 

The site meets the EPA's published risk tolerability criteria. 

The offsite risk from the proposed new LPG extraction facilities is not 
significant compared with that of the existing facilities. 

The proposed new LPG extraction facilities produce no offsite risk (on 
land) above the lowest EPA risk criterion (1/2 in one million per year, 5 x 
lO). 

At the visitors centre, which is the location of greatest interest from the 
point of view of risk to the general public, the major contribution to the risk 
(83%) is the existing facilities. The remaining 17% is the LPG storage 
facilities. (Note these figures are for the daytime only as the visitors centre 
is unoccupied at night). 

Risk analyses are subject to a degree of subjectivity in interpretation of their 
results. This study has erred on the conservative side. Hence its results are 
considered to be a conservative estimate of the actual risk levels. 
Undertaking a full sensitivity analysis of a risk assessment study is a very 
extensive exercise. This has not been done for this study. However, 
experience indicates that risk results typically have confidence limits of a 
factor of 10. 

The risk level at the boat ramp in Withnell Bay is too low to be of any 
concern, below the 1/2 in a million per year risk criteria. 

The risk to fishermen in Mermaid Sound is negligible. The risk along the 
ship channel is between 1/2 and 1 in a million per year which is tolerable. 
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1.1 INTRODUCTION 

This appendix contains the process data used in the study for the definition of the 
incident cases and their source terms. 

The different sections within the plant have been divided into groups which are 
listed below. The operating conditions, dimensions and inventories contained in 
each equipment item from within a section are listed. A complete list of the 
equipment at the site has not been made in this Appendix. Since the objective of 
the study is to evaluate the far field impact from hazardous events, only a few 
tanks, vessels, columns and pipes are included in the list. 	If their isolated 
inventory is enough to have the potential to cause far field (offsite) risk impact. 
The equipment has been included in this Appendix. 

In the description of the process units it is assumed that vessels contain 50% of 
liquid while columns and heat exchangers contain 30% and 80% of liquid 
respectively. 
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1.2 	PLANT FACILITIES 

1.2.1 Slug Catcher 

The product from the offshore fields is received in the slug catcher which is 
located to the north of the process area. The slug catcher consists of 14 parallel 
pipes which are manifolded together at both ends. Table 1.1.1 show the dimension 
of the slug catcher. 

TABLE 1.1.1 SLUG CATCHER 

EQUIPMENT PRODUCT TEMP. PRESSURE LENGTH DIAMETER MAXIMUM 

ITEM (°C) (barg) (m) (m) SLUG SIZE 
(ms) 

Slug Catcher C, - C1  16-21 63 340 1.22 2.700 

1.2.2 Hydrocarbon Condensate Stabilisation Trains 

The product from the slug catcher is passed through flash vessels and the liquid is 
piped to the five stabilisation trains where the condensate (typical content is C7) is 
extracted and piped to condensate storage tanks. The main equipment in one train 
is listed in Table 1.2.2 below. 

TABLE 1.2.2 CONDENSATE STABILISATION TRAIN 

EQUIPMENT PRODUCT TEMP. PRESSURE LENGTH DIAMETER LIQUID 

ITEM (C) (barg) (m) (in) CONTENT 
(ms) 

Stabiliser C-2001 C, 12 15 5.6/14.6 2.412.0 22 

Flash Vessel C7  15 19 9.00 2.86 29 

1.2.3 LNG Units 

Three LNG trains operate in parallel. Treated gas from the sulfinol unit is passed 
to the scrubber where natural gas (mainly methane) is extracted from the petroleum 
gases (C2-C4). The natural gas is liquefied and piped to the LNG storage tanks. 

The main equipment in a LNG train is listed in Table 1.2.3. 
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TABLE 1.2.3 EQUIPMENT IN A LNG UNIT 

EQUIPMENT PRODUCT TEMP. PRESSURE LENGTH DIAMETER LIQUID 
ITEM (°C) (barg) (m) (m) CONTENT 

(m') 

Scrub Column C-C1  -16 48.5 5.8/10.9 2.5/1.2 20 
C- 1401 

Main Cryogenic C,-C2  -35 to 2 to 47 63 
H.E. E-1405 -140 

HP Rash Drum C1  -149 1.5 8.0 2.5 20 
1402 

LP Flash Drum C1  -160 Atm. 9.2 3.2 37 
V- 1403 

HP Separato C2  -35 44.4 8.6 3.0 30 
V.1421 

Prop. Receiver C3  58 19.3 7.5 4.5 60 
V-1442 

1.2.4 Fractionation Units 

Two fractionation units operate in parallel in which the product received from the 
scrub column is separated into different components (mainly ethane, propane and 
butane). The fractionated component from the units are piped to storage, Domestic 
Gas Plant (Domgas) or LNG units. Table 1.2.4 below shows the main equipment 
in one fractionation unit. 
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TABLE 1.2.4 EQUIPMENT IN A FRACTIONATION UNIT 

EQUIPMENT PRODUCT TEMP. PRESSURE LENGTH DIAMETER LIQUID 

ITEM (°C) (barg) (m) (m) CONTENT 
(ma) 

Surge Drum C,-C, 66 32.0 9.4 3.1 35 

V-I 800  

De-Ethaaiser C,-C, 65 29.7 16.4/19.2 2.1/1.5 27 

C- 1801  

De-Propaniser C,-C, 101 18.0 40.2 2.1 42 

C-  1802  

Dc-Prop. Reflux C3  51 17.4 6.0 2.0 9 

Drum 
V- 1802  

De-Butaniser C,-C, 85 5.5 29.2 1.7 20 

C- 1803  

Dc-But. Reflux C. 51 5.0 6.0 2.0 9 

Drum 	V.1803 

1.2.5 DomgasPlant 

Treated gas is introduced into the Domestic Gas Plant. The final product is piped 
via cross country pipeline to Perth. Table 1.2.5 shows the main equipment in the 
Domgas Plant. 

TABLE 1.2.5 MAIN EQUIPMENT IN DOMGAS PLANT 

EQUIPMENT PRODUCT TEMP. PRESSURE LENGTH DIAMETER LIQUID 

ITEM C) (bnrg) (m) (m) CONTENT 
(in) 

lIP Separator C,-C, -43 48.6 2.8 3.4 13 

V-2401  

De-Ethaniser C,-C, 15 20.4 18.0 1.7 12 

C-2401 

1.2.6 LPGChillerUnit 

The LPG chiller unit is proposed located to the north of the LNG storage tanks. It 
will take its feed from the propane and butane outlets in the fractionisation units. 
Table 1.2.6 show the main equipment proposed in this unit. 
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TABLE 1.2.6 MAIN EQUIPMENT IN THE LPG CHILLER UNIT 

EQUIPMENT iTEM PRODUCT CAPACITY 
(m) 

LIQUID 
CONTENT 

(m) 

Refrigerant Receiver V-1701 Propane 42 21 

LP Suction Drum V-1702 Propane 6 3 

MP Suction Drum V-1703 Propane 32 16 

Desuperheater E-1706 Propane 2 2 

Condenser E-1707 Propane 3 3 

Sub-cooler E-1708 Propane 1 1 

Butane run-down Chiller E-1701 Propane 1 1 

Butane boil-off gas condenser E-1703 Propane I 

Propane Storage Facility  

Condenser suction drum V-1704 Propane 2 1 

MP Run-down chiller E.1702 Propane 2 2 

LP Run-down chiller E-1704 Propane 2 2 

Boil-off gas condenser E-1705 Propane 2 2 

Butane Storage Facility  

Condenser suction drum V-1706 Butane 2 

Butane run-down chiller E-1701 Butane I 

Butane boil-off gas condenser E-1703 Butane I 

1.2.7 Product Storage Facilities 

The existing and proposed product storage facilities at the site is shown in Table 
1.2.7 and 1.2.8 respectively. 

The four existing refrigerated LNG tanks are all mounded with only the tank roof 
exposed. The tanks are constructed of concrete outer shell and steel inner shell 
with insulation and a small gap between the two shells. 

A1058/A1058.AJ 



Woodside Offshore Petroleum 	 1.6 	 DNV Technica 

LPG Extraction Facilities QRA 	 April, 1993 

All pipework penetration is through the exposed roof to minimise the potential of 
leakage. The pumps are submerged in the LNG with access to the pumps through 
a 500 mm header. 

The two proposed LPG refrigerated tanks will be of similar construction to the 
LNG tanks. The main difference to the LNG tanks is that they will not be 

mounded. 

The four existing condensate storage tanks are of conventional design with a single 
shell and floating roof. Pipe penetrations are at ground level. 

Three refrigerated/pressurised LPG spheres are located on the western end of the 
storage area, close to the existing jetty. All three are of similar design, welded 
steel plates and mounted on legs. The pipe connections are at the bottom of the 
spheres. Two of the spheres are used for refrigerated storage of ethane and 
propane while one is used as a run down vessel for plant upset conditions. The 
product and volume in this sphere contained will therefore vary depending on the 
situation in the plant. 
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TABLE 1.2.7 EXISTING PRODUCT STORAGE 

EQUH'MENT 
ITEM 

PRODUCT STORAGE VESSEL TEMPERATURE 
(°C) 

PRESSURE 
(barg) 

DIAMETER 
(m) 

HEIGHT 
(m) 

CAPACiTY 
(m3) 

T-3101 LNG Refrigerated Tank -160 —Atm 60 25 70700 

T-3102 LNG Refrigerated Tank -160 —Atm 60 25 70700 

T-3103 LNG Refrigerated Tank -160 —Atm 60 25 70700 

T-3104 LNG Refrigerated Tank -160 —Atm 60 25 70700 

T-1601 Ethane Refrigerated Sphere -21 16.2 6.3 130 

T-1602 Propane Refrigerated Sphere 50 16.5 14.2 1500 

T-4460 LPG Pressunsed Sphere Ambient Saturation 13.0 1100 

IT-3301 Condensate Atmospheric Tank Ambient Atmospheric 67 22 77500 

2T-3301 Condensate Atmospheric Tank Ambient Atmospheric 67 22 77500 

3T-3301 Condensate Atmospheric Tank Ambient Atmospheric 67 22 93000 

4T-3301 Condensate Atmospheric Tank Ambient Atmospheric 67 22 93000 

TABLE 1.2.8 PROPOSED PRODUCT STORAGE 

EQUIPMENT 
ITEM 

PRODUCT STORAGE VESSEL TEMPERATURE 
(°C) 

PRESSURE 
(barg) 

DIAMETER 
(m) 

HEIGHT 
(m) 

CAPACITY 
(m3) 

T-3201 Butane Refrigerated Tank -1 - Atm 50 33 50000 

T-3202 - 	Propane Refrigerated Tank 43 - Atm 50 33 50000 
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1.2.8 Product Loading Facilities 

The liquefied products are exported via ships. At present, LNG and condensate are 
piped to the existing jetty and transferred to the ships via loading arms. Two 
loading lines are used for LNG loading while one line is used for condensate 
loading. There are two loading arms in operation (per product) during loading. It 
is proposed to construct another jetty from which refrigerated LPG (butane and 
propane) and condensate will be exported. The plan is to use the existing jetty 
only for LNG when the second jetty is commissioned. 

Before loading, the refrigerated gas product loading lines are cooled by introducing 
product into them. The vapour is passed back to the storage tanks and liquefied. 
The vapour return lines are of slightly smaller diameter than the liquid lines. At 
the end of the loading procedure the liquid in the pipes is allowed to vaporise and 
is returned to the storage tank via heat exchangers. The pipes are kept under 
pressure during the period of no use to prevent air mitigating into them. The 
condensate loading line is left with product between loading operations. 

Liquid is pumped onto the ships while vapour is returned via surge/drain vessel to 
the storage tanks where it is liquefied. A third product pipe and circulation line 
are also located on the jetties. 

Apart from these product lines several service lines run along the jetty to the jetty 
head. These are: 

Fire Water 
Instrument Air 
Tool Air 
Potable Water 
Nitrogen 
Dehallasting line 

The main equipment associated with the loading are listed in Table 1.2.9. Only 
equipment on the jetty are listed in this table. 
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TABLE 1.2.9 MAIN EQUIPMENT AT JETTIES 

EQUIPMENT PRODUCT TEMP. PRESSURE DIAMETER LIQUID 
ITEM (°C) (barg) (mm) CONTENT 

(ms) 

LNG jetty surge/drain LNG -160 - Atm 60 

vessel V.3402 

LNGloadingpipes LNG -160 - Atm 600 

Jetty surge/drain Butane -1 - Atm 10 

drum butane 

Jetty surge/drain Propane .43 - Atm 10 

drum propane  

Loadingarms Product Depending —Atm 350.400 

Butane loading pipe -1 - Atm 350 

Propaneloadingpipes Propane -43 - Atm 350 

Condensate loading Condensate Ambient - Atm 760 

pipe 

1.2.9 ShipExport 

At the present only LNG and condensate is exported by ship. With the extension 
of the plant (LPG chiller, storage and another jetty) refrigerated propane and butane 
will be loading Onto ships. 

When the refrigerated LPG facilities are commissioned it is estimated that the 
yearly number of product ships to the plant will be: 

LNG ships 	: 	125 
Condensate ships 	: 	80 
LPG ships 	: 	20 

LNG and LPG are stored at about atmospheric pressure and slightly below boiling 
point, on the ships. A typical load of either is approximately 75,000 m3  divided 
into 4-6 tanks onboard. It is expected that similar and smaller loads of LPG may 
occur, in the order of 75,000 and down to 40,000 m3  a few times a year. A typical 
load of condensate is approximately 70,000 m3, but larger loads of approximately 
100,000 m3  can occur. 
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Ships are brought to the jetties by the guidance of tug boats. The typical number 
of tug boats per product ship is shown below: 

LNG and LPG ship: 

- 	4 tug boats to take ship in. 
- 	3 tug boats to take ship out. 
- 	2 tug boats on standby during towing. 

and manoeuvring in the jetty area. 

Condensate ships: 

- 	3 tug boats to take ship in. 
- 	2 tug boats to take ship Out. 
- 	1 tug boats on standby during towing. 

and manoeuvring in the jetty area. 

Loading of an LPG or LNG ship takes about 24 hours including turning, tie-in, 
chilling of loading lines, loading and emptying lines. 	Condensate ships are 
normally at the jetty for a slightly shorter time period. 

Ship Management 

At the present only one jetty exists at the site and therefore only one ship can be 
loaded at any time. With the proposed extension, to two jetties, the possibility of 
two ships being loaded at the same time may occur. 

The ship channel to the facility is relatively narrow and the space outside the jetties 
for turning of ships will he limited. Hence the manoeuvring of a ship while 
another ship is present at the jetty will increase the risk in the jetty area due to an 
additional failure mode. 

An impact (striking) of a ship may cause damage to a ship tank. This is a possible 
cause of release of product from a ship (see historic data in Appendix V Section 
V.4). Hence it is recommended to limit the number of ships at the jetties and in 
the channel to one to avoid avoidable risk. This report is based on one ship (only) 
in the vicinity of the plant. 
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11.1 INTRODUCTION 

The risk analysis has been carried out with the use of DNV Technica's proprietary 
software package SAFETI (Software for the Assessment of Fire, Explosion and 
Toxic Impacts). This appendix describes the basic structure and operation of the 
package. It also includes a detailed review of the modelling techniques used for 
both consequence analysis and impact assessment. 
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11.2 STRUCTURE OF THE SAFETI PACKAGE 

The SAFETI package comprises of a suite of computer programs developed 
specifically for Quantitative Risk Assessment (QRA). The basic structure of the 
package simulates the approach used in classical risk analysis. The conceptual 
flow of data through the various programs follows logically through failure case 
definition, consequence modelling and impact assessment to the final calculation of 
individual risk and societal risk results. 	Each basic section of the package 
comprises of several programs used to assist the analyst and develop a consistent 
approach to risk calculations. 

The modelling theory for the consequence and impact calculations is described to a 
certain level of detail in this Appendix. Programming details and numerical 
algorithms are not discussed as these are not seen to be relevant for the user to 
understand the theory being applied. If an even greater level of understanding is 
required, it is recommended that the reader consults the appropriate references, or 
contacts DNV Technica. 

Validation studies have been performed for all the models in SAFETI (and hence 
in this study) and a number of these are in the public domain. Again the reader is 
invited to contact DNV Technica with any queries regarding validation. 

The Appendix follows the flow of the study and a release AS SHOWN IN fIGURE 
11.2. 1 below. Section 11.3 describes the input of the background data. Section 11.4 
starts upstream of the release point and specifies initial conditions for each 
scenario. Discharge modelling is discussed to the point where the material has 
emerged into the atmosphere and attained atmospheric pressure. Section 11.5 deals 
with dispersion modelling, starting with the dispersion source term, possible pool 
formation, and follows the dispersion simulation to its conclusion. Section 11.6 
describes the modelling of the various flammable effects that can be calculated 
once the discharge and dispersion calculations are complete. Finally, Section 11.7 
describes the impact calculations. 

FIGURE 11.2.1 SAFETI'S CONSEQUENCE AND IMPACT 
MODELLING FLOW 
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11.3 BACKGROUND DATA 

11.3.1 Meteorological Data 

Failure scenarios leading to a dispersing cloud of toxic or flammable material are 
treated for a range of representative weather conditions. The meteorological data 
required is in terms of the joint probability weather type and wind direction. Up to 
10 (typically 6) weather types may be specified as atmospheric Pasquill Stability 
and wind speed pairs (e.g. F 1.5 m/s, D 5 m/s, etc.). The number of wind 
directions is usually 8, 12 or 16. Additionally, as day and night weather types 
differ significantly, separate sets may be specified for these two periods. 

A matrix of meteorological probabilities is specified in the form: 

Element P (i, j, k) = 	probability of the wind in this condition 

Where: 	i = wind direction (up to 8, 12 or 16) 
j = weather type (up to 10) 
k = day/night (up to 2) 

J k 
Pji,j, k) = 1.0 

This data is entered using the program METXTR. Often however, the data 
available gives frequencies for stability and windspeed separately rather than in 
combined classes. Program RAWMET is used to enter this data, decides on the 
most appropriate weather types and group the frequencies into these types. The 
processed data can then be passed to METXTR for further treatment. 

Where data is not available for a particular site, that from a nearby meteorological 
collection point may be adequate. Where stability data is not available, it can be 
estimated using standard tabulations of wind speed versus sky conditions (Gifford, 
1976). 

11.3.2 Ignition Data 

For the analysis of flammable risks, the locations and effectiveness (i.e. strength 
and active presence time) of ignition sources are crucial in determining the pattern 
and extent of the risk. Few flammable clouds will reach their full hazard extent if 
they must pass over a number of strong ignition sources close to the release location. 
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The SAFETI package defines three types of ignition sources: 

Fixed point sources (e.g. furnaces, flares). 

Line sources (e.g. roads, transmission wires). 

Area sources (e.g. residential areas, local industrial sites). 

