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1. INTRODUCTION
1.1 Background
Sinclair Knight and Partners are currently preparing the Environmental
Documentation for the LandCorp structure plan to develop the Mariston Hill area
as part of the Bunbury City Harbour. As part of this documentation the EPA has
requested a risk assessment for the shipment of hazardous materials through the
Outer Harbour to identify what restrictions, if any, the development may place on
port operations.

1.2

Scope of Study
The scope of this study was limited to the effect due to risk acceptability (are
defined by the EPA criteria) that the proposed Bunbury Harbour City development
would have on the importation, storage and transport of hazardous materials
associated with the Bunbury outer harbours.
The scope of the study therefore included:
Identification of potential hazards that may affect the development and
development of accident scenarios from this.
This included discussions with Bunbury Port Authority to determine their
future requirements for the shipping of hazardous goods.
Conducting a risk analysis for possible scenarios identified above.
Determine likely operations which are acceptable (in terms of risk) without
the proposed development but would not be acceptable with the proposed
residential development.
Recommendations on the control of risk at the port.
Preparation of this report.
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2. PROJECTDESCRIPTION
This section provides details of the current and possible future dangerous goods
handling by the Bunbury Port Authority as well as a brief description of the
proposed bunbury Harbour City Development. A map of the general area is
provided in Figure 2.1.
2.1

Bunbury_Port Authority _Operation
Figure 2.1 shows both the Bunbury inner and outer harbours. The focus of this
study is on outer harbour.
The outer harbour is primarily used for the export of mineral sands and
occasionally handles hazardous materials. The harbour is currently licensed to
export (in freight containers only) up to 2,000 tonne shipments of Ammonium
Nitrate with a limitation on the number of shipments and 25 kg of explosives.
However, currently, the only dangerous goods shipments handled through the outer
harbour are of methanol for Dyno Industries. The methanol is stored in 4 storage
tanks (total licensed storage capacity 3,982 Id) adjacent to the berth, prior to
transport by road tanker to Dyno's Dardanup plant.
Discussion with Bunbury Port Authority lead to the conclusion that the following
dangerous goods may be handled in the future:
35,000 te per year of methanol.
20,000 te per year of ammonium nitrate.
100 te per year of explosives.
The Bunbury Port Authority does not envisage handling other dangerous goods in
the outer harbour as adequate allowance has been made within the inner harbour.
Further details are provided in Section 3.2.

2.2

Proposed Bunbury Harbour City Development
LandCorp are currently preparing a proposal to develop the area of industrial land
to the north of the Bunbury CBD as a residential, commercial and tourist
development known as Bunbury Harbour City - Marlston Hill.
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Figures 2.2 and 2.3 show the location and general layout of the proposed
development. This area is currently used for fuel terminal operations. These
terminals are currently supplied by road and distribute their products by road, it is
intended that these operations are relocated to appropriate industrialised areas
remote from this development prior to construction of the Bunbury Harbour City
development. Risk assessment of these terminal operations have not been included
in this study.
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FIGURE 2.1 MAP OF GENERAL AREA
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FIGURE 2.2 LOCATION OF PROPOSED DEVELOPMENT
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FIGURE 2.3 GENERAL LAYOUT OF PROPOSED DEVELOPMENT
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3. METHODOLOGY
3.1

Project Tasks
The methodology used to conduct this study can be broken down into ten basic
steps as follows:
Task 1 - Kick Off Meeting
The aim of this meeting was to discuss the details of the study including scope,
reporting, communications, timing, data collection, etc. Present at the meeting
were representatives from EPA, DOME, LandCorp, Sinclair Knight and DNV
Technica.
Task 2 - Data Collection (System Descriptions)
An early task of the study was to become familiar with the system being studied
(i.e. the layout of the site and proposed processes). This started with the project
team preparing a list of information required to undertake the analysis. The type
of information required included such details as:
Map of surrounding area showing the outer harbour, proposed development
and sensitive land uses.
Meteorological data for the area.
Current hazardous cargo shipments.
-

Types of material handled/container types.
Quantities of dangerous goods transported.
Frequency of shipments.

Prospective hazardous cargo shipments.
Transport routes from the outer harbour including any pipelines.
Details of the Dyno Industries Methanol Storage.
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Meteorological data is used in the consequence calculations 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 weather 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.

Task 3 - Site Visit
A site visit was carried out in order to:
Assess the effect of topographical effects on the consequence modelling
(bodies of water, hills etc. intervening between the risk source and the
sensitive development can considerably affect the risk result). In this case
there were no topographical features of significance to the modelling other
than the coastal location which required that a low surface roughness factor
be used (See Appendix VI).
Define the sensitive land use areas (other than the residential areas) that
may constrain the development of the port
Discuss with the Port Authority what their future dangerous goods handling
requirements are likely to be.

Task 4 - Screening
The hazard of all the dangerous goods which could be reasonably expected to be
handled through the outer harbour were analysed at a high level to assess their
potential to impact on sensitive areas as defined by Task 3 and the boundary of the
Bunbury Harbour City development. Hazards with no potential to affect these
areas were not considered in any further detail.

Task 5 - Hazard Identification
A representative set of hazard scenarios (accident cases) for the shipments,
identified for detailed analysis was defined.
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Task 6 - Consequence Calculations
The consequences of the scenarios identified for detailed analysis were calculated
using DNV Technica's software programs SAFETI and PHAST. Details of the
SAFETI consequence models are provided in Appendix U. The PHAST models
are identical to the SAFETI consequence models, PHAST was utilised in certain
segments of the analysis due to its more user friendly structure.