Besides the source locations, the analyst must enter data for each source in terms 
of both a "presence factor" and an "ignition effectiveness". These are used to 
determine the probability of a flammable cloud being ignited as it passes over a 
source as follows: 

P1  (t) =f(1 - e t ) 

Where: 	P1  (t) is the probability of ignition within time interval 0 to 
seconds. 
f is the presence factor (fraction of time that an ignition source is 
active). 
co is the ignition source effectiveness (probability of ignition per unit 
of exposure time to a flammable cloud) (per sec). 

Area sources are determined from specified population areas and the program does 
this automatically by scanning the population input data files. They may also be 
defined for other types of ignition source such as industrial sites, where the 
locations of individual sources are not known. 

The data is entered in the form required using program IGNXTR separately for 
both day and night. Often ignition source data is not available to the analyst in 
this form, the program PIGN is provided to help calculate the presence factor and 
ignition effectiveness when necessary. 

11.3.3 Population Data 

In order to calculate societal risk levels it is necessary to model the population 
distribution within the vicinity of a defined event, it should also be noted that 
population also acts as an ignition source and must, therefore, be included in 
individual risk calculations where flammable impact is possible. 
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Population is handled by overlaying a grid on the area surrounding the installation 
under study. The resolution of the grid is specified with in a grid square size range 
of 5 m to 1000 m depending on the accuracy level required. Up to 200 grid 
squares can he used in each direction. A balance between the base data used for 
the definition of population in the area and the large number of calculations per 
grid square (and hence CPU time) must be struck during the definition of 
population data. 

Day and night time variations in the levels of population are also specified. Such 
variations will arise due to day time movements of people Out of residential areas 
to their place of work. 

Population data is input into the SAFETI package using the program POPXTR. 
Both screen and hard copy representations of population densities and locations can 
he generated using the program PRTPOP. 
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11.4 INITIAL CONDITIONS AND DISCHARGE MODELLING 

The first part of the consequence calculations is to define the dispersion source 
term. This part of the process is referred to as "discharge', release or source-
term" modelling. This section describes the modelling in SAFETI (and hence in 
this study) used to calculate the dispersion modelling source term. The OTHEDF 
and LINEDF programs are used to enter the incident cases (Equivalent Descrete 
Failures, EDFs) in SAFETI for point and line (e.g. transportation) cases. The 
programs also calculae the discharge conditions for use in the consequence 
calculations. 

11.4.1 Initial Conditions For Scenarios 

The initial conditions given to the instantaneous and Continuous (orifice and pipe) 
discharge models depend on the source of release and accidental event. Within 
SAFETI the initial conditions for a release are set by defining characteristics of the 
release and the equipment which fails using the term as defined in Table 11.4.1. 
The release types described are pictorially illustrated as in Figures 11.4. 1 to 11.4.3. 

FIGURE 11.4.1 INSTANTANEOUS RELEASE 
(CATASTROPHIC RUPTURE) 

Released Material 

Vessel 

Q 1 
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TABLE 11.4.1 PARAMETERS DEFINING SOURCE TERMS 

PARAMETER INPUTS NOTES 

Release Type Flammable Instantaneous or 
Flammable Continuous 

Material Methane, Ethane, Propane, In this study the material used for a failure 
Butane, or Pentane case is the pure component which most 

closely represents the material being released. 
The LNG is predominantly methane and is 
therefore modelled as methane. LPG is 
modelled as propane or butane, depending on 
the stream being modelled. Condensate is 
modelled as heptane while ethane streams are 
modelled as ethane. 

Equipment and Pressure/Liquid Head (N/rn2  / m) Pressure for vessels above atmospheric 
Source Conditions pressure, e.g. the process vessels (the slug 

catcher, the deethaniser, etc.), and liquid head 
for atmospheric vessels, e.g. the refrigerated 
storage tanks. 

Temperature (K) 

Inventory (kg) Not necessary for continuous release if 
duration is defined. 

Bund (dike) diameter (m) 

Release height (m) In this study most releases have been 
assumed to be at (or near) ground level. 

Release location (coordinates, m) 

Failure Mode Orifice (hole) or Pipe rupture Continuous only 

Failure Hole size (m) Continuous/orifice only 
Characteristics 

Pipe length (m) Continuous/pipe rupture only 

Pipe diameter (in) Continuous/pipe rupture only 

Valve details Continuous/pipe rupture only 

Duration (sec) Only necessary for a continuous release when 
the inventory 	release is not defined. 

Failure Rate Frequency (per year) 
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FIGURE 11.4.2 CONTINUOUS ORIFICE LEAK 

FIGURE 11.4.3 CONTINUOUS PIPE RELEASE 
(RUPTURE) 
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The material before release is assumed to be stored in a vessel under either 
pressurised or refrigerated (unpressurised) conditions. The initial conditions are 
specified by the temperature, pressure, phase, and liquid fraction (if stored as a 
saturated mixture of liquid and vapour). 

Pressurised storage conditions occur for gases held in pressure vessels containing 
vapour only, for vessels containing liquid under saturation conditions or for vessels 
which contain pressurised liquid with no vapour present. 

The other method of storage which is modelled is refrigerated or unpressurised 
storage of liquids. There are two types of unpressurised vessel, cooled and 
unsaturated, and saturated, which are designed respectively for storage where the 
normal boiling point is above ambient or the liquid is actively cooled by 
recirculation, and for storage where conditions are maintained by liquefying any 
vapour given off. For both types of vessel a liquid head is required. The liquid 
head is added to the ambient pressure of storage to define an initial pressure. 

For cooled and unsaturated storage the temperature must be specified and the liquid 
fraction is assumed to be unity. Materials stored under saturation conditions will 
be at a temperature determined from the saturation curve with the specified liquid 
fraction. 

The conditions described above allow the entropy, enthalpy, and volume of the 
initial state to be calculated. 

11.4.2 Discharie Results Parameters 

The aim of the discharge modelling is to go from the initial conditions described to 
predict the final state of the release as the material emerges into the atmosphere. 
The physical state of each release case is described by up to seven variables: 

Mass flow rate. 

Duration (of the release based in the defined inventory and the calculated 
mass flow rate). 

Temperature (of the released material when the released material is at 
atmospheric pressure). 

Pseudo-velocity (a measure of the turbulence if a jet release) or expansion 
energy. 
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Discharge velocity. 

Liquid fraction. 

Droplet size. 

Some types of release are described using only some of these. The intention 
behind the choice of the seven variables is that they should be a complete physical 
description of the state of a release immediately after the released material has 
reached atmospheric pressure, and before any air has been mixed in, see Figure 
11.4.4. They form the source term for the further modelling of the dispersion. 

FIGURE 11.4.4 DISCHARGE ZONE 

Fluid Pressure = Atmospheric Pressure 

Orifice 	I 

Fluid Flow 

Discharge 	Dispersion 

This section discusses the significance of all of these parameters and outlines how 
each one is calculated. This information is presented before the details of the 
analysis is discussed to enable the reader to understand the purpose of the 
calculations. 
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Mass Flow Rate 

The flow rate for a Continuous discharge includes all material, whether in the 
vapour or liquid phase, but it does not include any entrained air. The discharge 
models calculate constant release rates. For the dispersion models a constant rate 
for a specified release duration is required. The methods used to calculate mass 
flow rate depend on the type of release. 

Duration 

The duration of a release is calculated by the program as the inventory specified by 
the user divided by the flow rate. Alternatively the user can define the duration 
directly. 

Temperature 

For liquids stored under pressure above their atmospheric boiling point, the "flash' 
on release will always cool the discharge. If there is not 100% vaporisation, the 
temperature of the two phase material will be its atmospheric boiling temperature, 
since the thermodynamic equilibrium is assumed. For most pressurised gas 
releases there is a limited amount of cooling due to the Joule Thompson effect 
(exceptions are a small number of gases with positive Joule Thompson coefficients, 
e.g. hydrogen). 

Pseudo- Vel oci ty/Ex pansion Energy 

For continuous releases the pseudo-velocity is a measure of the turbulence of a jet. 
It is used in the dispersion calculations as the determining factor for entrainment 
rate into a turbulent momentum jet. This velocity is that attained after any post-
orifice expansion has accelerated the jet. 

For choked flow the velocity will be higher than that in the orifice itself, since the 
pressure in the throat is above ambient. The true situation in this expansion zone 
will be very complex, containing shock fronts, rarefaction, etc. Therefore, in 
practice air will have been mixed into the jet and some of the kinetic energy will 
have been dispersed as turbulence before the pressure has reached a steady value 
equal to ambient. The pseudo-velocity that is calculated is based on adiabatic 
expansion to atmospheric pressure, with no energy dissipation and will therefore be 
an overestimate of the maximum velocity actually achieved. 
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For instantaneous releases the expansion energy is used as the basis of the initial 
turbulent growth relationships used for instantaneously formed clouds. It is equal 
to the loss in internal energy of the material during the thermodynamic expansion 
to atmospheric pressure, minus the work done on the atmosphere, per unit mass. 

Discharge Velocity 

This is the velocity of the material in the orifice itself or at the end of the pipe. 
This velocity is not used directly in the dispersion calculations. It is calculated as 
a value which users frequently wish to see. 

Liquid Fraction 

This is defined as the mass ratio of liquid flow rate to total flow rate in the release. 
Thus a liquid fraction of 1.0 indicates a pure liquid release while a liquid fraction 
of 0 means a pure vapour release. As the specific volume of the vapour is many 
times greater than that of the liquid, the volume fraction of the vapour is still 
almost 1.0 even for a mass liquid fraction of 0.9. 

The liquid fraction is the proportion of the release available for rain-out and hence 
pool formation. The amount of rain-out depends on droplet size and settling 
velocities and is calculated as part of the dispersion calculations. Any liquid 
condensation during a gas release is assumed to form droplets which are too small 
to rain-out. 

Droplet Trajectory and Size 

SAFETI calculates a characteristic drop size in order to be able to predict droplet 
trajectories. These trajectories are used to determine the amount of rain-out into a 
pool formed by a release. 

The method used to calculate the drop size depends on the type of discharge and 
its state when released. For releases where liquid is present an average droplet size 
is used for estimation of possible rain-out effects. This average represents the 
range of possible sizes for the droplets present. 

Where the liquid present is due only to condensation in a cooling vapour release 
the droplet size is put equal to zero. This effectively leads to zero terminal 
velocity for the droplets and so prevents any rain-out occurring. For releases of 
stored liquid material the size is determined by the liquid velocity, or its superheat. 
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The theory on which the modelling of the drop size has been based is sparse, and 
has had to be extrapolated in various ways to give a complete coverage of all cases 
of interest. 

Some predicted droplet sizes will be very low, possibly smaller than would 
normally be expected for even very fine mists. Such sizes may be obtained for 
high release velocities or high superheat and mean that the drop size will be very 
small. Below a certain drop size rain-out will not occur. 

11.4.3 Continuous Dischartes 

Continuous releases are treated in generality, with the same basic methods being 
applied for gas, two-phase and liquid flows, whether choked or unchoked. Two 
categories of releases are considered for modelling purposes. The first category is 
for free flow from an orifice in an infinite reservoir. This is an idealisation of a 
leak from a large vessel or large diameter pipe. The second category is of flows 
from ruptures of pipes from an infinite reservoir at the end of the pipe. Before 
describing the models used to calculate these flows it is appropriate first to refer to 
the description of the initial conditions, see Section 11.4.1. 

Discharge Through an Orifice 

The unimpeded flow through an orifice can be regarded as well approximated by 
reversible adiabatic expansion, that is isentropic expansion. Only when the kinetic 
energy of release is converted to heat does irreversibility enter the thermodynamics. 
The general approach to modelling these flows is then to calculate the mass flux 
through the orifice as a function of pressure in the plane of the orifice. For choked 
flows this will have a maximum at some point above atmospheric pressure, while 
for unchoked flows the pressure in the orifice will be atmospheric. The flow may 
or may not be in thermodynamic equilibrium; a saturated liquid may not flash until 
outside the orifice, for example. This can be taken into account by forcing the 
phase of the flow to remain unchanged when calculating the results of expansion. 

The discharge through an orifice can conceptually be considered in two stages; 
firstly expansion from the initial storage conditions to the conditions in the orifice, 
followed by an expansion to ambient pressure outside the orifice if the flow is 
choked. 	The expansion to the conditions in the orifice, specified by the 
temperature, pressure and liquid fraction will be considered first. This expansion is 
assumed to be reversible and adiabatic, that is isentropic. Thus, for a given orifice 
pressure, the temperature and/or liquid fraction must be determined such that the 
entropy at the orifice plane is equal to that of the initial state described above. 
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This is achieved by numerically iteration. The phase, temperature, and liquid 
fraction of the material in the orifice are determined and from these the enthalpy 
and volume in the orifice. The mass flow rate is then calculated 

For gas flows an estimation of the choke pressure is made using the ideal gas 
formula. If the choke pressure is less than the ambient pressure. then the flow is 
unchoked. The pressure in the orifice will then be ambient and the calculation 
described above can be carried out with the orifice pressure equal to ambient 
pressure. However if is greater than the flow is choked. A calculation of the flow 
rate is made for an orifice pressure equal to the choke pressure calculated from the 
ideal gas equation. To allow for non-ideality in the actual equation of state the 
orifice pressure is then varied until the maximum flow rate has been found. 

For two-phase flow the orifice discharge calculation described above is first carried 
out for an orifice pressure equal to the ambient pressure. Another calculation is 
then carried out at a slightly higher orifice pressure. If there is not an increase in 
flow rate as the pressure is increased then the flow through the orifice is unchoked. 
The pressure in the orifice is therefore ambient and the final state parameters are 
those equal to the condition of the material in the orifice. If the flow rate through 
the orifice increases as the pressure is raised above ambient the flow is choked and 
has a maximum value at a choke pressure which is greater than the ambient 
pressure. This choke pressure is determined by repeating the calculations described 
above, numerically iterating on the orifice pressure until the mass flow rate is 
maximised. It is very unlikely that the flow of a liquid would be choked. 

If the flow is choked then the pressure in the orifice is above ambient and there 
will be an expansion of the material outside the orifice to ambient pressure. This 
is also treated here as an isentropic expansion. Numerical iteration is again used to 
find the final state. 

As before from the results of this expansion the enthalpy of the final state can be 
calculated. Using the assumption that all the energy released in the expansion is 
converted into kinetic energy the velocity of material at ambient pressure can be 
calculated 

For choked flows the final velocity does not correspond to a physically real 
velocity; it is therefore referred to as the pseudo-velocity. It has been developed to 
be used as a parameter describing the initial kinetic energy in a discharge for input 
to a dispersion model. These models have been calibrated to produce the correct 
amount of entrainment when used with this effective velocity. It should be noted 
that for unchoked flow the orifice and pseudo-velocities are equal. 
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For incompressible fluids, i.e. liquids, a value of 0.6 is used for the discharge 
coefficient; a value which is well known to be appropriate in this case. For 
compressible fluids the method described in Bragg (1960) is used to calculate the 
discharge coefficient, generalised to any equation of state rather than being specific 
to the ideal gas equation of state. 

Discharge Through a Pipe 

For pipes, the equations of flow (see e.g. Perry and Chilton 1973) are solved 
numerically for a given outlet pressure and a certain mass flux in the pipe. As the 
pressure drops along the pipe, the state of the material is evaluated from 
irreversible expansion, conserving the mass flux. 	For two-phase flows it is 
assumed that the flow is homogeneous and in thermodynamic equilibrium. The 
results of this calculation are to give the frictional losses that correspond to a 
certain outlet pressure and flow rate. For any given pipe the losses from valves, 
friction along the length of the pipe and miscellaneous other losses are known and 
so the flow in the pipe is varied until the frictional losses match. 

Initially an orifice discharge calculation (described above) is carried out to obtain a 
starting value for the mass flow rate in the pipe and the pressure at the outlet. 
This is the maximum initial flow rate; the actual flow rate will be lower due to 
frictional losses in the pipe. Note that the calculations allow for friction losses due 
to pipe roughness, bends, junctions, valves etc. 

Using an iterative calculation to be carried out is a time-consuming process so 
instead a logarithmic interpolation of flow against pipe frictional resistance is used 
to estimate the actual flow. Although this interpolation is usually good it can mean 
that slightly different results for the same length of pipe can be obtained, 
depending on how the interpolation is set up. Note that the calculations allow for 
friction losses due to pipe roughness, bends, junctions, valves etc. 

If the outlet pressure is the same as the ambient pressure then the flow is unchoked 
at the outlet and the thermodynamic state at the outlet and the flow velocity in the 
pipe become those of the final state. On the other hand if the flow is choked at the 
outlet of the pipe, that is if the outlet pressure is greater than the ambient pressure, 
the material is allowed to expand reversibly and adiabatically outside the pipe to 
ambient pressure. This is carried out in the same way as the expansion outside the 
orifice for choked flow. This expansion gives the final thermodynamic state of the 
release and the final velocity. 
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Droplet Size 

If the final state of the released material contains liquid then a calculation of the 
size of the liquid droplets is carried out. For non-flashing liquids the calculation is 
based on the value of the Weber number for the escaping liquid. 

If the drop has a Weber number which is larger than a critical value Went  the drop 
will not be stable and will break up into smaller droplets. The actual value of Wcrjt  
depends on several factors such as whether the drop is suddenly exposed to 
stationary air or whether it falls freely from rest. W, can also depend on the type 
of break-up mechanism involved and even on the viscosity of the material. For the 
purposes of the present modelling, these complications have been ignored. 

To allow for slip between the emerging liquid and vapour, the velocity used in the 
calculation of the Weber number is not the full pseudo-velocity, but rather a 
velocity which has been reduced by a slip coefficient. The values of this slip 
coefficient and the critical Weber number for continuous releases are held in the 
parameter file. 

Thus if a jet is not liable to flash, the drop size corresponding to We,.,, is calculated 
and if this is smaller than the size of the jet the final droplet size is taken to be this 
value. Droplet radii are always limited to the jet radius or a maximum drop size, 
set in the parameter file, and taken fairly arbitrarily to be 0.01 m. However, given 
the range of velocities and length scales that SAFETI is concerned with, any 
further increase in this maximum drop size would be unlikely to affect the 
kinematic behaviour of the drop. 

For flashing jets, the only experimental data seems to be that of Brown and York 
(1961), although this is not particularly recent. 	In their paper they describe 
experiments performed on jets of flashing liquids, and present correlations for drop 
size involving various physical quantities such as the Weber number for the flow. 
According to their account, a quantity of central importance to determining break-
up of such a jet is the "bubble growth-rate constant". 

To obtain values of the bubble growth-rate constant, it is first necessary to obtain 
values for the thermal conductivity of the liquid. These were derived from semi-
empirical relations in Perry and Chilton (1973). The values of the bubble growth-
rate constant for each material is calculated from the constants in the property 
database. 
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11.4.4 Instantaneous Releases 

Instantaneous releases are considerably simpler to model than Continuous releases, 
not requiring a rate to be calculated. 

An instantaneous release is assumed to form a homogeneous mass, expanding 
rapidly to form a semi-spherical cloud. The basis for this is that for a truly 
instantaneous release, the actual expansion will take place essentially outside the 
vessel. The expansion of an instantaneous release is, as for Continuous releases, 
taken to be initially a reversible adiabatic expansion. As for continuous releases, 
describing the models used to calculate these flows it is appropriate first to refer to 
the description of the initial conditions, see Section 11.4.1. 