Task 7 - Frequency Analysis
The basic frequency of each accident case was then estimated. This was
undertaken using a combination of fault tree analysis and historical data.

Task 8 - Cakulate Risk
The risk calculations were undertaken using SAFETI with individual risk results
being produced in the form of risk contours. Societal risks were not specifically
quantified for the reasons outlined in Section 4.3. Rather societal risk issues were
dealt with qualitatively.
Task 9- Risk Assessment
The risk results were then compared against the EPA criteria for acceptable risk
and conclusions drawn.

Task 10 - Study Report
The final task was to document the study and its findings in the form of this
report.
Details of the risk analysis including hazard identification, frequency assessment
etc. for each of the materials of interest are detailed in Appendix III - V.

3.2

Dangerous Goods Shipments Considered
Discussions were held with the Bunbury Port Authority to ascertain the nature of
potential future shipments of dangerous goods through the port. Table 3.1 below
provides a summary of all potential dangerous goods shipments.
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TABLE 3.1 POTENTIAL DANGEROUS GOODS SHIPMENTS
OUTER HARBOUR

MATERIAL
Explosives

Class 1

INNER
HARBOUR

Bulk Shipments

I Shipment per annum. 10
x 10 tonne containers

N/A

Minor Container

N/A

Berth 2

Bulk Shipments

N/A

Berth C9

Containerised

N/A

Berth 2'

Class 2
Class 2.1

Flammable Gases

Class 2.2

Inert Gases

Unlikely to be handled in any quantity

Class 2.3

Toxic Gases
(Chlorine, Ammonia)

Bulk Shipment

N/A

Berth C

Containerised

N/A

Berth 2

Bulk Shipment

N/A

Berth C 1

Containerised

N/A

Berth 2

Bulk Methanol

-

5 x 7,000 tonne shipments
per year.

Berth C'

Class 4

Sulphur

Bulk

N/A

Berth 2

Class 5.1

Ammonium Nitrate

Bulka Bags or
Containers

4 x 5,000 tonne shipments
per year

As approved

Class 6.1

Toxic material

Containerised (i.e.
sodium cyanide)

N/A

Berth 2

Class 7

Radioactives

-

N/A

N/A

Class S

Corrosives

Bulk

N/A

Berth C

Class 9

Miscellaneous

Unlikely to be handled in any quantities.

Class 3

Other than bulk
Methanol

N/A = Not applicable. It is not proposed that dangerous goods of this
nature be handled at this location.
Berth C is currently under consideration and an appropriate area has
been set aside behind this berth for associated tank farms.
Berth 2 is designated for container handling and appropriate
infrastructure (container cranes etc.) will be installed in due course.
Handling of such material at the inner harbour will only be
undertaken following approval from the relevant authorities.
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Bunbury Port Authority have developed a structure plan for the future development
of the Port, which includes allocation of a significant area to the North East of the
Inner Harbour basin as a tank farm and bunkers storage area.
This area is well separated from the major population centres of Bunbury and the
transport routes for this area (road, pipelines, rail, etc.) do not encroach on the
Bunbury City centre. This means that this area is generally more suited for the
handling and storage of hazardous materials, (particularly those materials with a
toxic potential) than the outer harbour. Further, the concentration of bulk
dangerous goods handling and storage in a dedicated area close to the harbour
would result in both shorter pipelines (hence less risk) and the potential to better
integrate emergency response resources.
The information in Table 3.1 represents the maximum amounts of dangerous goods
that would be handled through the outer harbour in any one year. The figures
include a significant expansion over current trades to allow for increased demand.
Based on this information the following shipments were used as a basis for
assessing the effects of the proposed development in terms of potential port trade
restrictions:
100 tonnes of explosives (Class 1.1) per year, handled as 1 shipment
consisting of 10 x 10 tonne container,
35,000 tonnes of Methanol (Class 3, subrisk 6.1(b)), handled as 5 shipments
of 7,000 tonnes bulk and;
20,000 tonnes of Ammonium Nitrate (Class 5.1) handled as 4 shipments of
5,000 tonnes (bulka bags, not containerised).
No dangerous goods pipelines (including bunkering pipelines) will be associated
with the outer harbour operations.
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RISK ASSESSMENT
This section summarises the EPA criteria for acceptable risk in WA; presents the
risk results from this study; assesses these risk results; and compares them with the
EPA risk criteria

4.1

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", (Ref.3).
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 10.6) 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.

Al) 36.54

LandCorp
QRA of Bunbury Outer Harbour

4.2

NV Technica
D1994

Cumulative Risk Criteria
The criteria not only apply to new facilities, but also 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 if additional hazardous facilities are proposed
in the area, this study will provide essential information regarding risk levels which
will facilitate the assessment of such proposals.

Existing Industry
The quantitative criteria specified in Bulletin 611 apply to proposed industrial
developments. Where risks from existing industries are found to exceed the
criteria, the EPA suggests that "a program should be developed to alter the land
use or reduce the risks so that the current criteria can be met".