Flash Calculation 

Upon release the stored material is assumed to expand reversibly and adiabatically 
to ambient pressure. In such an expansion entropy is conserved. Thus the 
temperature and/or liquid fraction of the final state must be determined such that 
the entropy of the final state is equal to that of the initial state. 

This is achieved by numerically iteration. In this process the phase, temperature, 
and liquid fraction of the final state are determined and from these the enthalpy 
and volume of the final state are calculated. 

Expansion 

In the adiabatic expansion to atmospheric pressure a certain amount of' enthalpy is 
released. In addition the expanding material has to do work to drive hack the 
atmosphere. The expansion energy of a release takes both of these quantities into 
account and is the energy released by adiabatic expansion of the material, minus 
the work done on the atmosphere. 

This quantity is used in the correlation from Maurer et al (1977) to describe the 
initial stages of cloud dilution. The implicit assumption in this is that all the 
energy released by the reversible expansion goes into the kinetic energy of the 
release. Even if this is only approximately true, the actual rate of dilution was 
based on experimental results, correlated against this quantity. Therefore it is the 
appropriate physical parameter to describe the state of an instantaneous release. 
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Drop Size 

Just as for continuous releases, inslantaneous releases have a drop size estimated, 
see Section 11.4.4. In this case the velocity used in the drop size calculations is 
determined from the expansion energy on the basis that this is a measure of the 
kinetic energy in the cloud. 

It should be noted that this velocity is only indicative of the actual velocity of 
droplets in the cloud. In reality there would be a distribution of droplet velocities 
and sizes. The values of the slip coefficient and the critical Weher number for 
instantaneous releases are held in the parameter file. 
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11.5 DISPERSION MODELLING 

SAFETI will process failure cases by calculating the dispersion of the release for 
several weather categories and then expresses the results of this dispersion in a set 
of effect zones. It will calculate a set of thermal radiation effect zones, depending 
on the results of the dispersion. 

In SAFETI the calculation of the dispersion of a release are made as general as 
possible by incorporating all possible behaviour, in principle at least. That is, there 
is some treatment of every phenomenon that might occur for each release, with no 
prior assumptions about which ones are appropriate. The physical parameters 
defining a release are the only information used to decide how the modelling 
should proceed, hence, the range of behaviour that can be exhibited is very large. 

There are two main aspects to the handling of a release which can be regarded as 
acting in parallel. The first of these might be called the phenomenology of the 
release, that is, for example, whether it rains out or not, or whether it behaves as 
an instantaneous or continuous release. Secondly there are the various entrainment 
regimes that can be exhibited, that is for example, whether the release is behaving 
as a turbulent jet, a slumping dense cloud or a passive tracer. Both of these are 
handled simultaneously in the modelling, and, in principle at least, any 
phenomenology can occur in association with any of the entrainment regimes. 

11.5.1 Release Phenomenology 

To identify how the phenomenology of a case is treated, there are twenty different 
routes through the program. These do not correspond to all the possible variations 
of entrainment regime but simply describe some of the possible permutations of 
rain-out, quasi-instantaneous transitions and evaporation. For flammable releases 
the route followed determine the outcomes modelled. When evaluating the which 
flammable effects could occur route the modelling followed will be considered. 

Essentially there are four possible initial conditions (see Figure 11.5.1) distinguished 
by the SAFETI program these are: 

Continuous release with no possibility of rain-out. 

Continuous release with the possibility of rain-out. 

Instantaneous release with no possibility of rain-out. 

Instantaneous release with the possibility of rain-out. 
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FIGURE 11.5.1 EVENT CLASSING TREE FOR INITIAL CONDITIONS 

Verticle 	Cotø. or 	Elevated? Pul me Droplets Type of 

Release? 	Inst. ? Does Not in the Release 

Touch the Cloud? 

Ground? 

Yes 

Yes 

Yes 

No 

No 

Yes 

LEEJ Elevated - 
Yes 

B' 

No 

Continuous 
No 

Yes 
B 

Ground Level 

No 
No A 

Yes 
C-.  

Instantaneous I 

No D 

A - Continuous no possibility of rain-out 

A' - Continuous elevaed no possibility of rain-out 
A'• - Continuous no rain-out utodelled, cloud remains elevatd 

B - Continuous possibility of rain-out 

B' 	- Continuous possibility of rain-out on touching grouitd 

C - Instantaneous no possibility of rain-out 

D - Instantaneous possibility of rain-out 
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"Possible rain-out" means there is liquid initially present in the cloud after 
expansion to atmospheric pressure (i.e. the liquid fraction calculated in the 
discharge calculation is not zero) and the drop size of the liquid is not negligible. 
I.e., this liquid is not just condensation that would be expected for thermodynamic 
consistency nor is it a flashing liquid that has been so finely atomised that it is 
suspended completely in the air-vapour mixture. The criteria for determining if 
rain-out calculations are undertaken is that the droplet diameter is not zero. 

It should be noted that the modelling and results presentation may be slightly 
different when comparing elevated and ground level releases. The structure of the 
tree in Figure 11.5.1 is that of the calculations in the program. The variations in 
phenomenology that have been identified as being sufficiently distinct are given 
separate route numbers as shown in Figures 11.5.2. 

Starting from the four states there are a variety of transitions that the release can 
undergo. Basically these concern the raining Out of liquid from the cloud with 
subsequent re-evaporation and the quasi-instantaneous transition. 	These two 
aspects of the behaviour are described in more detail in the next two Sections. One 
point to note in the numbering is that routes 16 through 20 are cases which have 
gone 'quasi-instantaneous" (see below) before liquid has rained out. These releases 
thereafter show exactly the same range of possible behaviour as instantaneous 
releases with possible rain-out. They therefore follow the same set of branches as 
routes 11 through 15. 

From some points of view, certain of the routes that have been given distinguishing 
numbers are in fact identical. For example, routes I and 3 will show exactly the 
same range of behaviour; the only difference is that route 3 might have exhibited 
rain-out but did not, while for route 1 there was no possibility of rain-out. 
Nonetheless, there are enough qualitative differences to merit a different route 
number for the various branches of the tree. 

Below the modelling of each of the phenomena is described in turn, followed by a 
discussion of each of the decision branches in the CONSEQ decision tree. 

Quasi-instantaneous Releases 

Figure 11.5.3 shows pictorially a continuous cloud going quasi-instantaneous. The 
initial stages of the release are shown by (a) through (d). The effects from the 
continuous release are idealised as a section of the expected concentration profile 
for a long duration continuous release with the front and back boundaries of that 
section moving downwind. The separation between these is the duration of the 
release. 
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FIGURE 11.5.2 EVENT DECISION TREE FOR CONSEQUENCE 
PHENOMENOLOGY 
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FIGURE 11.5.3 QUASI-INSTANTANEOUS RELEASES 

Release Just Began 	 -04 
Release Ends 	 -944 

(C) Cloud Moves Away From 

tue Release Point 	 e 

AtTlitsPoint the Release 
is Quasi Instantaneous 	0 

Replaced With Equivalent 	• 
Circular Instantaneous Cloud 

(I) The Circular Cloud 

At some point the shape of this truncated part of the Continuous plume begins to 
look more like a short, fat cloud than a long, thin Continuous plume. That is, a test 
is applied to the ratio of the average cloud radius to its length and when this ratio 
exceeds some criterion (width > 0.7 x length) the cloud has become quasi-
instantaneous, as at (d), and is replaced with an equivalent cylindrical cloud, at (e). 
The mass of air, heat input from the surroundings, total momentum and so on are 
equal to the values for the truncated continuous cloud. The radius of the cloud is 
chosen to give the same area and the centre lies at the mid-point of the Continuous 
cloud. 
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Subsequent calculation of dispersion and effects start from this instantaneous cloud, 
which moves away while increasing in radius, (f). There are therefore bound to be 
small discontinuities in behaviour and effects at the transition point, but the aim 
has been to make these as small as possible. However, given the nature of the 
assumed distribution of concentration in space and time for instantaneous and 
continuous releases, the scheme as described here is the only way to give a 
reasonable picture of how the true situation will evolve. 

Rain-out 

The treatment of rain-out is fairly crude in some ways, yet it does give the right 
effects qualitatively and includes all the relevant factors numerically. The basic 
approach is to take the droplet size given for the release and the release velocity 
and estimate using these parameters a time at which rain-out occurs. 

At this time in the release all remaining liquid in the cloud is removed and 
assumed to form a spreading, possibly re-evaporating pool. The time of the liquid 
removal occurs is based on two characteristic times: the fall" and "lob' time. 
Figure 11.5.4 and 11.5.5 illustrate rainout from a continuous and instantaneous 
release respectively. 

The "fall time" is derived by looking at the point at which the cloud begins to 
slump, see the next section for more details on when this is taken to occur. At the 
start of slumping, the time that droplets would take to fall the height of the cloud, 
given their known size, is calculated and added to the time taken for slumping to 
begin. The second characteristic time is based on the time taken for a droplet 
starting at ground level with some fraction of its initial velocity in the vertical 
direction (0.25 x the horizontal velocity) to fall back to ground level again. The 
lob velocity for the droplets is the same as that used to calculate the size of the 
droplets, as described in this module. Slip coefficients, which are stored in the 
parameter file, are applied to the pseudo-velocity for continuous releases or the 
expansion energy for instantaneous releases to calculate a lob velocity. 

The slip coefficients allow for possible differences between the velocities of the 
liquid and vapour in the release. The two different times try to capture the two 
factors which determine whether or not rain-out occurs. 
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FIGURE 11.5.4 RAIN-OUT "FALL" AND "LOB" TIMES 
FOR CONTINUOUS RELEASES 

Wind Dircciioi 

Slumping Starts 

Droplo 6 

FIGURE 11.5.5 RAIN-OUT TIMES FOR INSTANTANEOUS 
SCENARIOS 
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For instantaneous releases it is assumed that there is inftially a uniform distribution 
of drops throughout the cloud. During dispersion the drops near the ground will 
rain-out first and the remaining drops will fall closer to the ground. Thus rain-out 
occurs over a period of time, up to the time corresponding for a drop starting at the 
top of the cloud to rain-out. As liquid is predicted to reach the ground it is 
removed from the cloud. The cloud thermodynamics take this liquid removal into 
account as dispersion progresses. Rain-out is announced in the message file at the 
time the last drop hits the ground. The amount of liquid forming a pool at this 
instance is the integrated amount that has rained out over the period of time, not 
the amount of liquid remaining in the cloud at the time of rainout. 

Pool Spreading and Vaporisation 

The fate of the liquid that rains out is determined by using the liquid rate or total 
mass removed from the cloud as input to a liquid spill model, and establishing a 
vaporisation rate, or set of rates to simulate a time-varying vaporisation rate. 

The liquid spill model takes into account heat conduction from the ground, ambient 
convection from the air and vapour diffusion. A pictorial presentation of these 
effects are shown in Figure 11.5.6. These are usually the main mechanisms for 
boiling and evaporation. The three effects are modelled numerically and at any 
time step the vaporisation rate is taken as the greater of the vapour diffusion rate 
and the sum of the conductive and convective boiling rates. 

The Shaw and Briscoe (1987) equations for the radius of a circular pool as a 
function of time for instantaneous and continuous releases are used. The spreading 
pool is assumed to grow concentrically until it reaches an obstruction, e.g., a bund, 
or it attains a minimum thickness. When the pool has reached a bund the pool 
radius is constrained to be equal to the radius of bund. Where the pool has spread 
and vaporised to produce a pool of depth equal to the minimum thickness, the 
spreading is constrained to be consistent with this thickness. 

Boiling will occur when a liquid is spilt onto ground with a temperature above the 
substance's boiling point. Initially the dominant heat source will be conduction 
from the ground. There may also be some heating by convection from the air. 
The heat conduction from the ground is modelled assuming a uniform semi-infinite 
medium on which the pool spreads. 

The vapour diffusion model is taken from that proposed by TNO with a Schmidt 
number cOtTCCtiOfl. It is suitable for materials with a saturated vapour pressure up 
to 0.9 bar and is therefore capable of estimating high mass flow rates from the 
pool surface. Various surface types are permitted and are selected in the parameter 
file. The surface parameters are listed in Table 11.5.1. 
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FIGURE 11.5.6 POOL SPREAD AND EVAPORATION 

A pool will spread until 
it reach the hund/dike 

wall or until it reaches 
its minimum thickness. 

Wind 

Ambient convection. 

Boiling 
	Evaporation 

14 

Heat conduction from 
the ground. 

TABLE 11.5.1 SURFACE TYPES 

SURFACE MINIMUM THERMAL THERMAL 
THICKNESS CONDUCTIVITY DIFFUSIVITY 

(m) (W/mK) (m2/s) 

Wet soil 0.03 2.21 9.48 x 10' 

2 Dry soil 0.06 0.32 2.44 x 10' 

3 Concrete 0.01 1.21 5.72 x 10 

This spill model may give the result that there is no vapour generation, because the 

rate of generation is too low to be of interest. This is the point in the event tree 
where routes 5, 6, 12 and 17 branch from the other routes, having no vapour 
generated from the liquid pooi. 
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If there is vapour produced, the rate at which it is evolved will be expressed as a 
series of rates with different durations. This allows the simulation of a rapid high 
initial vaporisation rate decreasing with time, or a rate which builds up until it 
equals the spill rate. 

In the case of an instantaneous release the vapour produced by the spill liquid is 
added back into the cloud, so long as the cloud still covers the point at which rain-
out occurred. If the spill liquid all evaporates while covered by the cloud then all 
that is produced is an instantaneous, circular cloud (routes 13 and 18). If the liquid 
has not all evaporated then once the upwind edge of the cloud has moved past the 
spill point any remaining liquid is assumed to form a continuous source of vapour. 

For a continuous release, the rate of generation of vapour from the spill liquid is 
added to the vapour already in the cloud to give a total flow rate for the combined 
source. When the release of liquid stops there may then be a period of vapour 
generated from the liquid pool alone. For both instantaneous and continuous 
releases this evaporating pool may or may not disappear before the upper limit on 
release durations prevents further consideration of effects. If it does disappear then 
in Figure 11.5.2 it is described as a "cut-off" case (routes 8, 9, 15 and 20) while if 
not then a steadily vaporising pool is left behind (routes 7, 14 and 19). 

If the release itself is continuous then the "cut-off" vapour generation may give rise 
to a quasi-instantaneous cloud. It is assumed for simplicity that if the release is 
instantaneous then if the vaporisation is of such short duration as to give the 
possibility of quasi-instantaneous behaviour then there will most likely be no liquid 
pool left behind. 	To have the original instantaneous puff release and the 
subsequent quasi-instantaneous vaporised liquid cloud simultaneously would be too 
complex a situation. 

The dispersion modelling takes the vaporisation rate plus the vapour which did not 
rain-out as its input. Where the vaporisation rate is time varying the dispersion is 
modelled for a series of time steps, see Figure 11.5.7. 
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FIGURE 11.5.7 FLOW RATE VERSES TIME GRAPH FOR A 
EVAPOURATING POOL 

Flow Rate 

Vapour Feed Rate to Cloud (Dispersion) 

Vapour feed to cloud modelled 

7 as a series of different release 

/ Vapour Release Rate 
I ...................................................... 

Evaporation 
Continues 

'. 	 Evaporation Rate 

Time 
Release Stops 

Decision Tree Branches (see Figure 11.5.2) 

Essentially Instantaneous and Some Liquid Still in the Cloud? 

This is the first branch in the CONSEQ decision tree. It applies to a 
continuous release with the possibility of rainout. For this branch to he true 
("yes) the release goes quasi-instantaneous prior to the liquid in the cloud 
raining out. I.e. it is appropriate to change to model the release using the 
instantaneous dispersion calculations prior to modelling the formation of a 
pooi due to rainout. In terms of the calculations the release has stopped and 
the average cloud width is greater than 0.7 times the cloud's length and the 
droplet 'lob" time and/or fall' time has not been reached. 
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Rain-out? 

This is the second branch in the CONSEQ decision tree. It applies to 
releases with the possibility of rain-out. For this branch to be true ("yes') 
the droplets in the cloud have not evaporated away by the time the greater 
of "fall" time or "lob" time have been reached. 

Evaporation? 

This is the third branch in the CONSEQ decision tree. It applies to releases 
which has rained out and formed a pool. For this branch to be true ("yes") 
the pool which is formed evaporates or boils and vapour from the pool is 
fed back into the cloud. 

Pool Left Behind? 

This is the forth branch in the CONSEQ decision tree. It applies to 
instantaneous or quasi-instantaneous releases which have rained out and 
formed a pool. For this branch to be true ("yes") the cloud has to have left 
the location of the pool. I.e. the back edge of the cloud has passed the 
centre of the pool (all pool evaporation is modelled in the model as coming 
from the centre of the pool. The instantaneous cloud now drifts away from 
the pool and the continuous cloud formed by the pools evaporation is left. 
The parameters are discussed in Module 7. It is here that the cut-off time 
will be discussed. 

Pool of limited duration? 

This is the fifth branch in the CONSEQ decision tree. It applies to releases 
which have rained out and formed a pool. For this branch to be true 
("yes") the release has to have stopped and the pool which have formed has 
to have evaporated away before the cut-off time set in the parameter file 
has bee reached. Again, the parameters are discussed in Module 7. It is 
here that the cut-off time will be discussed. 

Essentially Instantaneous? 

This is the sixth branch in the CONSEQ decision tree. It applies to 
continuous releases which have not gone quasi-instantaneous prior to rain-
Out or for which a pool exists when the cut-off time is reached. For this 
branch to be true ("yes") and for the modelling to go quasi-instantaneous 
the release must have finished and the average cloud width must be greater 
then 0.7 times the cloud's length. 
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Behaves as a Free Jet? 

This is the seventh and final branch in the CONSEQ decision tree. It 
applies to continuous releases. For this branch to be true ("yes") the release 
must firstly be able to sustain a jet fire and the parameter governing the 
modelling of the jet fire or flash fire effects must not be exceeded. 

11.5.2 Dispersion Models 

Entrainment Regimes 

The overall picture of the modelling of entrainment and dispersion is that there are 
four distinct stages that a release may go through, although not necessarily all of 
these will be used for a given release. Each of these is matched smoothly into the 
next with some criterion on rate of spreading or entrainment determining when the 
transition occurs. Both instantaneous and continuous releases have these four 
stages. 

The first stage that a release may pass through is the initial turbulence stage, where 
the actual conditions of release (velocity or expansion energy) determine how 
rapidly air is entrained. Following this is the second stage which is a hybrid of the 
initial turbulence stage and dense cloud behaviour. During this phase the release is 
still entraining air at a rate determined by the initial turbulence but it has started to 
spread laterally over the ground due its greater density than the ambient air. 
Eventually the cloud begins to behave as a purely dense cloud and in this third 
phase the rate of entrainment as well as the spreading is purely determined by 
dense cloud behaviour. The fourth stage is when the ambient atmospheric 
turbulence is the dominant influence on entrainment and spreading and the 
behaviour is that of a passive release. The characteristics of each phase are 
summarised in Table 11.5.2 and Figures 11.5.8 to 11.5.15 show the phases pictorially 
for both continuous and instantaneous ground level releases. 

Any of these phases may be omitted by a given release, but they will always occur 
in the order specified. 
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FIGURE 11.5.8 FIRST STAGE OF A CONTINUOUS 
RELEASE (JET) 
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FIGURE 11.5.9 SECOND STAGE OF A CONTINUOUS 
RELEASE (HYBRID) 
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FIGURE 11.5.10 THIRD STAGE OF A CONTINUOUS 
RELEASE (DENSE) 
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FIGURE 11.5.11 FINAL STAGE OF CONTINUOUS 
RELEASE (PASSIVE) 
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FIGURE 11.5.12 FIRST STAGE OF AN INSTANTANEOUS 
RELEASE (TURBULENT) 

Wind Direction 

Mixing and spreading 
due to initial 

release ilionientuni. 

11  

Initial Turbulent Mixing 
Dispersion Phase 

Uniform concentration profile 
throughout the cloud. 

FIGURE 11.5.13 SECOND STAGE OF AN 
INSTANTANEOUS RELEASE (HYBRID) 
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FIGURE 11.5.14 THIRD STAGE OF AN INSTANTANEOUS 
RELEASE (DENSE) 
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FIGURE 11.5.15 FINAL STAGE OF AN INSTANTANEOUS 
RELEASE (PASSIVE) 
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In describing the various phases in more detail it should be noted that sometimes it 
has been necessary to make assumptions about how the various phases connect 
together, and about how the 'hybrid" phase behaves. These assumptions have 
sometimes been made with a minimum of supporting evidence. However, the 
model has been developed in such a way as to ensure that the overall description 
matches well with expected behaviour. Further, the actual results from validation 
exercises camed out with the complete model show good quantitative agreement 
with observations of the scenarios they are designed to represent. 

TABLE 11.5.2 CHARACTERISTICS OF DISPERSION MODELLING PHASES 

l'HASE MODEL ENTRAINMENT 
REGIME 

EDGE 
SI'READING 

REG IME 

CONCENTRATION 
I'ROFILE 

Turbulent mixing UJM Turbulent (jet) Turbulent Unifonn 

Turbulent mixing GJM Turbulent (jet) Turbulent Gaussian 

Turbulent mixing TIM Turbulent (inst.) Turbulent Uniform 

Hybrid HM Turbulent Slumping Uniform 

Dense DCM Dense Slumping Uniform 

Passive PDM Atmospheric Passive Gaussian 
turbulence 

UJM = 	Uniform Jet Model 
GJM = 	Gaussian Jet Model 
TIM = 	Turbulent Instantaneous Model 
HM = 	Hybrid Model 
DCM = 	Dense Cloud Model 
PDM = 	Passive Dispersion Model 

Thermodynamic Aspects of Dispersion 

The time scales involved in the mixing and dispersion processes are sufficiently 
long that the constituents of the cloud can be assumed to be in thermal equilibrium. 
The cloud can contain the following constituents: 

Dry air. 
Water vapour from the air. 
Condensed water or ice from the air. 
Released material as vapour. 
Released material as liquid. 
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In the dispersion models, with the exception of the passive model, an enthalpy 
balance between the unmixed and mixed states is calculated in order to determine 
the thermodynamic properties of the cloud at each moment in time. Two of the 
principal properties are the cloud temperature and density. For clouds on the 
ground this enthalpy balance has to take into account any heat transfer from the 
surface below. 

The dispersion models can handle cases in which pure substances are released as 
flashing liquids. It is assumed that the initial flash results in a vapour/liquid 
aerosol in equilibrium at atmospheric pressure. The mixing process is assumed to 
he at the saturated condition with respect to the released liquid for as long as there 
is some proportion of the released material in the liquid phase in the cloud. This 
may result in low cloud temperatures as air is mixed into the cloud while liquid 
still remains. 	In calculating the condensation of water, the vapour phase is 
assumed to he saturated with respect to water, neglecting any interaction with other 
components. 

Initial Turbulent Mixing 

The first phase is one of rapid, symmetric growth driven by turbulence generated 
by the release velocity or expansion energy. In reality, both for instantaneous and 
continuous releases, the cloud would have some non-uniform, Gaussian 
concentration profile in this phase. In practice approximations have to he made 
and either a uniform profile or a Gaussian profile is used depending on the model. 

For a ground-level or horizontal elevated continuous release, the calculations begin 
with the uniform jet model with a square cross-section. Continuous vertical 
releases are initially modelled as a Gaussian jet of circular cross-section: they may 
subsequently he remodelled by a uniform jet if they touch down on the ground. 

Instantaneous releases are only allowed at ground level at present, and here a 
turbulent instantaneous model is initially used, where the cloud is represented as a 
cylinder of uniform concentration. 

The end of this initial turbulence phase occurs when the rate of spreading of the 
cloud's edge, purely due to its symmetrical growth, falls below the rate at which 
spreading would occur due to gravitational slumping. This is taken as the start of 
the slumping phase of a release and a transition to the hybrid or dense cloud model 
is made. Alternatively if it is not a dense release the end of this phase comes 
when the spreading rate falls below that due to passive dispersion. The calculation 
is then restarted using the Gaussian jet model which is can model the release, in a 
smoothly varying manner, from its initial turbulent phase to its final passive phase. 
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Uniform Jet 

The uniform jet model treats the released material as a bounded jet of uniform 
concentration across a square cross-section. It is employed for the initial phase of 
continuous horizontal releases, whether at ground level or elevated above the 
ground. It may also be used to remodel a vertically directed release (which is 
initially modelled as a Gaussian jet) after it has touched down on the ground. 

The rate of air entrainment equation used for a ground level horizontal release is 
that given by Emerson (1986 a). This is taken from well known expressions for 
the rate of entrainment of air into turbulent momentum jets, expressed in terms of 
the momentum flux in the jet; see for example Ricou and Spalding (1962). 

Gaussian Jet (TECJET) 

This model, described in Emerson (1986 h), is an integral jet dispersion model 
which is based to some extent upon the well known Ooms model (Ooms (1972), 
Ooms et al (1974)). The concentration and density profiles across the jet are 
assumed Gaussian, and the jet is 'unbounded": that is, no arbitrary outer edge is 
set. The behaviour of the jet is defined by three ordinary differential equations for 
the rate of change of mass and momentum fluxes along the jet centreline. The 
fluxes concerned are: 

M1 	The "excess mass flux": that is, the excess over the flux which 
would exist if the jet were moving with the ambient wind speed 
alone. 

12 The 'relative hoiizontal momentum flux". 

12  The "relative vertical momentum flux". 

Equations to calculate the 3 fluxes with distance are integrated forwards along the 
jet centreline using a fourth-order Runge-Kutta method. 	At each step, the 
quantities of interest are calculated. 

Turbulent Instantaneous Cloud 

For instantaneous releases the cloud shape is initially taken to he a cylinder with a 
height to radius ratio such that its volume is equal to that of a hemisphere of the 
same radius. 
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The basis for estimating the rate of entrainment for turbulent instantaneous releases 
is less well established than for continuous releases. Semi-empirical expressions 
do exist for the rate of diffusion of clouds formed by high pressure instantaneous 
releases, derived from measurements on bursting of pressurised tanks of propylene 
(Opschoor 1979; Maurer et al 1977). At present no other source for calculating the 
initial rate of growth is known and so the suggested expression for the diffusion 
has been re-expressed as a rate of entrainment. Based on Opschoor's work, the 
rate of entrainment is derived. The cloud conditions are calculated at successive 
time-steps, duration At. 

Dense Cloud Dispersion 

The dense cloud dispersion model is derived from the Cox and Carpenter model 
(1980), differences from the Cox Carpenter model are explained in the SAFETI 
Theory manual (DNV Technica, 1992h). A dense cloud may occur in a number of 
different ways. It may result from the release of a material with a molecular 
weight greater than that of air, or from the release of a cooled material with a 
molecular weight less than that of air. The presence of liquid droplets in the cloud 
is likely to contribute to dense cloud behaviour. Dense clouds disperse in a 
different manner from momentum jets and clouds of neutral density. They produce 
flat clouds that remain at ground level and spread outwards due to gravitational 
slumping. The density difference tends to reduce normal atmospheric mixing. 
However, the cloud's widening produces a larger surface area through which 
entrainment occurs. Also there is entrainment associated with the spreading itself. 

As the cloud disperses the density effects become less important until the cloud 
behaves like a cloud of neutral density. At the end of this gravity spreading stage 
a transition is then made to a Gaussian passive model. 

In general the release rate following a real event will be continuous but varying 
with time, although there are instances of truly instantaneous releases. 	For 
simplicity the Cox and Carpenter model treats the limiting cases of constant 
continuous releases and instantaneous releases. The constant continuous release 
leads, in the presence of wind, to a plume which spreads laterally due to gravity. 
The plume is assumed to have a rectangular cross section of uniform Concentration 
at a given downwind distance. 
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The cloud for an instantaneous release adopts a pancake shape which spreads 
radially outwards due to gravitational slumping while simultaneously advecting 
with the wind. In this case at a given time since the release the cloud is modelled 
as a cylindrical cloud of uniform concentration. The assumed initial cloud width is 
square, i.e. semi-width or radius equal to half the height. This differs from the 
original Cox and Carpenter model which had the initial semi-width or radius equal 
to the cloud height. Beyond the first few steps the differences are generally small, 
but still noticeable numerically. 

As the cloud disperses it both moves downwind due to the advecting action of the 
wind and also spreads outwards. This motion is mainly determined by four 
physical factors: 

Advection due to the wind. 
Gravitational spreading. 
Mixing in the edge vortex. 

"Hybrid" Behaviour 

This phase basically combines the relevant aspects of the preceding and succeeding 
phases. That is, it uses the edge spreading relations from the dense cloud model of 
Cox and Carpenter (1980), while assuming that entrainment of air continues at the 
rate appropriate to the initial turbulent stages. 

The phase ends when the rate of entrainment falls below that to be expected from 
dense cloud entrainment effects (edge mixing, top surface mixing) alone. 

Passive Dispersion 

At some distance from the source, the released material will have dispersed into 
the atmosphere to such an extent that it can be treated as a trace contaminant or 
pollutant. At this stage its presence will not affect the mean now field or the 
turbulence. 	Any further dispersion which takes place will be due to the 
background turbulence in the atmosphere, which itself depends upon the 
atmospheric stability class and the roughness of the surface over which the wind is 
blowing. Passive clouds, also known as neutrally buoyant clouds, will have a 
density and velocity which differ insignificantly from the atmospheric density and 
wind speed. 
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The dispersion is modelled statistically. A Gaussian concentration profile is 
appropriate for releases from point sources. The widths of the concentration 
profiles are generally different in the cross-wind and vertical directions, and are 
described by the dispersion parameters 	and a respectively, 	Instantaneous 
clouds may also disperse in the direction of the wind axis, but usually the 
parameter a for this direction is assumed equal to o. The dispersion parameters 
are functions of downwind distance x, atmospheric stability and surface roughness. 
In SAFETI ay  is calculated according to McMullen (1975); (T. is calculated from 
analytic expressions given in Hosker (1973) based on Smith (1972). 

The virtual source for a continuous passive cloud is modelled as a line of length 
2L with material released at a rate uniformly distributed along the line. Similarly 
the source for an instantaneous passive cloud is modelled as a circular area of 
radius L with a mass M of material released uniformly over the circle. 

11.5.3 Transitions Between Models 

At the end of evety results calculation step CONSEQ examines some of the 
physical parameters of the cloud to see whether a transition from one to another of 
the models described above is appropriate. 

For a cloud in contact with the ground these parameters are: 

Edge Spreading Rate (i.e. how fast the end of the plume is spreading 
sideways). 

Entrainment Rate (i.e. how fast air is being entrained into the cloud). 

Buoyancy. 

For an elevated cloud, they are: 

Whether the lower edge of the cloud has touched the ground 

Whether (for the GJM only) the plume centreline has touched the ground 

The sequence of tests, for different release types, is shown in Figure 11.5.16. 
Figure 11.5.17 shows one possible set of transitions where all the models are linked 
together. 
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FIGURE 11.5.16 TRANSITIONS BETWEEN MODELS IN CONSEQ 
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FIGURE 11.5.17 ALL MODELS LINKING TOGETHER FOR A 
CONTINUOUS RELEASE 

Jet 

Elevated 

[--~~vated 

Gaussia'1______ 

-  

 

Uniform Jet 

	

NElevated 

	

Ground 

	

nVertical 	 Level 	 De 	7Passive 

	

Release 	Hybrid 	 Pluei 	 Cloud 	m 
Jet 

A.I054 1058.A2 



Woodside Offshore Petroleum 	 1144 	 DNV Technica 
U'G Extraction Facilities QRA 	 April, 1993 

11.6 FLAMMABLE EFFECT MODELLING 

For flammable materials SAFETI will automatically model the appropriate 
flammable outcomes of a release. The outcomes modelled are: 

Firehalls/BLEVEs 
Jet flames 
Pool Fires 
Flash Fires 
Explosions 

The radiation models used are described in Cook, Bahrami and Whitehouse (1990). 

11.6.1 FirebaHs/BLEVEs 

The fireball is assumed to be a sphere resting on the ground, see Figure 11.6.1. 
HSE correlations have been used (Crossthwaite et al, 1988) to predict the radius of 
the firehall/BLEVE and its duration. 

The emissive power for BLEVEs is calculated from: 

E = 
F5MLiHx I 0-  

47tRAt 

The fraction of heat radiated is given by the correlation in Roberts (1982). 

Figure 11.6.2 shows the results for a fireball/BLEVE. 

11.6.2 Jet Flames 

The Shell (Chamberlain, 1987) model has been used to model jet flames. The 
model describes the shape of a jet flame as a frustum of a cone, see Figure 11.6.3. 
The parameters describing the frustum, shown in the figure, have been derived 
from comparisons with experimental data from laboratory and field tests. 

Figure 11.6.4 shows the results for a jet flame including what the ellipse variables 
in the output "a", "b' and "d" represent. "a" and "h' are the semi-major and semi-
minor axes of the ellipse. The third parameter, "d", is the offset-ratio along the 
major axis. Thus the intersection of the major and minor axes is displaced a 
distance "d" x "a" downwind from the release point. 
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FIGURE 11.6.1 GEOMETRY OF A FIREBALL/BLEVE 
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FIGURE 11.6.3 SHAPE OF JET FLAME 

FIGURE 11.6.4 JET FLAME OUTPUT 
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11.6.3 Pool fires 

Flame Shape 

The flame for a pool fire is assumed to be a sheared cylinder, and thus has a 
circular cross-section in a plane parallel to the ground. The mass burning rate has 
been taken to be independent of the diameter of the pool, consistent with 
experimental data for liquid hydrocarbon pool fires with diameters in excess of 1 
m. The correlation of Burgess and Hertzherg (1974), based on experimental 
burning rate measurements, is used for the mass burning rate for fires on land. 

For materials with a boiling point below the ambient temperature, HV  is just 
equal to the normal heat of vaporisation. A correction has been made for materials 
with a boiling point above the ambient temperature to account for the heat required 
to raise the temperature of the liquid to its boiling point. In this case 

AHj = LJ-I + CL(Tb —TO ) 

The correlation with the modified heat of vaporisation has been compared with 
experimental data (Mudan and Croce, 1988). The burning rate calculated above is 
increased by a factor of 2.5 for fires of cryogenic liquids on water in accordance 
with test results discussed in this reference. 

The flame height is obtained from the correlation of Thomas (1965) for the mean 
visible height of turbulent diffusion flames from laboratory-scale wooden crib fires 
and the flame is assumed to be tilted from the venical by the angle 0 which is 
calculated using the equation from the America Gas Association (1974). 

Fuels for liquid pool fires are assumed to burn with either a luminous or a smoky 
flame. In general hydrocarbons lighter than pentane burn with a luminous flame, 
and heavier with a smoky flame. The surface emissive power for a luminous flame 
is calculated from equations from Mudan and Croce (1988) , which are based on 
experimental data. For fuels that burn with a smoky flame, the smoke obscures the 
flame and absorbs a significant part of the radiation. However, there may be gaps 
in the smoke coverage exposing luminous spots on the flame surface. As the 
diameter of the pool increases, the absorption of the radiation by the smoke and 
soot increases, until for very large diameter fires the emitted radiation is due only 
to that radiated by the black soot. 

The behaviour of surface emissive power with pool diameter for smoky flames is 
again taken from Mudan and Croce (1988). 
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Radiation Calculations 

Having calculated the shape of the flame and its emissive power, the radiation 
incident at a point using the view factors. The integration of the equations is 
carried out numerically over the surface of the flame. The atmospheric 
transmissivity is taken from Raj (1977). 

The effect zone of the flame is taken as an ellipse describing the ground-level 
contour of a specified radiation intensity level. 

The ellipse is parameterised by "a", 'h" and "d" where "a" and "h" are the semi-
major and semi-minor axes of the ellipse. The third parameter, "d", is the offset-
ratio along the major axis. Thus the intersection of the major and minor axes is 
displaced a distance "d" x "a" downwind from the release point. 

Figure 11.5.5 shows the results for a pooi fire including what the variables in the 
output 'a", "h' and "d" represent. 

FIGURE 11.6.5 POOL FIRE OUTPUT 
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11.7 IMPACT MODELLING 

In SAFETI the MPACT program calculates the individual and societal risk results. 
To do this the program calculates for each incident: 

The contribution to the risk in each MPACT calculation square due to each 
incident outcome (i.e. the different effects of each incident under each 
wind/weather category and wind direction). 

The frequency and number of fatalities due to each incident outcome. 

The MPACT program has two parts; one for calculating toxic impact and one for 
calculating flammable impact. Only the flammable impact calculations are 
discussed in this section (as toxic impact is not an issue in this study). 

11.7.1 flammable Impact Calculation 

It must he noted that for flammable incidents: 

Each flammable incident may generate many outcomes corresponding to 
ignition of the cloud at different times from the start of a release to the end 
of the release and dispersion of the cloud below its LFL. 

The flammable effect distances are determined using a single end point 
criteria. 

For all flammable outcomes the risk is calculate from the area within a 
circle or an ellipse, with the possible truncation of an ellipse somewhere 
along its major axis. These areas are superimposed upon the MPACT 
calculation, population, and ignition sources square grid systems. 

11.7.2 Initial Conditions For Impact Calculations 

For flammable releases the consequence results provide to MPACT the dimensions 
of the effects of the possible outcomes. These are given for each release under 
each weather category (except where this is not appropriate, e.g. fireballs and 
BLEVEs). In SAFETI the effect area information passed from CONSEQ to 
MPACT for the different outcomes consists of: 

Fireballs and BLEVEs - The radius of the circle to the radiations dose of 
concern as defined in the PRJECT parameter file, see Figure 11.6.2. 
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Jet Fires - The longest and shortest radii (a and b) of the ellipse to the 
radiations level of concern as defined in the PRJECT parameter file, and the 
offset of the ellipse from the release source (d), see Figure 11.6.4. 