Societal Risk Criteria
No criteria have currently been specified for societal risk assessment by Australian
authorities. The EPA in Western Australia indicate in their Bulletin 611 that
societal risk will be assessed on a case by case basis, rather then by specifically
setting numerical criteria.
in order to assist in assessing the societal risk a comparison has been made against
international criteria, particularly those specified for ports by the UK Health and
Safety Commission (HSC). These criteria are considered to be relevant to this case
and they are presented in Figure 4.1.1.
There are four regions on the HSC societal risk criteria plot, created by three lines.
Above the upper line the risks are considered intolerable. Below the lower line the
risks are considered negligible.
The area between these two lines is split by the "local scrutiny line". While the
intolerable and negligible criteria lines are fixed, the location of the local scrutiny
line varies depending on the size of the dangerous goods trade. This is because the
tolerability of a port's societal risks depends in part on its size and its benefits. It
is against these that the risk tolerability must be set. Below the local scrutiny level
whilst above the negligible level, the risks are considered tolerable as long as they
are "as low as reasonably practicable" (ALARP).
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Above the local scrutiny level whilst below the intolerable level, a fundamental
assessment should be made to see whether the risks are justified by the benefits of
the hazardous materials trade. In these areas the risks may ultimately prove
unacceptable.
The local scrutiny level has a slope of -1 and an intercept with the N=1 axis of 3.2
x 10 8 per tonne per year of hazardous materials (but not outside the range 10 to
lO).
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FIGURE 4.1.1 UK HSC PORT SOCIETAL RISK CRITERIA
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Risk Results

4.2.1 Individual Risk
Details of the failure case definition and consequence modelling for the risk
calculations are provided in Appendices HI, IV and V for methanol, ammonium
nitrate and explosives shipments respectively.
Individual risk results are presented in Figures 4.2.1 to 4.2.5.
Figure 4.2.1 details the risk for importation, storage and road transport of 35,000
tpa of methanol.
Figure 4.2.2 details the risk for importation and road transport of 20,000 tpa of
ammonium nitrate.
Figure 4.2.3 details the risks for importation and road transport of 100 tpa of Class
1.1 explosives.
Figure 4.2.4 presents the cumulative risks of all three products.
Figure 4.2.5 presents the cumulative risk results on a larger scale in the vicinity of
the proposed development
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FIGURE 4.2.1 THE RISK OF IMPORTATION, STORAGE AND ROAD
TRANSPORT OF 35,000 telyr METHANOL
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FIGURE 4.2.2 THE RISK OF IMPORTATION AND ROAD TRANSPORT OF
20,000 te/yr OF AMMONIA NITRATE
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FIGURE 4.2.3 THE RISK OF IMPORTATION AND ROAD TRANSPORT OF
100 te/yr OF CLASS 1.1 EXPLOSIVES
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FIGURE 4.2.5 CUMULATIVE INDIVIDUAL RISK CONTOURS
NEAR THE PROPOSED DEVELOPMENT
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4.2.2 Societal Risk
Societal risks have not been fully quantified as part of this study for the reasons
presented in Section 4.3.2.

4.3

Risk Assessment

4.3.1 Individual Risk
From the individual risk results presented in Section 4.2.1 it can be concluded that
for the quantities of materials modelled all of the EPA criteria for new sites would
be easily met even with the Bunbury Harbour City development taking place.
Only in the vicinity of the outer harbour berths would the risks be greater than one
in a million per year (the residential area criterion). The maximum risk at a
residential location in the proposed development would be around 5 x 10 7 per year.
This would be due almost exclusively to road transport events.
While the results indicate that the EPA criteria are met by a factor of two along the
transport routes. The following points should be borne in mind:
The analysis was undertaken using very conservative assumptions.
It is assumed in undertaking the assessment that people would not be able
to escape. For the types of events causing the relatively high risks at
residential locations (mostly methanol fires), people could in reality take
evasive action in most circumstances.
Hence although this analysis demonstrates that the EPA criteria are satisfied, the
risks should not be taken to be an exact representation of the actual risks, rather
they may be considered as an upper bound.
The risks at the proposed marina and existing boat launching area are well below
the applicable criteria levels (10 x 106 per year). The risks at the scout hall at the
southern end of the outer harbour are well below 0.5 x 10.6 per year. Hence both
are considered tolerable when compared against the EPA criteria.
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4.3.2 Societal Risk
The focus of this study is on the potential for the proposed Bunbury Harbour City
development to impose constraints on future expansion of Bunbury Port Authority
activities, whilst at the same time ensuring that the occupants of the proposed
development would not be exposed to unacceptably high levels of risk.
Based on consideration of the estimated frequencies and consequences of the
events modelled it can be concluded that the Bunbury Harbour City development
would not place any restrictions on trade expansion due to societal risk
considerations. Further it can be concluded that the development would increase
the societal risk exposure of the Bunbury community by a negligible amount.
These conclusions are drawn based on the following considerations:
There are only two types of event which could impact on the occupants of
the proposed development, namely road transport events (methanol,
ammonium nitrate and explosives) and detonations of bulk ammonium
nitrate as a result of ship fire (the distance from berth to the nearest
residential block is about 1,035 m, the extent of explosive effects is
1 ,900m).
The road transport events are not expected to cause a problem in terms of
societal risk because the additional number of people exposed should the
development proceed would only be a very small fraction of the number
who would be exposed along the whole length of the various routes.
It should be noted that using the failure frequencies estimated in this study
(which are believed to be highly conservative), it could not be concluded
that the societal risks would be negligible. An approximate assessment
using the UK HSC criteria for ports indicates that the societal risks of road
transport of the postulated amounts of materials (based on the entire
exposed populations) may not be considered negligible although it is
believed that they would be in the lower part of the "ALARP" region.
Therefore, it is recommended that a more comprehensive societal risk
assessment be undertaken should the postulated imports eventuate.
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The ammonium nitrate ship explosion events are conservatively estimated to
occur with a frequency of 8.8 x i(i per year. In Section P1.5 it is
conservatively estimated that approximately 13 people on the proposed
development site could be killed in the event of such an explosion. Using
the HSC societal risk criteria for ports, over 1,000 people would need to be
killed by events of this frequency (or less) before the societal risks would
be considered to be non-negligible. It is extremely unlikely that such an
explosion would kill in excess of 1,000 people, but if it were to do so the
addition of an extra 13 fatalities is not considered to be significant
particularly given that:
-