Pool Fires - The longest and shortest radii (a and b) of the ellipse to the 
radiations level of concern as defined in the PRJECT parameter file, and the 
offset of the ellipse from the release source (d), see Figure 11.6.5. 

Flammable Cloud Produced by Continuous Releases - The dimensions 
(downwind and crosswind distances) of the cloud to the lower flammable 
limit (LFL), the mass of flammable material in the cloud above the LFL, 
the time steps for the cloud to develop to the dimensions and masses given, 
and the duration of the release. The dimensions and mass are given 
assuming that the release is of infinite duration. 

Flammable Cloud Produced by Instantaneous Releases - The distance the 
centre of the cloud has travelled downwind, the radius of the cloud to the 
lower flammable limit (LFL), the mass of flammable material in the cloud 
above the LFL, and the time steps for the cloud to develop to the 
dimensions and masses given. 

The CONSEQ decision tree, see Figure 11.5.2, determines which outcomes are 
calculated in the consequence calculation programs. These outcome possibilities 
relate to event trees. The event trees used in SAFETI are presented in Section 
11.7.8 where the branch probabilities are discussed along with other parameters 
used in the impact calculations. 

11.7.3 Initial Calculations 

Effect Area Verses MPACT Grid Calculations 

All the flammable impacts are modelled by superimposing effect circles, ellipses, 
or truncated ellipses on the MPACT calculation squares. Figure 11.7.1 shows a 
superimposing of an effect on MPACT calculation squares. As can be seen 
MPACT has to, and does, calculate the fraction Fr(XY)  of all grid squares lying 
wholly or partially within the effect circle, ellipse or truncated ellipse. 

These calculations are undertaken by dividing the MPACT calculation square into 
small squares and identifying which of the small squares enclose part of the effect 
area. The greater the number of times the impact square is divided the greater the 
accuracy of' the value of Fr(X >, and the greater the computer time. The number of 
times the MPACT calculation square is divided depends on 2 parameters. 
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FIGURE 11.7.1 EFFECT ELLIPSE 
SUPERIMPOSED ON MPACT 

CALCULATION MATRIX 

Event Tree Calculations 

The event tree outcome probabilities are calculated using standard event tree 
calculation logic using the branch probabilities. However within SAFETI there are 
four exceptions to this rule: 

If a flammable incident defines the release direction as either 'vertical' or 
"horizontal" (as opposed to 'combined', i.e. sometimes vertical and 
sometimes horizontal) then when the true jet event tree is used only that jet 
direction branch chosen is followed (with a branch probability of 1). 

For all branch splits where an explosion is one of the new branches there is 
a chcck to see if the cloud being ignited has more than 100 kg of 
flammable material in it (above the LFL). If it has then the calculations 
continue using the event tree branch probabilities as defined in the MPACT 
parameter file. If it has less than 100 kg then the explosion branch is 
ignored with the other branches normalising their probabilities to add to 1. 
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For releases which are not immediately ignited according to the event trees, 
the delayed ignition probability is based the ignition sources and the 
population data. This probability is not calculated as a single number for an 
incident, but is calculated for each time step of the incident's development. 
The subsequent branches use the time step ignition probability to calculate 
the time step incident outcome probabilities. Hence the risk increments and 
F/N pairs are for incident outcomes at each step in an incident's 
development. 

An incident can also result in a flammable p001 which is ignited after all the 
vapour from a release has dispersed. The event tree outcome probability for 
a residual (late) pool fire is taken as a fixed probability of the non-
immediate ignition outcomes (Pd)  with a maximum value of "1 minus all 
the other incident outcome probabilities for the incident (edf). The value 
of P,P  is defined in the MPACT parameter file. Should 1 minus the other 
incident outcome probabilities for the incident" be greater than the value of 
P,, in the MPACT parameter file then MPACT will use the maximum value 
of P, (i.e. "1 minus the other incident outcome probabilities for the 
incident'). 

An example of how the risk increments and F/N pairs for an incident outcome is 
given in the next section. Calculations for all outcomes follow a similar logic but 
take into account many more factors. 

11.7.4 Example of Impact Theory - Fireballs and BLEVEs 

Fireballs in SAFETI are immediately ignited instantaneous releases which, 
according to the event trees result in a fire (as opposed to an explosion). BLEVEs 
in SAFETI are specifically defined incidents. The modelling of fireballs and 
BLEVEs are identical. The CONSEQ output passes to MPACT the radius of the 
radiation effect circle. This circle will he centred at the incident's location. 

Individual Risk - Risk Increment 

For a firehall/BLEVE the outcome is defined as the firehall/BLEVE with no 
dependence on the wind speed/weather category or the wind direction. The risk 
increment, contribution to the individual risk, in an MPACT calculation square is 
dependant on: 

The frequency of the incident (Fed(). 
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• 	The event tree outcome probability for the fireballfBLEVE (Pb). 

The fraction of the square covered by the firehallJBLEVE effect circle 

(Fr(X Y)). 

The distribution of the people indoors and outdoors during the time period 
being studied (D or N) from the MPACT parameter file (Otac , Of:,,,,, the 
fractions of the population outdoors during the time periods D and N). 
Traditionally everyone is defined as being outdoors for individual risk 
calculations giving these parameters the value of 1. 

The conditional probabilities of death for people indoors or outdoors inside 
the fireball/BLEVE effect area, from the MPACT parameter file (KBIaCO, 
KBiac). 

Hence the risk increment (RI) in each MPACT calculation square within the 
radiation circle is: 

R1 	= F x P1g  x Fr, rj) x [0 x KB 

+ (1 - 	x KB} 

Societal Risk - FIN Pairs 

When calculating the F/N pair, as with toxic incidents, the frequency (Fed10) and 
number of fatalities (Ned10) from an incidents outcome has to be calculated. The 
frequency of the of an edf outcome of a firehall/BLEVE is: 

F 	= F X "bi 

The SAFETI definition of a fireballJBLEVE outcome is specific. Hence the 
Number of Fatalities (NF) in each MPACT calculation square (x, y) can be 
calculated from: 

The fraction of the square covered by the firehall/BLEVE effect circle 
(Fr(XY)). 

The number of people in the MPACT calculation square (N(X y)).  This is 
calculated by comparing the MPACT calculation square to the population 
grid. 
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The distribution of the people indoors and outdoors during the time period 
being studied (D or N) from the MPACT parameter file (Ofacdf' °fac(if the 
fractions of the population outdoors during the time periods D and N). 

The conditional probabilities of death for people indoors or outdoors inside 
the fireball/BLEVE effect area, from the MPACT parameter file (KB CO, 
KBiaci). 

Hence the NF(X. y)t  for MPACT calculation square (x, y) during each time period (t 
= D or N) is calculated using the formula below: 

= Fr(XY) x N )  X [O, x KBiaco  

fac 

Therefore for a fireball/BLEVE incident outcome the number of fatalities (Nedfo) 
calculated in SAFETI is equal to the sum of the NF for all MPACT calculations 
squares which are affected by the incident's outcome. Hence the number of 
fatalities calculated for a fireball/BLEVE incident outcome is: 

N = NF 
E(for all MPACT cakul=on squareT) 

11.7.5 Factors Allowed for in Other Outcome Impact Calculations 

The fireball/BLEVE example shows the logic used in the impact calculations. 
However that outcome has the simplest logic. For other outcomes additional 
factors are included in the calculations. These additional factors are listed below. 

Jet Fires 

The probability of there being the defined wind speed/weather category and 
wind direction. The jet fire effects are independent of the weather category 
but not wind speed. 

The event tree outcome probability for the vertical or horizontal jet fire. 

Pool Fires 

The probability of there being the defined wind speed/weather category and 
wind direction. The pool fire effects are independent of the weather 
category but not wind speed or direction. 
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The event tree outcome probability for the early or delayed pool fire. 

Instantaneous Release Vapour Cloud Flash Fires 

The probability of there being the defined wind speed/weather category and 
wind direction. 

The event tree outcome probability for the flash fire. This is made up of 
the probability of getting a flash fire given a delayed ignition multiplied by 
the probability of ignition in the time step (&). How the delayed ignition 
in a time step is calculated is explained in Section 11.7.6. 

Instantaneous Release Vapour Cloud Explosions 

The probability of there being the defined wind speed/weather category and 
wind direction. 

The event tree outcome probability for the explosion. This is made up of 
the probability of getting an explosion given a delayed ignition multiplied 
by the probability of ignition in the time step (6t). 

The fraction of the squares covered by the two explosion effect circles (R 1 
and R2). For this outcome the effect circles are centred in the middle of the 
wind sector the wind is blowing along at the downwind distance to the 
centre of the cloud at time t. 

Continuous Release Vapour Cloud Flash Fires 

The probability of there being the defined wind speed/weather category and 
wind direction. 

The event tree outcome probability for the flash fire. This is made up of 
the probability of getting a flash fire given a delayed ignition (d() 

multiplied by the probability of ignition in the time step (St). 

Note that the effect area does depend on an incidents definition. Figures 11.7.2 to 
11.7.5 give examples of some of the shapes modelled by SAFETI. 

The ellipses may he displaced from the release source. For example as can he the 
case with elevated plumes, see Figure 11.7.2. 
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FIGURE 11.7.2 ELEVATED PLUME CAUSING 
DISPLACED EFFECT AREA 

Side View of Elevated Release 

Elevated 

Release 

Source 

LL-------- i ---------------------------- 
Aerial View of Ground I.evel Effect Area 

Release Source 

Area 

Offset of Effect 

Area from Release 

Source 

During the initial period of the releases (before the cloud front has reached 
its equilibrium position and the release has finished), the LFL zone of the 
plume is modelled in MPACT as a truncated ellipse, see Figure 11.7.3. 

FIGURE 11.7.3 EARLY EFFECT AREAS - 
TRUNCATED ELLIPSES 
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If the cloud does not into the passive region the leading edge of the cloud is a 
straight edge and the maximum width of the cloud is at the leading edge. This 
type of release is therefore modelled as a half ellipse with its point at the release 
source its length the dispersion distance and width the leading edge's width, see 
Figure 11.7.4. 

FIGURE 11.7.4 HALF ELLIPSE EFFECT AREA 
DUE TO LFL BEING REACHED PRIOR TO 

THE CLOUD GOING PASSIVE 

LFL Reached at 
this Distance from 
the Release Source 

(l(alf Ellipses 
Major Axis) 

Release Source 

LFL oud Width 
_at LFL Distance 	/ 

I (Ellipses Minor 

I 
.- 

Flash Fire 4fect Area  
Modelled as Half Ellipse 	

Jispersion Clouds 
Goes Passive in this Region 

Figure 11.7.5 is an example for a cloud where the LFL is reached after dispersion 
goes passive but the release is of short duration and ends before the dispersion. 

Continuous Release Vapour Cloud Explosions 

The probability of there being the defined wind speed/weather category and 
wind direction. 

The event tree outcome probability for the explosion. This is made up of 
the probability of getting an explosion given a delayed ignition multiplied 
by the probability of ignition in the time step (&). 

The fraction of the squares covered by the two explosion effect circles (R 1 
and R2). For this outcome the effect circles is centred in the middle of the 
wind sector at the middle of the flammable cloud, see Figure 11.7.6. 
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FIGURE 11.7.5 EFFECT AREA IS ELLIPSE 
TRUNCATED AT BOTH ENDS 

Flash Fire Effect 
Area (Truncated 

Ellipse at Both Ends) Cloud Length = u/(t,0,..— t4 ,) 

Release 	- - - 
Source - 

\ - \/ ))\ 

+ 
\ / 

N 

Dispersion Distance = U/t.m.. 

Note: u = Wind Speed 

FIGURE 11.7.6 EXAMPLE OF EXPLOSION 
EFFECT AREA 
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11.7.6 Ignition Sources 

In many of the calculations above the probability of delayed ignition was used. In 
this section a explanation of how the delayed ignition probability is calculated is 
given. 

The delayed ignition probability of a cloud is dependant on the number of ignition 
sources within the cloud. If at time t the cloud covers no ignition sources then the 
probability of delayed ignition in that time step will be zero. If at time t the cloud 
covers one or more ignition sources then the probability of delayed ignition will be 
dependant on: 

The ignition sources. 

The length of the time step (St). 

In SAFETI ignition sources are defined by the population and a data base of 
specific ignition sources. 

Ignition sources are defined by the user as point, line and area sources. Each 
source has with its own presence factor (f), ignition potential factor (x), and 
coordinates, these can be defined as: 

The presence factor (0 is the probability that the ignition source is active. 
If it is not active then there is no chance of ignition, if it is active ignition 
could occur. 

The ignition potential factor (x) is a measure of the strength of the source 
and is the probability of ignition per unit time (second) given the source is 
present. 	Note that the ignition potential factor (x) is related it the 
effectiveness factor (w) by the equation: 

x= (1 - e') 

The coordinates define the location of a point source, the ends of a line 
source, or the corners of an area source. 

It is not easy to envisage the terms above. 	Figure 11.7.7 is a graphical 
representation showing the terms defined above for a presence factor of 0.8, and a 
probability of ignition of 0.5 in 30 seconds. Note this gives values of 0.0228 for x 
and 0.0231 for w. 
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FIGURE 11.7.7 EXAMPLE IGNITION PROBABILITY VERSES TIME 
GRAPH 

Probability of Ignition 
ii- 

Presence Factor (f = 0.8) 
0.8 

Ignition Probability in 30 sec = f x 0.5 = 0.4 
0.6 

 

Ignition Potential (x) = 0.0228 
=> Probability of Ignition in 1 sec = f x 0.023 = 0.018 

20 	30 	40 	50 	60 

Time (s) 

11.7.7 The Explosion Model 

In SAFETI the explosion calculations are undertaken in MPACT, even though they 
are consequence calculations. The model calculates the distances to various 
damage levels resulting from the explosion of a vapour cloud. These distances are 
the radii of the circles, see Figure 11.7.6, within which the damage resulting is 
defined by the analyst as part of the parameter input. Two default values, which 
can he changed, are for: 

Rl = heavy building damage (m). 
R2 = repairable building damage (m). 

The explosion calculations are based entirely on the TNO vapour cloud explosion 
correlation model (Wiekema 1979). 
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11.7.8 Parameters and Events Trees 

The parameter used in the impact calculations can be grouped into four main types: 

The first group is formed of the event tree probabilities for the 20 possible 
routes a flammable release may follow. 

The second group is concerned with the effect of a release outcome, being 
data on indoor/outdoor population probabilities, mitigating factors and 
ignition effectiveness. 

The third group is concerned with the practical computation details, being 
the area limits round the plant and various calculation factors. 

The fourth group is concerned with the evacuation modelling module and 
are not discussed here. 

Table 11.7.1 gives a listing of a default impact parameters (MPACT.PAR) file. 

Event Tree Probabilities (Parameters I to 96) 

For each of these releases modelled, an outcome event tree is selected as described 
in Section 11.5 of this Appendix. Figures 11.7.8 to 11.7.15 show the event trees used 
in SAFETI. 

Limiting Frequencies (Parameters 97 and 98) 

The two parameters, "minimum case frequency considered (Cmin)" and "minimum 
event probability Pmin", are used to prevent MPACT calculating risk levels lower 
than required. 

Indoor/Outdoor Probabilities (Parameters 99 to 102) 

The effect of a release outcome is of course different for people who are inside as 
compared to those who are outside. Hence it is important that both for the 
individual risk calculation and F-N curve calculations the probability of being 
inside and outside is fixed. 
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TABLE 11.7.1 MPACT PARAMETER FILE 

rio. TEXT ACC. TYPE VALUE MINIMUM MAX IMUU 

 Prob. of Bleve 3 P. 1.00000 0.000000E+00 1.00000 

 Prob. of Fire 3 R 1.00000 O.000000E+00 1.00000 

 Route 1 True jet. Comb jet horiz. 	fraction 3 P. 0.600000 0.000000E+00 1.00000 

 Route 1 True jet. Prob. 	horiz. 	ignition 3 P. 0.400000 0.000000E+00 1.00000 

 Route 1 True jet. Prob. 	horiz. 	jet 	fire 3 P. 0.900000 0.000000E+00 1.00000 

 Route 1 True jet. Prob. 	horiz. 	explosion 3 R 0.100000 0.000000E+00 1.00000 

 Route 1 True jet. Prob. 	vertical 	ignition 3 R 0.200000 0.000000E+00 1.00000 

 Route 1 True jet. Prob. 	vertical 	jet 	fire 3 R 0.900000 0.000000E+00 1.00000 

 Route 1 True jet. Prob. 	vertical explosion 3 R 0.100000 0.000000E+00 1.00000 

 Route 3 True jet. Comb jet horiz. 	fraction 3 R 0.600000 0.000000E+00 1.00000 

 Route 3 True jet. Prob. 	horiz. 	ignition 3 P 0.400000 0.000000E+00 1.00000 

 Route 3 True jet. Prob. 	horiz. 	jet 	fire 3 R 0.600000 0.000000E+00 1.00000 

 Route 3 True jet. Prob. 	horiz. 	explosion 3 R 0.100000 0.000000E+00 1.00000 

 Route 3 True jet. Prob. 	vertical 	ignition 3 P. 0.200000 0.000000E+00 1.00000 

IS: Route 3 True jet. Prob. 	vertical 	jet 	fire 3 R 0.900000 0.000000E+00 1.00000 

 Route 3 True jet. Prob. 	vertical explosion 3 R 0.100000 0.000000E400 1.00000 

 P1DF ntj) 	Route I Prob delayed flash fire 3 R 0.600000 0.000000E400 1.00000 

 P1DE (ntj) 	Route 1 Prob. delayed explosion 3 R 0.400000 0.000000E+00 1.00000 

 P2DF Route 2 Prob. delayed flash fire 3 R 0.600000 0.000000E-i-00 1.00000 

 P2DE Route 2 Prob. delayed explosion 3 R 0.400000 0.000000E+00 1.00000 

 P3DF (ntj) 	Route 3 Prob delayed flash fire 3 R 0.600000 0.000000E+00 1.00000 

 P3DE (ntj) 	Route 3 Prob. delayed explosion 3 R 0.400000 0.000000E+00 1.00000 

 P4DF Route 4 Prob. delayed flash fire 3 R 0.600000 O.000000E+00 1.00000 

 P4DE Route 4 Prob. delayed explosion 3 R 0.400000 0.000000Ei-00 1.00000 

 P51 Route S Prob. immediate ignition 3 P. 0.300000 0.000000E+00 1.00000 

 PSIP Route 5 Prob. early pool 	fire 3 R 1.00000 0.000000E+00 1.00000 

 PSDP Route S Prob. delayed pool 	fire 3 R 0.150000 0.000000E+00 1.00000 

29: PSDF Route S Prob. delayed flash fire 3 R 0.600000 0.000000E+00 1.00000 

29: PSDE Route S Prob. delayed explosion 3 P. 0.400000 0.000000E+00 1.00000 

30: P61 Route 6 Prob. immediate ignition 3 R 0.300000 0.000000E+00 1.00000 

31: P6IP Route 6 Prob. early pool 	fire 3 P. 1.00000 0.000000E*00 1.00000 

32: P6DP Route 6 Prob. delayed pool fire 3 P 0.150000 0.000000E+00 1.00000 

33: P6DF Route 6 Prob. delayed flash fire 3 R 0.600000 0.000000E+00 1.00000 

34: PGDE Route 6 Prob. delayed explosion 3 P. 0.400000 0.000000E400 1.00000 

35: P71 Route 7 Prob. immediate ignition 3 P. 0.300000 0.000000E+00 1.00000 

36: P'IP Route 7 Prob. early pool 	fire 3 R 1.00000 0.000000E+00 1.00000 

37: P7DP Route 7 Prob. delayed pool 	fire 3 P. 0.150000 0.000000E+00 1.00000 

38: P7DF Route 7 Prob. delayed flash fire 3 R 0.600000 0.000000E+00 1.00000 

39: P7DE Route 7 Prob. delayed explosion 3 R 0.400000 0.000000E+00 1.00000 

40: P81 Route 8 Prob. immediate ignition 3 R 0.300000 0.000000E+00 1.00000 

41: P8IF Route 6 Prob. early pool 	fire 3 R 1.00000 0.000000E+00 1.00000 

.12: P8DF Route 8 Prob. delayed flash fire 3 R 0.600000 0.000000E+00 1.00000 

43: P8DE Route 8 Prob. delayed explosion 3 R 0.400000 0.000000E+00 1.00000 



TABLE 11.7.1 MPACT PARAMETER FILE 

IJO. 	 TEXT 	 ACC. TVPE 	VALUE 	 MINIMUM 	 111AXIMU11 

4 4 : P91 	Route 9 Prob. 	immediate ignition 3 P 0.300000 0,000000E+00 1.00000 
45: P9IP Route 9 	Prob. early pool 	fire 3 R 1.00000 0.000000E+00 1.00000 
46: P9DF Route 9 	Prob. delayed flash 	fire 3 P 0.600000 0.000000E+00 1.00000 
47: P9OE P.oute 9 	Prob. delayed explosion 3 P. 0.400000 0.000000E+00 1.00000 
48: P101 Route 10 Prob. immediate 	ignition 3 P 0.300000 0.000000E+00 1.00000 
49: P1018 Route 10 Prob. bleve 3 P. 1.00000 0.000000E+00 1.00000 
50: P100E Route 10 Prob delayed 	flash 	fire 3 R 0.600000 0.000000E+00 1.00000 
51: P1ODE Poute 10 Prob. delayed explosion 3 P 0.400000 0.000000E+00 1.00000 
52: P111 Route 11 Prob. immediate 	ignition 3 R 0.300000 0.000000E+00 1.00000 
53: P1118 Route 11 Prob. bleve 3 R 1.00000 0.000000E+00 1.00000 
5 4 : P11DF Route 11 Prob delayed flash 	fire 3 R 0.600000 0.000000E+00 1.00000 
55: P11DE Route 11 Prob. delayed explosion 3 P. 0.400000 0.000000E+00 1.00000 
56: P121 Route 12 Prob. immediate ignition 3 P 0.300000 0.000000E00 1.00000 
57: P12IB Route 12 Prob. bleve 3 P 1.00000 0.000000E400 1.00000 
58: PI2DP Route 12 Prob. delayed pool 	fire 3 P 0.600000 0.000000E+00 1.00000 
59: P12DE Route 12 Prob delayed flash 	fire 3 P 0.600000 0.000000E+00 1.00000 
60: P12DE Route 12 Prob. delayed explosion 3 P 0.400000 0.000000E+00 1.00000 
61: P131 Route 13 Prob. immediate ignition 3 P 0.300000 0.000000E+00 1.00000 
62: P1318 Route 13 Prob. bleve 3 P 1.00000 0.000000E+00 1.00000 
63: P13DE Route 13 Prob delayed 	flash 	fire 3 R 0.600000 0.000000E+00 1.00000 
64: P13DE Route 13 Prob. delayed explosion 3 P 0.400000 0.000000E00 1.00000 
65: P141 Route 14 Prob. immediate ignition 3 P 0.300000 0.000000E+00 1.00000 
66: P14IB Route 14 Prob. bleve 3 P 1.00000 0.000000E+00 1.00000 
67: P1IDP Route 14 Prob. delayed pool 	fire 3 R 0.150000 0.000000E+00 1.00000 

68: P1IDE Route 14 Prob delayed flash 	fire 3 P 0.600000 0.000000E+00 1.00000 
69: P14DE Route 14 Prob. delayed explosion 3 R 0.400000 0.000000E400 1.00000 
70: P151 Route 15 Prob. immediate ignition 3 R 0.300000 0.000000E+00 1.00000 
71: P15IB Route 15 Prob. bleve 3 P 1.00000 0.000000E+00 1.00000 
72: P1SDF Route 15 Prob delayed flash fire 3 P 0.600000 0.000000E+00 1.00000 
7 3 : P15DE Route 15 Prob. delayed explosion 3 R 0.400000 0.000000E400 1.00000 

74: P161 Route 16 Prob. immediate ignition 3 P 0.300000 0.000000E+00 1.00000 
75: P1618 Route 16 Prob. bleve 3 P 1.00000 0.000000E400 1.00000 

76: P16DF Route 16 Prob delayed flash 	fire 3 P 0.500000 0.000000E+00. 1.00000 
77: P16DE Route 16 Prob. delayed explosion 3 P 0.400000 0.000000E+00 1.00000 

78: P171 Route 17 Prob. immediate ignition 3 P 0.300000 0.000000E+00 1.00000 
79: P17IB Route 17 Prob. bleve 3 P 1.00000 0.000000E+00 1.00000 

80: P17DP Route 17 Prob. delayed pool 	fire 3 P 0,600000 0.000000E+00 1.00000 
81: P17DF Route 17 Prob delayed flash 	fire 3 P 0.600000 0.000000E+00 1.00000 

82: P17DE Route 17 Prob. delayed explosion 3 P 0.400000 0.000000E+00 1.00000 
83: P181 Route 18 Prob. immediate ignition 3 R 0.300000 0.000000E+00 1.00000 
54: P1818 Route 18 Prob. bleve 3 R 1.00000 0.000000E+00 1.00000 
85: P16DF Route 18 Prob delayed flash 	fire 3 R 0.500000 0.000000E+00 1.00000 
86: P18DE Route 18 Prob. delayed explosion 3 R 0.100000 0.000000E+00 1.00000 



TABLE 11.7.1 MPACT PARAMETER FILE 

110. TEXT ACC. TYPE VALUE MINIMUM MAXIMUM 

 P191 	Route 19 	Prob. 	immediate ignition 3 P 0.300000 0.000000E+00 1.00000 

 P19I8 Route 19 Prob. 	bleve 3 P 1.00000 0.000000E+00 1.00000 

 P19DF Route 19 Prob. delayed pool 	fire 3 P 0.150000 0.000000E+00 1.00000 

 PI9DF Route 19 	Prob delayed flash fire 3 P 0.600000 0.000000E+00 1.00000 

 P19DE Route 19 	Prob. 	delayed explosion 3 P 0.400000 0.000000E.00 1.00000 

 P201 	Route 20 	Prcb. 	immediate icnition 3 P 0.300000 0.000000E+00 1.00000 

 P2018 Route 20 Prob. 	bleve 3 R 1.00000 0.000000E+00 1.00000 

 P200F Route 20 Prob delayed flash fire 3 P 0.600000 0.000000E+00 1.00000 

 P20DE Route 20 Prob. 	delayed explosion 3 P 0.400000 0.000000E+00 1.00000 

 PTOX Prob. 	toxic 	(non-evacuation run) 3 P 1.00000 0.000000E+00 1.00000 

 Minimum case frequency considered 	(Cmin) 3 P. 1.000000E-12 0.000000E400 1.00000 

 Minimum event prob. 	considered 	(Pmin) 3 R 1.000000E-12 0.000000E+00 1.00000 

29: Fraction pop outdoors, 	day, 	F-N 	(Ofacdf) 3 P 0.100000 0.000000E+00 1.00000 

 Fraction pop outdoors, 	night, 	F-Il 	(Ofacnf) 3 R 0.100000 0.000000E+00 1.00000 

 Fraction pop outdoors, 	day, 	risk 	(Ofacdr) 3 P 1.00000 0.000000E+00 1.00000 

 Fract'n pop outdoors, 	night, 	risk 	(Ofacnr) 3 P 1.00000 0.000000E+00 1.00000 

 Fraction 	out 	killed by 	e:.:pl'n 	RI 	(KEP1fO) 3 P 0.300000 0.000000E00 1.00000 

 Fraction 	in 	killed by 	expl'n 	Ri 	(KERifi) 3 P 1.00000 0.000000E400 1.00000 

 Fract'n out 	killed by expl'n Rl-2 	(KEP1fo) 3 P 0.100000 0.000000E+00 1.00000 

 Fraction 	in 	killed by 	expl'n 	P1-2 	(KER1fi) 3 P 0.300000 0.000000E+00 1.00000 

 Fraction out 	killed by 	Flashfire 	(KFfaco) 3 P 1.00000 0.000000E400 1.00000 

 Fraction 	in killed by 	Flash fire 	(KFfaci) 3 P 0.100000 0.000000E+00 1.00000 

 Fraction out killed by BLEVE 	(KBfaco) 3 P 0.700000 0.000000E+00 1.00000 

 Fraction in killed by BLEVE 	(KBfaci) 3 R 0.200000 0.000000E+00 1.00000 

 Fraction out killed by Jet 	flame 	(KJfaco) 3 R 0.700000 0.000000E+00 1.00000 

 Fraction 	in killed by Jet 	flame 	(KJfaci) 3 P 0.100000 0.000000E+00 1.00000 

 Fraction out 	killed by 	Pool 	fire 	(KPfaco) 3 P 0.700000 0.000000E+00 1.00000 

 Fraction 	in killed by 	Pool 	fire 	(KPfaci) 3 R 0.100000 0.000000E+00 1.00000 

 Fraction out killed be Toxics 	(KTfaco) 3 P 0.900000 0.000000E+00 1.00000 

 Fraction 	in killed by Toxics 	)KTfaci) 3 P 0.100000 0.000000E+00 1.00000 

 Pop omega 	factor 	(per person) 	(Wpop) 3 P 1.000000E-05 0.000000E+00 1.000000E+06 

 Nc of sub-squares across ellipse in flamrn. 	impact 3 I 10 1 10 

 Max. 	times to subdivide a square in flamm. 	impact 3 I S 1 7 
5.00000 

 Multiplying factor 	for toxic F-N spread 3 P 2.00000 1 .000000E-02 

 Lower X 	limit 	(Pal 	to plant centre) 3 R -10000.0 -2.000000E+07 2.000000E+07 

 Upper X 	limit 	(PcI 	to plant 	centre) 3 P 10000.0 -2.000000E+07 2.000000E07 

 Lower V 	limit 	(PcI 	to plant centre) 3 R -10000.0 -2.000000E+07 2.000000E+07 

 Upper V 	limit 	(PcI 	to plant centre) 3 P 10000.0 -2.000000E+07 2.000000E+07 

 Dividing factor on population grid 3 P 1.00000 0.100000 20.0000 

 Evacuation equation coefficient 	"a' 2 P 14.1200 0.000000E+00 100.000 

 Evacuation equation coefficient 	"b' 2 P 0.500000 0.000000E+00 10.0000 

 Evacuation'shelter rate multiplying 	factor 2 P 2.00000 1.00000 100.000 

 Additional 	lag time I 	for evacuatiOn 2 R 30.0000 Q.000000E+00 1000.00 



TABLE 11.7.1 MPACT PARAMETER FILE 

rIO. 	 TEXT 
	

ACC. TYPE 	\IALUE 	 MININUII 	MAX]i.IUI4 

130: Additional 	lag time 2 	for evacuation 2 R 60.0000 0.000000E+00 1000.00 
131: Nighttime prcp.going outdoors on bang 3 R 0.000000E+00 0.000000E+00 1.00000 
132: Nighttime distance bang travels 3 R 10000.0 0.000000E+00 400000. 
133: Nighttime prop evacuating on evacuation order 3 R 1.00000 0.000000E+00 1.00000 
134: Nighttime prop unresponding on evacuation order 3 R 0.000000E+00 0.000000E+00 1.00000 
135: Nighttime prop sheltering on shelter order 3 R 1.00000 0.000000E+00 1.00000 
136: Nighttime prop unresponding on shelter order 3 R 0.000000E+00 0.000000E+00 1.00000 
137: Nighttime prop leaving buildings at impact 3 R 0.000000E+00 0.000000E+00 1.00000 
138: Daytime prop. going outdoors on bang 3 R 0.000000E+00 0.000000E+00 1.00000 
139: Daytime distance bang travels 3 P 10000.0 0.000000E+00 400000, 
140: Daytime prop evacuating on evacuation order 3 P 1.00000 0.000000E+00 1.00000 
141: Daytime prop unresponding on evacuation order 3 R 0.000000E+00 0.000000E+00 1.00000 
142: Daytime prop sheltering on shelter order 3 R 1.00000 0.000000E+00 1.00000 
143: Daytime prop unresponding on shelter order 3 P. 0.000000E+00 0.000000E+00 1.00000 
144: Daytime prop leaving buildings at impact 3 P 0.000000E+00 0.000000E+00 1.00000 
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FIGURE 11.7.8 EVENT TREE FOR ROUTES IA AND 3A TRUE JET FLOW 
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FIGURE 11.7.9 EVENT TREE FOR ROUTES lB AND 3B NOT TRUE JET 
FLOW 
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FIGURE 11.7.10 EVENT TREE FOR ROUTES I AND 2 WITHOUT THE 
BLEVE BRANCH, AND ROUTES 10, 11, 13, 15, 16, 18, AND 20 
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FIGURE 11.7.11 EVENT TREE FOR ROUTES 6 

Early 

Pool Fire 

I mined late 

Ignition 

No Effect 

Residual Effects, 

Instantaneous 
Delayed Ignition, 

Late Pool Fire 

Re lease 

Explosion 
No 

liii jitediale (Only if over 

Ignition 100 kg) 
AND 

Delayed 

Ignition Flash Fire 

Process 

through 

consequence 

(I inesteps 

Dispersion No Effect 

No Ignition 

EVENTTR4.CH3/EPS 

A.1058.A1058.A2 



Woodside Offshore Petroleum 	 11.69 	 DNV Technica 
LPG Extraction Facilities QRA 	 April, 1993 

FIGURE 11.7.12 EVENT TREE FOR ROUTES 5 AND 7 
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FIGURE 11.7.13 EVENT TREE FOR ROUTE 8 
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FIGURE 11.7.14 EVENT TREE FOR ROUTE 9 
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FIGURE 11.7.15 EVENT TREE FOR ROUTES 12, 14, 17 AND 19 
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Mitigating Factors (Parameters 103 to 116) 

How the effect area for each event outcome is calculated is described in the 
SAFETI Theory Manual. The fraction of people killed within this "effect area" are 
entered here. These factors can he affected by a large number of variables such as, 
strength of building, materials of construction, how quickly someone could find 
shelter if they were outside etc. 

Omega Factor (Parameter 117) 

In SAFETI individuals can he assumed to act as weak ignition sources. The 
omega factor is the ignition effectiveness of an individual. Clearly this is an 
extremely difficult number to predict. 

Computational Time (Parameters 118 and 119) 

In particular for flammable hazards MPACT can take a large amount of processing 
time. The next two parameters affect the number of calculations performed. The 
larger the number the more calculations are performed & hence the greater degree 
of accuracy. Exactly how altering these numbers will affect the accuracy and 
processing time will vary from installation to installation. 

Toxic Case F-N Spread (Parameter 120) 

During the calculation of contributions to the F-N curve in toxic cases, assigning 
the frequency to the mean value of the number of dead can give a false effect. 
The frequency can he spread over more than the mean value, using the variance 
found as part of the calculations. The analyst can give the number of standard 
deviations over which to spread the results on either side of the mean value, 
assuming a normal distribution. 

A.I05.S'.4 1058.A2 
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Calculation Area Data (Parameters 121 to 125) 

The limits of the MPACT working area and the size of the grid mesh laid over it 
can be changed. The outer limits are those for which the population data are 
available and the basic grid size is that used in the population file. A further limit 
is that the working area must not have more than 200 grid squares in the E-W or 
S-N direction. The basic grid size may be reduced to 5 m or increased to 1000 m. 
It should be noted that if the population data file has been created using COMPOP, 
the overall area will be 40 km x 40 km, with a grid size of 200 m, so the area 
parameter limits must be adjusted to match. 

Evacuation Module MPACT terms (Parameters 126 to 144) 

These parameters are used in the evacuation modelling. They were not used in this 
study. 
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IH.1 INTRODUCTION 

This appendix provides a summary of the background data utilised in the risk 
analysis of WOP's existing Gat Treatment Plant (GTP) and the proposed LPG 
plant at Burrup Peninsula. The various sources of the data are quoted and the 
manner in which the data was processed prior to input into the SAFETI package is 
described. 

Two time periods have been used in this study which in SAFETI are referred to as 
D (Day) and N (Night). The study uses D to represent the working hours of 8.00 
am to 5.00 pm Monday to Friday, and N to represent the non working hours (i.e 
outside 8.00 am to 5.00 pm Monday to Friday and during the weekend). This 
makes the working hours 30% of the total time. 

A10581A1058.A3 
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I11.2 GEOGRAPHICAL DATA 

This section describes the parameters used for the onsite and offsite terrain and the 
grid reference system used for the study. 

111.2.1 Onsite and Offsite Terrain 

The site occupied by the GTP and storage facilities is flat and located a few metres 
above sea level. South of the plant area, towards the administration building and 
the visitors centre, the land rises a few metres. 

The offsite land is relatively flat with some outcrops of rock. The land is rising 
towards the south east and forming hills, creating a natural "barrier" in that 
direction. This is the only significant hill formation in the close vicinity to the site. 

Vegetation in the surrounding area is limited to grass and minor bushes, leaving the 
soil and rock exposed. 

The sea to the west and north-west of the site is protected from ocean swells by 
islands to the west, but is unprotected to the north-west. 

The surface roughness parameter is that approximately to the terrain of the site and 
surrounding area. The surrounding area which consists of land and water is 
relatively smooth with very little disruption to the wind flow pattern (no tall trees 
or high and steep hills). The only major obstruction to the flow pattern are the 
structures at the site, in particular the process area where high turbulence can be 
expected. Based on this, the surface roughness parameter was taken as an average 
between calm open sea (0.035), coastal sea (0.043), country (0.09), and industrial 
(0.17). The value used is 0.085. 

To be on the conservative side, the terrain surrounding the site is assumed uniform 
and flat (no hill) with the surface roughness parameters being the only "turbulence 
causing feature". 

111.2.2 Grid Reference System 

The drawings of the site, supplied by WOP, contain the plant grid system. This is 
used as reference in this study. 

A1058//t1058.A3 



Woodside Offshore Petroleum 	 111.3 	 DNV Technica 
LPG Extraction Facilities QRA 	 - 	April, 1993 

According to the grid system the "plant centre" has the co-ordinates (91500, 
37800). However, since the area of interest includes the ship and ship loading 
incidents, the "plant centre", as used in SAFETI, is shifted to the west. The co-
ordinates used are (90000, 37500). 