There would be a number of people in that area in any case, even if
the development were not to proceed.
No account has been taken of the possibility of evacuation which
would almost certainly take place (an ammonium nitrate explosion
would only be expected to occur after a considerable period of fire,
allowing time for evacuation).

-

The frequency, consequence and population density calculations
were undertaken using highly conservative assumptions.
For the purposes of this calculation all persons were assumed to be
indoors where they are the most exposed to secondary explosion
damage. Persons outdoors in the development area exposed to the
overpressures calculated for the detonation of 2,000 tonnes of
ammonium nitrate, would not be expected to suffer any significant
irreversible injury from primary or tertiary overpressre effects.

It should be noted, however, that although the addition of the population of
the proposed development would not create any problems in terms of
societal risk, the overall societal risk implications of carrying out explosives
and ammonium nitrate importations (with transport through population
centres outside the Bunbury Harbour City development) have not been
addressed in this study. It is recommended that, should such operations
become a reality, a more detailed assessment should be carried out.
It is not practicable to calculate this until details of exactly what is to be
handled, the method of importation, transport routes to destination, etc. are
finalised. It is therefore recommended that a detailed risk analysis be
undertaken should the shipment of methanol, AN or explosives increase
significantly above their current levels or licence limits.
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4.3.3 Avoidable Risk
While the risk results indicate that no special precautions beyond those normally
required for the importation, storage and handling at ports are necessary at Bunbury
outer harbour it is recommended that Bunbury Port Authority consider
implementing a quality based safety management system should the quantities of
hazardous materials handled through the Port increase significantly. Such a system
will ensure that where possible the philosophy of avoiding avoidable risk is
followed and will provide a mechanism for assuring the Port Authority, Regulatory
Authorities, the public and the port staff that the Bunbury Port Authority is aware
of and in control of the hazards inherent to its operation.
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CONCLUSIONS & RECOMMENIATIONS

5.

5.1 Conclusions
The results of the risk assessment indicate that the maximum individual risk in the
Bunbury Harbour City development from the handling of dangerous goods through
the outer harbour is approximately 5 x iO per year provided dangerous goods
imported, stored and transported from the Bunbury outer harbour are limited to the
type and maximum quantity detailed in Table 5.1. Therefore the Bunbury Harbour
City development will not be an impediment to the current or future operation of
the Port of Bunbury, based on risk considerations.
TABLE 5.1 DANGEROUS GOODS HANDLThG ASSOCIATED WITH
BUNBURY OUTER HARBOUR
JMPORTATION

STORAGE

TRANSPORT

Methanol

35,000 kPa
5 x 7,000 te shipments

8,000 te

1,750 x 20 te loads

Explosive

100 te

Nil

10 x 10 te
containers

20,000 kPa
2 x 5,000 te shipments

Nil

1,000 x 20 te 'oads

ITEM

Ammonium Nitrate

5.2 Recommendations
It is recommended that:
A detailed risk analysis be undertaken should the shipment of methanol,
ammonium nitrate or explosives increase significantly above current levels
or licence limits.
The Bunbury Port Authority consider implementing a quality based safety
management system should the quantities of hazardous materials handled
through the port increase significantly.
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PROJECT DATA SOURCES
Information concerning land use and port activities was obtained from the following
sources.
•

1:10 000 Port map - Bunbury Port Authority.
1:2000 Margton Structure Plan Bunbury Harbour City Plan No. 93/40/2
(November 1993).
Drawing B467-C-001 Bunbury Outer Harbour Methanol Tank Farm.
Annual Report (1993) - Bunbury Port Authority.
Risk Analysis of the Bunbury Harbour City Development, December 1990.
Various correspondence from Sinclair Knight, EPA, LandCorp and Bunbury
Port Authority. Copies of the correspondence relating to the establishment of
quantities of dangerous goods through the Bunbury Outer Harbour are
attached.
Telephone contact with Dyno Industry.