All process equipment, population, ignition sources etc. have been given a 
reference point to indicate their location on the map. 

The area considered in this study stretches 5 km to the north, east, south and west 
of the "plant centre". The location of the "plant centre" is approximately 1 km to 
the west of LNG tank 3101 (southern tank). 

A10581A1058./t3 
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111.3 METEOROLOGY 

111.3.1 Data Requirements 

Meteorological data are required at two stages of the risk assessment. First, 
various parts of the consequence modelling require specification of wind speed and 
atmospheric stability. Second, the impact (risk) calculations require wind-rose 
frequencies for each combination of wind speed and stability class used. 

For the dispersion modelling, suitable combinations of wind speed and stability 
class are chosen. These combinations must reflect the full range of observed 
variations in these quantities; at the same time it is neither necessary nor 
computational efficient to consider every combination observed. The procedure 
used is therefore to group the observed combinations of wind speed and stability 
into representative weather classes which together cover all conditions observed. 
The classes chosen must be sufficiently different to produce significant variations 
in dispersion modelling results but must not smooth out important variations 
between the speed-stability combinations grouped into each. In particular, the 
conditions most likely to give rise to large effect distances (and hence the 
possibility of significant offsite risk) must not be grouped with those leading to 
shorter effect distances. The choice of weather classes to meet these conditions for 
the examination of the site is given below. The wind speeds in these classes are 
also used by the jet fire and pooi fire consequence models. 

Once the weather classes have been chosen, frequencies for each wind direction 
associated with each of the selected weather classes are calculated by summing the 
frequencies in the appropriate speed-stability classes. 

111.3.2 Data Sources 

The data required for the risk analysis was collected at the Domgas site within the 
plant boundaries. The wind (speed and direction) data consists of nearly 140 
thousand samples gathered over the period 22 December, 1983 to 30 April, 1987. 
Temperature and humidity are also measured on site. 

A10581A105&A3 
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The temperatures measured over a time period can be represented as follows: 

95% exceedance 19 
Coolest monthly average temperature 21 
50% exceedance 27 
Hottest monthly average temperature 31 
5% exceedance 34 
0.1% exceedance 40 
10 year peak return 48 
100 year peak return 50 
High daily temperature range 10 
High rate of temperature change per hour 4 

The average air temperature used in SAFETI is taken as 27°C during both day and 
night. 

The relative humidity was measured as an average of 55% during summer and 
35% during winter. A value of 45% was used in this study for both time periods. 

11.3.3 Processing the Data 

Due to the lack of stability data for the weather it was necessary to make a series 
of assumptions. These were based on Table 3.1 which defines the stability classes. 

The assumptions are described as follows: All 0 to 2 m/s wind would be B 1.5 
(1.5 m/s and stability class B) during the day and F 1.5 during the night (see 
below). All windspeeds between 2 and 4 m/s were assumed to be C 3.0 during 
day and E 3.0 during the night. High windspeeds are normally stability class D, so 
the higher windspeeds (> 4 m/s) were assumed to be stability class D. Windspeeds 
between 4 and 6 m/s were assumed as D 5.0 and higher windspeeds then 6 mIs as 
D 8.0. Stability class D is common during both day and night-time and was 
therefore equally divided. 

A10581A1058.A3 
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TABLE 11.3.1 STABILITY CLASS DEFINITION 

CLASS TYPE DESCRIPTION 

A Unstable Daytime - sunny, light winds. 

B Unstable Daytime - moderately sunny, light to moderate 
winds. 

C Unstable/Neutral Daytime - moderate winds, overcast or windy 
and sunny. 

D Neutral Daytime - windy, overcast or Night-time - 
windy. 

E Stable Night-time - moderate winds with little cloud 
or light winds with more clouds. 

FIG Stable Night-time - light wind, little cloud. 

Table 111.3.2 and 111.3.3 show the processed wind/weather data for the site as 
daytime and night-time data respectively. This data was used in the SAFETI 
modelling. 

TABLE 111.3.2. DAYTIME METEOROLOGICAL DATA 

DIRECTION 
(FROM)  

WIND/WEATHER CATEGORIES 

B1.5 	C3.0 	I 	DS.O 	D8.0 	E3.0 	F1.5 TOTAL 

N 1.40 3.71 1.50 0.20 0.00 0.00 6.82 
NE 1.30 1.50 1.40 0.80 0.00 0.00 5.02 
E 2.11 3.61 5.85 4.81 0.00 0.00 16.35 
SE 2.01 5.22 3.01 1.40 0.00 0.00 11.63 
S 2.71 4.21 1.20 0.10 0.00 0.00 8.22 
SW 3.51 6.62 5.52 2.81 0.00 0.00 18.46 
W 2.41 7.72 8.83 3.91 0.00 0.00 22.87 
NW 1.81 5.52 3.11 0.20 0.00 0.00 10.63 

TOTAL j 	17.25 j 	38.11 j 	30.39 j 	14.24 j 	0.00 j 	0.00 j 	100.00 
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TABLE 111.3.3 NIGHT-TIME METEOROLOGICAL DATA 

DIRECTION 
(FROM)  

WINDIWEATHER CATEGORIES 

BIS 	C3.0 	D5.0 	I 	D8.0 	E3.0 	F1.5 TOTAL 

N 0.00 0.00 1.50 0.20 3.71 1.40 6.82 
NE 0.00 0.00 1.40 0.80 1.50 1.30 5.02 
E 0.00 0.00 5.82 4.81 3.61 2.11 16.35 
SE 0.00 0.00 3.01 1.40 5.22 2.01 11.63 
S 0.00 0.00 1.20 0.10 4.21 2.71 8.22 
SW 0.00 0.00 5.52 2.81 6.62 3.51 18.46 
W 0.00 0.00 8.83 3.91 7.72 2.41 22.87 
NW 0.00 0.00 3.11 0.20 5.52 1.81 10.63 

TOTAL 0.00 0.00 	1 30.39 14.24 38.11 17.25 100.00 

For other key meteorological parameters, annual averages are taken from the local 
data collected at the meteorological recording station within the site. The data 
used was: 

Ambient Temperature: 27°C 

Relative Humidity: 45% 

Ground Temperature: 27°C 
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111.4 POPULATION 

111.4.1 Introduction 

The only population considered was the offsite population in the surrounding area. 
The SAFETI package requires the population to be entered in the form of numbers 
of people in a set grid square. For the purpose of this study 50 m squares were 
used for the offsite population. 

111.4.2 Offsite Population 

The offsite populations considered in this study are listed below: 

Boat ramp - Withnell Bay: 

The boat ramp is mainly used during the weekend with an average of 20 
cars per day. Assuming each car carriers 3 people and that they are on that 
location for on hour each visit (1/2 hour for launching the boat and 1/2 hour 
pulling it back up) an average population for the boat ramp can be found. 
During the week days (daytime) 2-3 vehicles visit the boat ramp. Similar 
assumptions are made for this period but the population is not considered in 
this study (less than one person). 

Holden Point: 

About 5 vehicles visit the beach each day and up to a total of 20 people per 
day on weekends. It is assumed that the average stay at the beach is 3 
hours. 

Hearson Cove: 

Similar assumptions to above are made to estimate the average population 
density of Hearson Cove. During the weekend about 100 people visit this 
beach and during the week 2-5 cars visit the beach (again assuming 3 
people per car and 3 hour visits). 

Cowrie Cove: 

One to 2 vehicles visit this beach per day through the week and five or six 
on a typical weekend. 
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Mermaid Marine: 

Not considered since it is located too far from the plant (more than 5 km). 

Ships at the Jetties: 

225 ships (per year) are estimated to load product at the jetties. It is 
assumed that the average stay is 24 hours (including turning, lie up etc.) 
On average the condensate ships are manned with 24 people while the LNG 
and LPG ships with 25 people. 

Visitor Centre: 

On average 405 people visit the visitor centre per week (based on a yearly 
number of about 21000). It is estimated that they spend about 1 hour inside 
and 10 minutes outside. This population is present during normal working 
hours only. 

Supply Base: 

During the normal working hours an average number of 74 people is 
present on the supply base area. After hours this number is 19. This 
population is split between WOP's and other supply bases. 

WOP 	Other 

Day 	 50 	 24 
Night 	 12 	 7 

The offsite population in the vicinity of the site are summarised in Table 111.4.1. 
These figures are based on information received from WOP. 
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TABLE 111.4.1 OFFSITE POPULATION 

LOCATION 
POPULATION NUMBERS 

WORKING HOURS 	NON-WORKING HOURS 
(D) 	 (N) 

Boat Ramp 0 1 

Holden Point 0 1 

Hearson Cove 5 5 

Cowrie Cove 2 0 

LNG Ship 9 9 

LPG/conciens. Ship 7 7 

Visitor Centre 12 0 

WOP Supply Base 50 24 

Other Supply 
Bases 

12 7 

Population in the townships of Dampier and Karratha are not considered in this 
study due to the distance away from the site. Similarly, Port of Dampier is also 
outside the study area and therefore not considered. 
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111.5 IGNITION SOURCES 

111.5.1 Introduction 

In order to calculate the risk from flammable materials, information is required on 
the ignition sources which are present in the area over which a flammable cloud 
may drift. For each ignition source considered the following factors need to be 
specified: 

Presence Factor 

This is the probability that an ignition source is active at a particular 
location. For example, the fire fighting training ground is only in use for 1 
hour per week (during normal working hours) which equates to a presence 
factor of 0.025. 

Ignition Factor 

This is due to define the "strength of an ignition source. It is derived from 
the probability that a source will ignite a cloud if the cloud is present over 
the source for a particular length of time. 

Location 

The location of each ignition source must be specified on the grid system 
used. This allows the position of the source relative to the location of each 
release to be calculated. The results of the dispersion calculations for each 
flammable release are then used to determine the size and mass of the cloud 
when it reaches the source of ignition. 

If these three factors are known for each source of ignition considered, then the 
probability of a flammable cloud being ignited as it moves downwind over the 
sources can be calculated. 

The data is entered into SAFETI data-files for each source rather than by grid 
squares (as are used for population data). The risk calculation program (MPACT) 
calculates equivalent combined ignition factors and presence factors for all sources 
in each square. 
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Ignition sources in the SAFETI package may be of 3 types: 

Point sources: 	known specific sources such as flares, workshops, etc. 

Line sources: 	roads, railways, electrical transmission lines. 

Area sources: 	population, industrial sites where location of 
individual sources is unknown. 

111.5.2 Identification of Sources 

It is important to note that, although onsite and offsite ignition sources are both 
considered, they are combined in one database since both sets apply to calculation 
of ignition probabilities for both onsite and offsite risk. 

The ignition sources were identified in conjunction with personnel from Woodside. 
Several ignition sources exist within the site boundary and in the surrounding area. 
These have been categorised in different groups depending on the nature of the 
source. The ignition sources are described in detail below. 

Point Sources 

Five smoking pergolas are located within the administration area and one close to 
the fire fighting training ground. They are open structures with no walls. 

These ignition sources are assumed to have a 99% probability of ignition within 10 
seconds of contact. During normal working hours smokers are always present at 
these locations. It is expected that the smokers are likely to evacuate upon 
detecting the cloud or hearing the alarm. Some lighted cigarettes may still be left 
behind. A presence factor of 0.3 is therefore assumed for these ignition sources. 
Outside normal working hours the smoking pergolas are not used since the 
remaining staff (mainly operators) use the allocated smoking room within the 
central control room. 

Three flares are located at the site. These are given a 99% probability of ignition 
within 10 seconds of contact since the pilot flames are constantly burning. One of 
the flares is between 10 and 14 metres high while the other two are closer to 100 
metres high. The two taller flares are given a presence factor of 0.01, due to the 
height, while the other is given a presence factor of 0.1. It is considered less likely 
that the flammable cloud will reach the taller flares. 

A1058/A1058.A3 



Woodsule Offshore Petroleum 	 111.13 	 DNV Technica 
LPG Exzractwn Facilities QRA 	 April, 1993 

The maintenance workshop is located within the administration area. This building 
contains several potential ignition sources. An ignition probability of 99% is 
assumed within 10 seconds of contact due to the activities within the building. 
During normal working hours a presence factor of 1.0 is assumed since there is 
likely to be ignition sources in the building (hot surfaces etc.) following an 
evacuation. Alter normal working hours the building is used only one shift (8 
hours) a month (presence factor of 0.014). 

Seven furnaces are constantly in use in the main process area. A probability of 
ignition of 99% within 10 seconds of contact is assumed. A presence factor of 1.0 
is given due to constant usage. 

The fire fighting training ground is given a probability of 99% within 10 seconds 
of contact. The training ground is in use only 1 hours per week (assumed day 
time) which gives it a presence factor of 0.025 during normal working hours. 

Twenty seven sub-stations, which are located within the process, storage and 
loading area are considered as ignition sources. The presence factor for the sub-
stations are taken as 1.0. The sub-stations are not pressurised and a leak can 
therefore migrate into the "building" and be ignited by e.g. a spark in the switch 
gear. A probability of ignition is therefore assumed to be 0.25 within one minute 
of contact. 

A hot water heater in the process plant area is used only once every second year 
and due to this low utility rate it is not included in this study. 

Two offsite point sources are considered in this study where one is a ship at the 
jetty. The ships are considered to have a similar probability of ignition as the 
administration area on the site (air condition, human activity etc). A probability of 
ignition in 60 seconds of contact of 0.015 is assumed. The presence factor of the 
ignition sources is assumed as 1.0 when the ships are at the jetties. 

For the other "offsite" point source, the visitor centre, a probability ignition similar 
to the administration area and the ships is assumed (air condition, human activity 
etc). This source is assumed to be present only during normal working hours. 

The types of sources identified, together with their presence factors and 
probabilities of ignition in a time period, are given in Table 111.5.1 and Table 
111.5.2. Data on the ignition probability for each source is based on information 
from previous Technica work (Technica, 1990a), B.J. Wiekema (1984a), Guidelines 
for CPQRA (1989), and the COVO study (1982). 
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TABLE 111.5.1 ONSITE IGNITION SOURCES - POINT SOURCES 

IGNITION SOURCE 

WORKING HOURS 
(D) 

PRESENCE 	IGNITION 
FACTOR 	FACTOR 

NON-WORKING HOURS 
(N) 

PRESENCE 	IGNITION 
FACTOR 	FACTOR 

Smoking Pergolas 1.0 0.369 - - 

Tall flares 0.01 0.369 0.01 0.369 

Short Flare 0.1 0.369 0.1 0.369 

Maintenance Work Shop 1.0 0.369 0.014 0.369 

Furnaces 1.0 0.369 1.0 0.369 

Sub-station 1.0 4.78 x iO 1.0 4.78 x 10 

Fire Fighting Training Ground 0.025 0.369 - - 

Ships 0.62 2.52 x iO 0.62 2.52 x 10 

Visitor Centre 1.0 2.52 x 10 - - 

Line Sources 

The only line sources considered in this study are onsite/offsite roads and ship 
movements. 

The presence factor for a line source is determined based on traffic densities, 
average speed along the road and the length of the road element. This figure was 
typed into the ignition program (IGNXTR) in SAFETI. 

Traffic densities along the offsite and onsite roads have been estimated based on 
the number of cars visiting the plant per day and the number of mobile cars within 
the site boundaries. The density, on the road from Karratha to the site, is 
estimated to be 300 to (and fro) the facility per day (employees). Half of this 
figure is averaged over normal working hours while the rest over other hours. On 
top of the daytime figure it is assumed 5 movements per hour to the site and 
visitor centre. The speed is assumed to be 80 kmlh up to the turn off to the boat 
ramp and 40 km/hr to the car park. 
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Onsite traffic densities is based on 25 mobile cars during normal working hours 
and 12 outside these hours. Some onsite roads were identified by Woodside 
personnel to be "busy" while others were identified as being not that busy. "Busy" 
roads are road 3 (from gate to road 14/65), road 24, 18, 15, 16, 14, 9, 11, 65 and 
the road between road 9 and 15. Not so busy road are road 2, 66, 4, 17 and the 
north end of road 1. Other roads were assumed to have no traffic. The average 
speed was assumed to 15 km/hr. 

These figures for traffic densities will give conservative estimates of the ignition 
probabilities from road traffic. 

Ignition probabilities for ship movement were estimated using a similar approach. 
It was assumed that the tugboats travelled from Port of Dampier to the interception 
point (Buoys 10) in a straight line at 27 km/h (15 knots). The number of tugboats 
per product ship movement was given as: 

LNG ships: 	4 tugboats in, 3 out and 2 on standby 
Condensate ships: 	3 tugboats in, 2 out and 1 on standby 
LPG ships: 	4 tugboats in, 3 out and 2 on standby 

It was assumed that the tugboats on standby moved with the ship up to the 1000 m 
mark (1000 metres from shore) and back the same route (with the other tugboats) 
when the tow was completed. A speed of 9m/s (5 knots) was assumed for the 
ships under tow. 

Area Sources 

The area sources identified at the site are the process area, administration area and 
storage/activity area to the south of process area (maintenance area, CCB (Central 
Control Building) etc.). Other areas on the site have very little activity and the 
ignition probability in those areas is therefore negligible. 

Wherever process equipment is in use, there is the potential for additional sources 
of ignition, such as faulty electrical equipment, other mechanical equipment a hot 
surface. The process area was assigned a presence factor of 1.0 and were given a 
probability of ignition in one minute of 0.06. 
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The administration and storage/activity area were assigned a lower ignition factor 
due to lower ignition source density. During normal working hours they were 
given a similar ignition probability, due to high activity in both areas, of 0.015 in 
one minute. The presence factor during these hours is 1.0. After hours the 
presence factor in the administration area is 0 while in the storage/activity area the 
presence factor drops to 0.10 since little activity will take place outdoor. 

Apart from these area sources, SAFETI will automatically allow for people acting 
as ignition sources. These are accounted for in the population data. The presence 
of such sources (e.g. cooking, smoking, heating appliances etc.) can be derived 
directly from data on the population densities in the are of concern. 
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111.6 ORA METHODOLOGY 

An overview of the methodology used in this analysis has been given in the 
Introduction (Section 1.4). In this section the key steps of the analysis are 
described. The details of the calculations made during the Study are provided in 
the Appendices. 

111.6.1 System Description 

One of the first tasks in a QRA is to become familiar with the system being 
studied (i.e. the GTP and proposed LPG facilities). This started with the team 
preparing a list of information required to undertake the analysis. The information 
was used in various parts of the analysis. Appendix I presents data on the process 
which was used in the analysis. The type of information used in the study 
included: 

Maps, plot plans, aerial photographs and layout drawings of the plant and 
surrounding area. 

These were used so that the location of the process equipment was known. 
In this way incidents associated with specific pieces of equipment were 
located as originating from the equipment's location. Also key ignition 
sources were located using the layout drawings. 

Process Flow Diagrams (PFDs) 

The PFDs were used in the development of the incident cases (equipment 
failures), their source terms (temperatures, pressures, phase) and their failure 
frequencies (equipment type and count). 

Material inventories and throughput. 