A1136.API

21 December 1993

The General Manager
Bunbuty Port Authority
P0 Box 4
BUNBURY WA 6230

Ref: 93/20TMTWIDM/978

Mr D. Figliomeni

Attention:

Dear Dom,
QUANTIFIED RISK ASSESSMENT - BUNBURY OUTER HARBOUR
I refer to our meeting dated 16 December, 1993 at your offices regarding the Quantified Risk
Assessment (QRA) being conducted as part of the approval process for the Bunbury Harbour
City Development.
The following is a summary of my understanding of the berths at which dangerous goods will
be handled in the future.
OUTER HARBOUR

MATERIAL
Class 1

Explosives

INNER
HARBOUR

Bulk Shipments

1 Shipment per annum.
10 x 10 tonne containers

N/A

Minor Container

N/A

Berth 2

Bulk Shipments

N/A

Berth D'

Containerised

N/A

Berth 2'2

Class 2
Class 2.1

Flammable Gases

Class 2.2

Inert Gases

Unlikely to be handled in any quantity

Class 2.3

Toxic Gases
(Chlorine, Ammonia)

Bulk Shipment

N/A

Berth D'

Containerised

N/A

Berth 22

Bulk Shipment

N/A

Berth D'

Containerised

N/A

Berth 2 2

Bulk Methanol

-

5 x 7,000 tonne
shipments per year.

Berth D 2

Class 4

Sulphur

Bulk

N/A

Berth 2

Class 5.1

Aminonium Nitrate

Bulka Bags or
Containers

4 x 5,000 tonne
shipments per year

As approved"

Class 3

Other than bulk
Methanol

OUTER HARBOUR

MATERIAL

INNER
HARBOUR

Class 6.1

Toxic material

Containerised (i.e.
sodium cyanide)

N/A

Berth 2

Class 7

Radioactives

-

N/A

N/A

Class S

Corrosives

Bulk

N/A

Berth C or D'

Class 9

Miscellaneous

Unlikely to be handled in any quantities.

N/A = Not applicable. It is not proposed that dangerous goods of this nature
be handled at this location.
Berth D is currently under construction and an appropriate area has
been set aside behind this berth for associated tank farms.
Berth 2 is designated for container handling and an appropriate
infrastructure (container cranes etc.) will be installed in due course.
*3

Handling of such material at the inner harbour will only be undertaken
following approval from the relevant authorities.

Based on the above it is proposed that the following would be the maximum amounts of
dangerous goods that would be handled through the outer harbour in any one year. These
figures include a significant expansion over current requirements to allow for increased
demand. It is proposed the risks from these materials be used as a basis to assess the effects
of the Marlston Hill development and the Marina on the outer harbour operations.
100 tonnes of explosives (Class 1.1) per year handled as 1 shipment consisting of 10
x 10 tonne container;
tonnes of Methanol (Class 3, subrisk 6.1(b)), handled as 5 shipments of 7,000
tonnes bulk and;

35,000

20,000 tonnes of Ammonium Nitrate (Class 5.1) handled as 4 shipments of 5,000
tonnes (bulka bags, not containerised).
It is also our understanding that there will be no dangerous goods pipelines (including
bunkering pipelines) associated with the outer harbour berths.
Could you please confirm by return facsimile that the above is an accurate reflection of the
Bunbury Port Authorities current policy on import/export of dangerous goods at the outer
harbour.
Yours sincerely,
for DNV Technica

MATTHEW WYLIE
Manager of Operations.

CO

BUNBURY PORT AUTHORITY
WESTERN AUSTRALIA
PLEAZE ADDRESS ALL CORRE$PONDEPE
TO THE GENERAL MANAGER

P.O. Box 4,
Bunbury
Western Austr.Ua. 6230.

YOUR REF:
OUR REF
ENQUJRIES;

COVER SHEET
FACSiMILE TRANSMISSION

To:

Matthew Wylie
FAX NUMBER: 02 92Q 8792
Manager of Operations

From:

D. Figliomeni

Date:

6 January, 1994

Subject:

QUANTiFIED RISK ASSESSMENT - BUNBURY OUTER

HARBOUR

Matthew,
Information as provided is acceptable subject to the following corrections;

C

0

Berth 0 should read Berth C (Berth D will not
be considered until well into the 21st
Century.
Item 1 should read Berth C is currently under consideration ....... .

Regards

Dom

lelephone: (097) 212800
Telex: AA9221 1
Fax (097) 21 8253
Dellv.ry Addrese: 1 Henry Street,
8unbury, W.A. 6230
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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 STRUCTUREOFTHESAFETIPACKAGE
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

Specifying

Discharge

Dispersion

Effects

the Initial

Modelling

Modelling

Modelling

Conditions
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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) =
Where:

probability of the wind in this condition

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

EI 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 (Clifford,
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.
A1136.AP2
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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 anaiyst 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:

P. (t) =f(1 - e t )
Where:

P1 (t) is the probability of ignition within time interval 0 to t
seconds.
f is the presence factor (fraction of time that an ignition source is
active).
Ci) 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 be 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
be 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 "sourceterm" 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 falls 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)
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TABLE 11.4.1 PARAMETERS DEFINING SOURCE TERMS

PARAMETER

NOTES

ThPUTS

Release Type

Flammable Instantaneous or
Flammable Continuous

Material

Methane, Ethane, Propane,
Butane, or Pentane

In this study the material used for a failure
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
Source Conditions

Pressure/Liquid 1-lead (N/rn2 I m)

Pressure for vessels above atmospheric
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, in)
Failure Mode

Orifice (hole) or Pipe rupture

Continuous only

Failure
Characteristics

Hole size (in)

Continuous/orifice only

Pipe length (m)

Continuous/pipe rupture only

Pipe diameter (m)

Continuous/pipe rupture only

Valve details

Continuous/pipe rupture only

Duration (see)

Only necessary for a continuous release when
the inventory release is not defined.