The material inventory and throughput information was used in the 
definition of incidents (e.g. which pieces of equipment have linked 
inventories to cause offsite effects) and in the incident source terms 
(inventories to release). 

Movements by ship tankers. 

This information was used in the frequency calculations for loading 
accidents and tanker accidents. 
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The 1979 Cremer and Warner Risk Assessment. 

In order to produce the cumulative risk for the site it was necessary to 
review the original study in order to know the existing risk levels. 

111.6.2 Background Data Collection and Analysis 

In order to undertake the consequence and risk calculations it is necessary to 
collect and use data on meteorology, population and ignition sources. The 
paragraphs below discuss how the data was used and hence why it was needed. 
(Note that the present EPA criteria are for individual risk only. The text discusses 
both individual and societal risk calculations). All the data was analysed and input 
to the SAFETI package. This appendix details the data used and how it was 
analysed for use in this study. 

Meteorological Data 

Meteorological data is used in the consequence calculation to ensure that the 
dispersion of hazardous clouds from the accident cases are modelled for a full and 
representative number of weather cases (wind speeds and atmospheric stability 
classes). The frequency of occurrence of the weather cases and the likelihood of 
the wind blowing in different directions is used in the risk calculation to determine 
risk contours, F/N curves and PLL (Potential Loss of Life) values. Recently 
collected wind speed/direction data for Burrup Peninsula was used along with 
weather stability data derived from the definition of Pasquill stability classes. 

Population Data 

Population data is used in the societal risk calculations for F/N curves and PLL 
values, as these results are specific for the population in the area. 	In the 
calculations for risk contours, the population is used in the SAFETI program to 
model ignition sources due to the activities of people (e.g. smoking, BBQ, cars 
etc.). Data for the Burrup Peninsula was collected for an area up to 5 km from the 
site. This is well in excess of the effect distances calculated for the risk levels of 
concern . The population in the area is limited as no one lives in the vicinity of 
the site. The nearest populations to consider are people visiting the site's visitors 
centre and people visiting the beaches and the boat ramp located in Withnell Bay. 
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Ignition Data 

Ignition data is used in calculating both the societal and individual risk results for 
releases of flammable materials. In SAFETI a map of ignition sources is 
developed. This ensures that the results reflect an increased ignition probability for 
clouds passing over main roads, residential areas, industry (flares, burners etc.) than 
clouds passing over open countryside or the sea. This data was developed for this 
study by identifying the key ignition sources, such as flares and furnaces, on a plot 
plan of the site with one of WOP's engineers. 

111.6.3 Hazard Identification 

In this section the steps taken in the hazard identification part of the study are 
described. The product of the task was a list of accidental events with the potential 
to cause off site effects. The hazard identification followed the steps shown in 
Figure 111.6.1. 

111.6.3.1 Identifying Sources of Hazards 

There are basically three categories of hazard associated with chemical and 
petrochemical facilities: 

flammable. 
Toxic. 
Reactive. 

Flammable materials are those which can be ignited to give a number of possible 
hazardous effects, depending on the actual material and conditions. These are flash 
fires, explosions, BLEVEs, fireballs, jet fires and pool fires. 

Toxic materials are those which could give dispersing vapour clouds upon release 
to the atmosphere, which could cause harm through inhalation or absorption 
through the skin. Typically the hazard posed by a toxic material will depend on 
both the concentration of material in the air and the exposure duration. 

Reactive materials of concern would be those capable of giving rise to flammable 
or toxic products when reacted with other materials released or materials which are 
already present, such as water or air. 
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FIGURE 6.1 HAZARD IDENTIFICATION ANALYSIS STEPS 

AI058/A1058.A3 



Woodside Offshore Petroleum 	 111.21 	 DNV Technica 
LPG Extraction Facilities QRA 	 April, 1993 

A review of the materials at the site shows that the concern for the site was 
flammable materials. The major concerns being primarily the LNG, LPG and 
condensate. 

LNG 

LNG is predominantly methane and is modelled as methane in this study. The 
flammable range for methane in air is 5.3 mol % to 14 mol %. The inventories of 
natural gas in the Domgas plant were found to he too small to cause any offsite 
effects. 

LPG 

LPG is modelled as either ethane, propane or butane in this study depending on the 
composition of the LPG stream being studied. Ethane forms flammable mixtures 
with air in concentrations between 3.0 mol % and 12.5 mol %, propane forms 
flammable mixtures with air in concentrations between 2.1 mol % and 9.5 mol %, 
and butane forms flammable mixtures with air in concentrations between 1.8 mol 
% and 8.4 mol %. 

Condensate 

Heptane is used to model the condensate as it is the pure component which most 
closely represents the condensate. The flammable range for heptane is 1.0 mol % 
to 7.0 mol %. 

Process Streams 

Process streams are modelled using the pure component which represents the 
stream most closely. This means that streams are modelled with, methane, ethane, 
propane, butane or heptane in this study. 

Other Hazardous Materials 

Other hazardous materials at the site include Sulfinol, Sulphuric acid (98%), and 
Caustic soda. These materials are used in the existing plant and were judged not to 
cause offsite risks, hence their use was not studied. 
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111.6.3.2 Consequence Screening Runs 

On identifying the flammable materials as being of key concern with regard to the 
offsite risk consequence screening runs were undertaken. These were used to 
determine which parts of the facility contained the hazardous materials under 
conditions where a release could produce an offsite effect. 

Firstly the PFDs were reviewed and typical conditions (pressure and temperature) 
at which the hazardous material were found were identified. For each of these 
typical Sets of conditions release scenarios for the materials which could be found 
under those conditions were modelled. The results of the runs were then tabulated. 

The screening runs were undertaken using the PHAST consequence modelling 
computer program. The consequence models within this program are essentially 
the same as those in SAFETI, hence the screening runs are compatible with the 
risk analysis consequence modelling. (There are some minor differences between 
the programs due to their different release cycles, but these will have no effect on 
the conclusions drawn from the screening runs). 

111.6.3.3 Process Section Identification for Offsite Effect Potential 

The tabulated results from the screening runs were used to identify which sections 
of the facilities which contain hazardous material in sufficient quantity and at 
conditions, to cause offsite effects. It was then possible to limit the incidents to 
model in the risk assessment to those from sections of the facilities which could 
cause offsite effects. The onsite effect sections of the process were screened out of 
the analysis. 

The parameters compared for a section of the process were the maximum screening 
run effect distance, for the conditions and hazardous materials found in the section, 
and the distance of the section from the site boundary. (Typically the maximum 
effect distance was due to the explosion of a flammable cloud once it had reached 
its full development). 

111.6.3.4 Development of Accident Events 

The QRA is concerned with accidental events which have the potential to cause 
major hazards to the offsite populations. These can arise from equipment failure in 
the storage or process facilities identified in the screening runs as having the 
potential to cause offsite effects. 
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The cost effective QRA approach was used to develop the list of accident events to 
model. In the method the process sections with the potential to cause offsite 
effects are broken down into groups of linked equipment with the same (or similar) 
pressure, temperature, material, linked inventory and location. For each group one 
set of accident types is defined (e.g. 100 mm hole liquid leak, catastrophic failure, 
etc.). 

A full list of the accidental events being modelled in the analysis is provided in 
Appendix IV. 

Proposed LPG Facilities 

The accident list development followed the methodology described above in full, 
i.e. events with no potential to cause offsite effects were screened Out and 
accidental events were identified, in line with the "Cost Effective QRA" 
methodology, using a "fail all" philosophy, i.e. modelling failures for all equipment 
items. 

Existing GTP Facilities 

The study used the screening runs to check if the original study's accidental event 
list covered all incidents with the potential to cause off site effects. It was found 
that in some case it was not necessary to model an event due to it only having the 
potential to cause onsite effects. For some sections of the LNG facilities it proved 
appropriate to model new events which had not been included in the original study 
due to their potential to cause off site effects. 

Domino Events 

These types of events were considered in the screening runs. For flammable 
hazards a domino event typically falls into one of two categories. First is a fire 
which causes the failure of another piece of equipment and the second is an 
explosion failing another piece of equipment. In both scenarios ignition of the 
material released in the secondary failure is expected to be immediate, either 
directly by the fire or by the activity of the explosion (e.g. sparks from metal 
hitting metal, etc.). Hence the resulting effect of the secondary failure will be, for 
example, a jet fire (e.g. pipe failure giving a Continuous release) or a BLEVE (e.g. 
a vessel failure). 
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These types of releases were studied in the screening runs and it was found that 
there effects were onsite only. Hence no special domino scenarios were developed 
as their secondary effects are judged to have no far field (offsite) effects. 

Ifl.6.3.5 Accidental Event Source Term Definition 

The source term for each of the accidental events developed was defined. This 
includes the terms shown in Table 111.6. 1. 

111.6.3.6 External Hazards 

Earthquakes 

The plant site region is just inside a Zone 1 seismic area according to Draft 
Australian Standard for the Design of Earthquake Resistant Buildings (1976). This 
recommends a static lateral force coefficient of 0.045 or 0.067 depending upon the 
importance of the structure. The plant site is on the outer edge of Zone 1. Only 
30 km west the figure would be zero according to the Draft Australian Standard. 

For most above ground structures in the Dampier region the earthquake loads are 
not critical since the wind loads are normally considerably higher. The draft 
earthquake code states that wind forces do not have to be considered concurrently 
with earthquakes, and from a risk analysis viewpoint this is reasonable because the 
probability of both occurring at once is low. 

The earthquake risk at the site is assessed not to be significant compared with other 
risks. The equipment will be designed to comply with the appropriate standards. 
Hence, no allowance for increased risk due to earthquakes is made in this study. 

Cyclonic Winds 

For the area the 1:50 year wind velocity is 69 rn/sec (248 krn/hr) when the 
cyclonic factor and terrain category have been applied, and 75 rn/sec (270 km/hr) 
for a 1:100 year wind. 

The SAA Loading Code, Part 2, Wind Forces, states that all structures should be 
designed for a return period of 1:50 years other than those which have post disaster 
functions which shall be 1:100 years (low hazard and temporary structures can be 
less than 1:50 years). 
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TABLE 111.6.1 PARAMETERS DEFINING SOURCE TERMS 

PARAMETER INPUTS NOTES 

Release Type Flammable Instantaneous or 
Flammable Continuous 

Material Methane, Ethane, Propane. In this study the material used for a failure 
Butane, or I leptane case is the pure component which most 

closely represents the material being released. 
The LNG is predominantly methane and is 
therefore modelled as methane. LPG is 
modelled as propane or butane, depending on 
the stream being modelled while ethane 
streams are modelled as ethane. Condensate 
is modelled as heptane. 

Equipment and Pressure/Liquid Head (N/rn2  / m) Pressure for vessels above atmospheric 
Source Conditions pressure, e.g. the process vessels (the slug 

catcher, the deethaniser, etc.), and liquid head 
for atmospheric vessels, e.g. the refrigerated 
storage tanks. 

Temperature (K) 

Inventory (kg) Not necessary for Continuous release if 
duration is defined. 

Bund (dike) diameter (in) 

Release height (in) In this study most releases have been 
assumed to be at (or near) ground level. 

Release location (coordinates, in) 

Failure Mode Orifice (hole) or Pipe rupture Continuous only 

Failure Hole size (in) Continuous/orifice only 
Characteristics 

Pipe length (m) Continuous/pipe rupture only 

Pipe diameter (in) Continuous/pipe rupture only 

Valve details Continuous/pipe rupture only 

Duration (sec) Only necessary for a continuous release when 
the inventory 	release is not defined. 

Failure Rate Frequency (per year) 
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From the risk point of view WOP are designing their facilities to allow for the 
expected wind forces in-line with codes. At high wind speeds accidental releases 
tend to have reduced dispersion distances. This is due to the increased turbulence 
creating increased mixing and hence rapid dispersion of the released materials 
below concentrations of concern. There is a balance between the increased cloud 
mixing (dilution) rate and the speed with which the cloud is carrieddownwind. 

WOP will have warnings of cyclones coming onshore at the Burrup Peninsula. 
They will therefore be able to take action in advance of a cyclone potentially 
hitting the site. In the case of potentially severe cyclones WOP can shutdown the 
process, isolating the major inventoies prior to the cyclones arrival. 

Since WOP have plans for their responses to cyclones, no allowance for increased 
risk due to cyclones is made in this study. 

Floods 

There are two concerns for the site with regard to flooding. The first is high sea 
levels and waves, the second is high rainfall. Under cyclonic conditions rainfall 
could be great. The design needs to ensure the drainage for the site can cope with 
high rainfall to avoid severe erosion problems. 

High waves can obviously have the potential to damage the jetty. WOP are 
planning to keep the LPG loading lines at atmospheric pressure when not in use. 
Hence the effect will, if an accident occurs, be limited to vapour releases of LPG. 
WOP already consider weather conditions in their operating procedures and avoid 
ship loading operations when wave heights are extreme. 

The WOP maximum water level of 15.6 m above ISLW is used in their design. 
James Cook University, in a study of the wave heights in the area, give a value of 
between 11 m and 12 m for the maximum water level at this location, depending 
on the distribution system adopted. The James Cook 1:200 year value would be 
about 13 m above ISLW, hence a water level 30% in excess of the 1:200 year 
level is very unlikely. No allowance for increased risk due to floods or wave 
damage has been made in this study. 
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Aircraft Impact 

There are no airports within the vicinity of the site, the Karratha airport is over 10 
km away. As this is the case the risk of aircraft crashes on the site is very small. 
Lees (1980) indicates that only if a site is on or near the runway line and within 
about 2 km of the site is there a need for concern. Therefore, no alteration of the 
generic failure rate due to external impacts by aircraft is necessary. 

Propagation from Neighbouring Facilities 

Domino effects due to primary incidents originating onsite are discussed above 
(Section 1U.6.3.4). As there are no neighbouring facilities in the area the issue of 
incident starting on other sites causing incidents on WOP's site is not considered 
further. (The nearest neighbouring site is the Supply Base 5 km south down the 
coast). 

ffl.6.4 Frequency Analysis 

The basic frequency of each accidental event developed in the Hazard 
Identification was estimated. This was achieved using historical accident data. 
The most applicable set of historical data available was used. Appendix V gives 
the data used, its derivation and references of sources. The primary data source 
used was the DNV Technica Failure Data Base (Technica 1990c). This data base: 

Has been compiled from authoritative sources (e.g. OREDA) and studies. 

Includes data from confidential client sources where the data can be used, 
but the source can not be referenced. This data is often the most applicable 
due to its collection being from the process industry. 

Is supplemented by typical size distributions of failure cases applicable to 
hazardous facilities. 

The conditional probabilities of all possible outcomes (e.g. fires, explosions, 
BLEVEs, etc.) have been determined using an event tree approach, using historical 
data, geometric considerations and expert judgement. 	These conditional 
probabilities are used in the impact calculations, where the probability of event 
outcomes are calculated. 
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The product of this task was the frequencies of all of the accidental events 
developed in the Hazard Identification. These can be found in Appendix VI, and 
the historic failure data is presented in Appendix V. 

111.6.5 Consequence Analysis 

For each accidental event the consequences were calculated using the SAFETI 
program. The consequences modelled for this study depend on the event type can 
he due to instantaneous and continuous releases, which could result in: 

Jet fires 
Pool Fires 
Flash fires 
Explosions 
BLEVEs/Firehalls 
Flammable vapour cloud dispersion (non ignited clouds). 

The models used are documented in Appendix II, which describes the SAFETI 
software used, and the data defining an event's source term is given in Appendix 
IV. 

The computer printouts for the consequence calculation are very extensive for this 
study. Example printouts of consequence results are provided in Appendix VII. 
Printouts for all consequence results can he provided on demand if required. 

111.6.5.1 Discharge Modelling 

The discharge calculation are for the release from the failed equipment. The 
calculations were undertaken using the discharge models in the SAFETI package. 
The calculations are for the condition of the material released once it reaches 
atmospheric pressure. Table 111.6.2 shows the terms calculated for Continuous and 
instantaneous releases. 
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TABLE Ifl.6.2 DISCHARGE CALCULATION RESULTS 
PARAMETERS 

PARAMETER 
RELEASE TYPE 

CONTINUOUS 	INSTANTANEOUS 

Temperature of released material (K) X X 

Release Rate (kg/s) X 

Release Velocity (mis) X 

Release Pseudo Velocity (m/s)* X 

Expansion Energy X 

Drop Size X X 

IL Liquid Fraction X X 

* Pseudo velocity is a measure of the turbulent energy. 

111,6.5.2 Dispersion Modelling 

The dispersion calculations were undertaken using the models in the SAFETI 
package. This package is structured such that it processes the general consequence 
modelling (dispersion and effect zone modelling using the CONSEQ program) 
separate to that of impact calculation (fatality risk prediction using the MPACT 
program). SAFETI processes failure cases by calculating the dispersion of the 
release for several weather types and then expressing the results of this dispersion 
in a tabulated file of effect zones. 

There are two main aspects to handling the dispersion of a release, which act in 
parallel. The first of these is called the "phenomenology" of the release, that is for 
example, whether it behaves as an instantaneous or continuous release. Secondly, 
there are the various dilution (air entrainment) regimes. For flammable materials, 
the modelling includes information on all feasible outcomes of the release which 
then directs the output to extract probabilities of each possible outcome from 
nominated standard event trees in the MPACT program. 
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Dilution or entrainment of air is handled by a suite of dispersion models. These 
models simulate the four important regimes of dispersion, namely: 

Turbulent jet dispersion (initial kinetic energy dominates). 

Hybrid dispersion (joint turbulent and dense gas behaviour). 

Dense cloud dispersion (density effects dominates). 

Passive dispersion (atmospheric turbulence dominates). 

Many releases pass through all four regimes, but this depends on the material and 
conditions of the release. For a ground level or a horizontal elevated release, the 
initial turbulent jet dispersion phase is modelled by a jet of uniform concentration 
and square cross section. It is an adoption of well known models for such jets 
based on an expression for the entrainment rate of air given in, for example, Ricou 
and Spalding (1962). The transition to a dense cloud dispersion model is not made 
suddenly, but passes through the "hybrid stage in which both turbulent and dense 
gas behaviour govern the air entrainment and cloud spreading rates. 

For a vertical elevated release, the dispersion modelling procedure is different. 
DNV Technica's TECJET model (Emerson, 1986a) has been incorporated in 
CONSEQ. This is also a turbulent jet dispersion model, but with a Gaussian 
concentration profile. If the material released is dense, the plume will bend over 
and descend towards the ground; if it reaches ground level it can merge into the 
dense gas dispersion model. 

The dispersion model for the dense gas cloud phase is based on the "box-model" of 
Cox and Carpenter (1980) but has had a number of enhancements (Emerson, 
1986h). For instantaneous dense gas pressurised releases, the cloud is represented 
as a cylindrical cloud which slumps radially under gravity to a pancake shape, 
while advancing with the wind. For a Continuous pressurised release or for gas 
evaporating from a liquid pool, the model employs a plume of uniform 
concentration across a rectangular cioss section. When density effects no longer 
dominate, the model switches to a gaussian form with smooth matching of 
concentration at the transition. 
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