Failure Rate

A1136AP2
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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 Discharge 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

up-heid
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I

Fluid Flow
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DisDersion

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.
A1136AP2
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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-Velocity/Expansion 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 postorifice 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
pooi 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 Discharges
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.
A1136.AF2
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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 slightJy 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 W,,i, the drop
will not be stable and will break up into smaller droplets. The actual value of W
depends on several factors such as whether the drop is suddenly exposed to
stationary air or whether it falls freely from rest. W,,i, 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 Wis 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 breakup 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 semiempirical relations in Perry and Chilton (1973). The values of the bubble growthrate 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 back 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, instantaneous 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 Weber 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.
,41136AP2
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FIGURE 11.5.1 EVENT CLASSING TREE FOR INITIAL CONDITIONS
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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 1 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.
A1136.AP2
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FIGURE 11.5.2 EVENT DECISION TREE FOR CONSEQUENCE
PHENOMENOLOGY
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FIGURE 11.5.3 QUASI-ThJSTANTANEOUS RELEASES
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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 quasiinstantaneous, 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, (1). 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 pooi. 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
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For instantaneous releases it is assumed that there is initially a uniform distribution
of drops throughout the cloud. During dispersion the drops neas 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 can describe the spreading and vaporisation of pools of
liquid split with on land or water. For spills on land the model takes into account
heat conduction from the ground, ambient convection from the air, radiation and
vapour diffusion. These are usually the main mechanisms for boiling and
evaporation. Solution and possible reaction of the liquid in water are also included
for spills on water, these being important for some chemicals. These effects are
modelled numerically, maintaining mass and heat balances for both boiling and
evaporating pools. This allows the pool temperature to vary as heat is either
absorbed by the liquid or lost during evaporation.

Pool Spreading
The shape of the pool is idealised to be a circular cylinder of radius r(t) and
uniform thickness h(t), with a point source located at its centre. Different
equations are used to calculate the pool radius depending upon whether the spill is
on land or water, and whether it is an instantaneous or a continuous release.
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Pools on Land
The radius of a pool spreading on land by numerically integrating the
spreading rate equation given by Opschoor (1979). This assumes that the
driving force for the spread is formed by the hydrostatic difference between
the thickness of the current liquid layer and a minimum pool thickness
characteristic for the substrate. This results in the rate of spreading
decreasing as the pool approaches the minimum thickness.
Pools on Water
Following Dodge et al (1983) a three regime model has been adopted to
describe the spreading of liquids on water. Each regime is dominated by
the balance of two main forces, the regimes occurring sequentially. The
forces are:
-

Gravity spreading force
Inertial force
Viscous drag force
Surface tension force

The first regime to occur is the gravity when the gravity spreading and
inertial forces are approximately equal. This is followed by the gravityviscous regime when the gravity spreading and viscous drag forces are
approximately equal. For involatile liquids which may spread to form thin
slicks there may then be a third regime, the viscous-surface tension regime,
where the viscous drag and surface tension forces are approximately equal.
In practice with the minimum thickness criterion implemented in this model
the viscous-surface tension regime is not encountered.
For a continuous spill the viscous-surface tension phase occurs
simultaneously with the gravity-viscous phase rather than following it in
time, with the part of the slick that is spreading in the gravity-viscous phase
(i.e., the thick slick) supplying the mass for that part in the viscous-surface
tension phase. (i.e., the thin slick). No transition to the viscous-surface
tension phase is made for continuous spills.
Dodge et a! (1983) conducted experiments specifically designed to test the
validity of the pool spread models and the determine the values for the
constants used in the calculations.
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Constraints on Spreading
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 the 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. Thereafter the radius will no longer be a
simple function of time. For an instantaneous release, once the minimum
thickness has been reached the pool will start to shrink, keeping this
thickness. For continuous spills the rate of spread will be constrained once
the minimum thickness has been reached but in most cases the pool will
continue to grow slowly. Once the release finishes the pool will normally
contract as for the instantaneous case.
The minimum thickness depends on the type of surface. The values used
(along with other values) are presented in Table 11.5.1.
TABLE 11.5.1 SURFACE TYPES
SURFACE

MINIMUM
THICKNESS
(m)

THERMAL
CONDUCfIV1TY

THERMAL
DIFFUS1V1TY

(WImK)

1

Wet soil

0.03

2.21

9.48 x i0

2

Dry soil

0.06

0.32

2.44 x 10

3

Concrete

0.01

1.21

5.72 x 10'

4

Insulating Concrete

0.01

0.22

8.27 x iO

0.001

-

-

5-8

Water

Vaporisation Rate Calculations
At each time stop in the numerical calculations the heat balance on the pool is
evaluated and from this the vaporisation mechanism (i.e., boiling or evaporating),
vaporisation rate and pool temperature are determined. The net rate of heat flow
into the pool is calculated allowing for:
Heat flow rate from conduction.
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Heat flow rate from convection.
Heat flow rate from solar radiation.
Heat flow rate from dissolution.
Heat flow rate from evaporation.
The calculation of each of these terms is described later in this section. For spills
on land, the heat flow rate from dissolution (and possibly reaction) is obviously
zero.
It is assumed that the pool will settle down into a steady state where the net rate of
heat flow into the pool is zero. Therefore at each stop an iteration is carried out
on the pool temperature to try to find a temperature at which there is zero net heat
flow. If this temperature appears to be above the boiling point of the liquid then
the pool is assumed to be boiling.
Otherwise, if a temperature is found below the boiling point where the net heat
flow rate is zero then the pool is assumed to be evaporating at that temperature.

Boiling on Land
Heat conduction from the ground is modelled assuming a uniform semi-infinite
medium on which the pool spreads (Shaw and Briscoe, 1978).
Various surface types are permitted and are selected in the PRJECT parameter file.
The surface parameters are listed in Table 11.5.1.

Evaporation on Land
The vapour diffusion model upon MacKay and Matsugu (1973), modified to have a
logarithmic driving force as used by Opschoor (1979). It is suitable for materials
with a saturated vapour pressure up to 0.9 bar and can therefore produce high mass
flowrates from the pool surface.
The constant used in the evaporation equation has been determined by calibration
against the experimental data of Kawamura and MacKay (1987). It has a different
value from that employed by MacKay and Matsugu (1973), principally because of
the use of a logarithmic rather than a linear driving force.
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Convection on Land or Water
The method of Fleischer (1980) is used to calculate the rate at which heat is
convected from the air into the pool. The same method is used whether the pool is
on land or water. This transport process is modelled as it took place over a flat
plate of length in the downwind direction. Two types of boundary layer may occur
in these conditions: laminar and turbulent. Both are accounted for in this model.

Radiation
During the day time the pool may gain heat from solar radiation and long wave
radiation may also make a small contribution. At night time when there is no solar
radiation and the temperature of the air may be cooler than that of the pool heat
may be lost from the pool by long wave radiation.

The rate of heat imput from solar radiation for a pool is calculated from the solar
flux and the radius. The solar flux is held in the PRJECT parameter file. The rate
of heat input/loss in W from long-wave radiation is calculated based on emissivity
of the pool and the Stefan-Boltzmann constant.

Boiling on Water
The boiling of cryogens on water my or may not result in the formation of a layer
of ice on the surface of the water. In general spills on a large expanse of water do
not form an ice layer since there is a steady convection of heat from the water into
the pool. Spills of liquids with a boiling point below that of water into small
volumes of water may however result in the formation of an ice layer. The model
here assumes that if the water is shallow the convection of heat within the water to
the pool is inhibited and a layer of ice is formed.
No ice formation
A steady rate of heat transfer from the water to the pool is assumed.
Ice formation
The method of Reid and Smith (1978a and 1978b) is used to calculate the
heat flow rate into the pool when a layer of ice forms on the surface of the
water. The thickness of the ice layer is assumed to increase with time as
the cryogen cools water at increasing depths.
A1136./tP2
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EvaporationonWater
The model for evaporation of pools on water is based on that described by Dodge
et al (1983). This model takes into account the roughness of the water and the
height of waves on the water, both of which depend upon the windspeed.

Dissolution on Water
The theory for dissolution in water has been developed by analogy with that for
evaporation of pools on liquid and is also based upon Dodge et al (1983).

Reaction with Water
Alternative methods to that described in the previous section may be required if
there is a reaction between the split liquid and the water. A model based upon the
one developed by Raj and Reid (1978) to describe the solution and heat produced
when ammonia dissolves in water has been implemented. This model may not,
however, be appropriate for other materials which react with water.
The model makes use of the variation of the enthaipy of a water-liquid mixture as
a function of the mass fraction of liquid in the mixture. The rate of solution of
liquid into the water is calculated as above, and this is assumed to be the same as
the rate of solution of water into the liquid pooi. The mass fraction of liquid in the
pooi may then be calculated at each time step, knowing the total masses split,
vaporised and dissolved.
Coupling of Pool Vaporisation and Cloud Dispersion
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 branch in the event tree
where routes 5, 6, 12 and 17 branch from the other routes, having no vapour
generated from the liquid pool.
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For a continuous release, the rate of generation of vapour from the spilt 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.
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 split liquid is
added back into the cloud, so long as the cloud still covers the point at which rainout occurred. If the split 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.
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 VERSUS TIME GRAPH FOR A
EVAPORATiNG POOL
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Decision Tree Branches (see Figure 111.5.2)
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 be 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
pool 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 poois evaporation is left.
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 been 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 rainOut 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.

fl.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)
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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 JNSTANTANEOUS
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 carried 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
PHASE

MODEL

ENTRAINMENT
REGIME

EDGE SPREADING
REGIME

CONCENTRATION
PROFILE

Turbulent mixing

UJM

Turbulent (jet)

Turbulent

Uniform

Turbulent mixing

GJM

Turbulent (jet)

Turbulent

Gaussian

Turbulent mixing

TIM

Turbulent (inst.)

Turbulent

Uniform

Hybrid

I-EM

Turbulent

Slumping

Uniform

Dense

DCM

Dense

Slumping

Uniform

Passive

PDM

Atmospheric
turbulence

Passive

Gaussian

UJM
GJM
TIM
I-EM
DCM
PDM

=
=
=
=
=
=

Uniform Jet Model
Gaussian Jet Model
Turbulent Instantaneous Model
Hybrid Model
Dense Cloud Model
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:
•

A1136AF2

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
baiance 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 vapourfliquid
aerosol in equilibrium at atmospheric pressure. The mixing process is assumed to
be 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 be 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 be 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 be 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.
AJJ36.AP2
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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 b), is an integral jet dispersion model
which is based to some extent upon the well known Ooms model (Ooms (1972),
Ooms et a! (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:
M2

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.

I, The "relative horizontal momentum flux".
J 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 be 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, 1992b). 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 flow field or the
Any further dispersion which takes place will be due to the
turbulence.
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 ay 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 ay. The dispersion parameters
are functions of downwind distance x, atmospheric stability and surface roughness.
In SAFETI cry is calculated according to McMullen (1975); a 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 every 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
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11.6 EFFECT MODELLING
For flammable materials SAFETI will automatically model the appropriate
flammable outcomes of a release. The outcomes modelled are:
Fireballs/BLEVE5
Jet Flames
Pool Fires
Flash Fires
Explosions
The radiation models used are described in Cook, Bahrami and Whitehouse (1990).
For toxic effects the dispersion results are combined into a probability intergral and
a centreline probability of death. The flammable and toxic effects modelling are
described in the sections below.

11.6.1 FireballsIBLEVEs
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 firebaIIfBLEVE and its duration.
The emissive power for BLEVEs is calculated from:
Ø3

E1

FML1Hx 1
4itRt

The fraction of heat radiated is given by the correlation in Roberts (1982).
Figure 11.6.2 shows the results for a firebalL1BLEVE.

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.
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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 "b" are the semi-major and semiminor 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 11.6.1 GEOMETRY OF A FIREBALLIBLEVE
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FIGURE 11.6.2 FIREBALLIBLEVE OUTPUT
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FIGURE 11.6.3 SHAPE OF JET FLAME
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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 Hertzberg (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, AH, 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
AK; = AH

+ CL(Tb Ta)

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.
A1136.AP2
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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 tilled from the vertical by the angle 4) 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).

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", "b" and "d" where "a" and "b" are the semimajor and semi-minor axes of the ellipse. The third parameter, "d", is the offsetratio 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 pool fire including what the variables in the
output "a", "b" and "d" represent.
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FIGURE 11.6.5 POOL FIRE OUTPUT
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11.6.4 Flash Fires
The effect area of a flash fire are taken to be the area covered by the cloud above
the LFL (lower flammable limit) concentration. This area is modelled as an ellipse
or truncated ellipse, see Section 11.7.5.

11.6.5 Explosions
In SAFETI the explosions are modelled as part of the impact calculation routines.
The model is explained in the next section (Section 11.7.7)

11.6.6 Toxic Effect Calculations
The toxic effect consequence toxic effect models take the output from the
dispersion models and use it to calculate the effects on people (or effect zone),
given that the specified release and weather conditions occur. Toxic consequences
are expressed as one set of results which give the variation in fatality risk with
distance from the release point.
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Toxic Consequences Calculation of Risk of Fatality
The results of toxic dispersion are combined into the form of the probability
integral (PT). The PT is equal to the crosswind integral of the probability of death
at a given distance downwind and it is a function of that downwind distance.
Thus, at a particular point there is a toxic load predicted by the dispersion
modelling, which varies with distance from the centreline of the cloud. The
corresponding probabilities integrated with distance, across the cloud, give the
value of the PT for that distance from the release. These values, given at various
distances from the release, are the form in which the results of toxic dispersion
calculations are presented and are the quantities which are used to determine the
impact of that release.
The probability of death at a point is calculated via the "probit equation". The
toxicity of a material is defined by three parameters: N, a and b. First the toxic
load (L) received is calculated:

L

=

fT (concentration' dt

Where: T is the duration of exposure.
Next the "probit number" P0 is calculated:
P0 = a + b.log L
This is related to the probability of death by:

p(death)= 11+erf
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Any release, no matter how complicated in behaviour, will have its
concentration-time history over the area affected reduced to this single measure of
effect. The route followed through the modelling will therefore have no effect on
how the impact calculation is performed. However the P1 is not a particularly
familiar concept, so results presented in this form are not understandable when first
encountered. Since the concept is very useful once understood, it is worth getting
a feel for its meaning. This is especially true since the discussion of some parts of
SAFETI relies heavily on the idea of a P1, and the values of probability integrals in
particular cases.
Its use originally arises from the calculation of the conditional probability of death
given that a release has occurred. This probability at a point A, distance R from
the release point, is equal to the probability of death at that point when the cloud
centreline is at angle C1 times the probability that the cloud centreline lies between
c1 + d, integrated over all directions.
The simplest case to consider is if we suppose that all wind directions are equally
likely. The probability of the centreline being between 1 is then just d/2 and
the conditional probability of death is given by:
d&P() - 1
2ir

f

d&P('Z)

= ___
1 1d.P(d)
2itR

That is, the conditional probability of death is equal to the integral of the
probability of death over the circle of radius R, divided by the radius of that circle.
It is more convenient to calculate the integral of the probability of death across a
line normal to the cloud centreline, and since toxic effects are normally confined to
a relatively small region either side of the centreline the difference between the
integral along the arc of the circle and along the straight line is not significant.
The only region where this approach is not adequate is close to the release point
where a different approach can be taken. It can therefore be assumed that when
the wind has a uniform probability distribution over all directions (uniform wind
rose) the conditional probability of death at A is given by:

L
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In real situations the probability of having the wind in a certain direction varies
with direction. Strictly the conditional probability is then given by a convolution
of the probability of death as function of distance from the centreline with the
probability of the wind being in a given direction. In practice this is too complex
a calculation to perform and so the variation is taken into account by dividing the
complete circle into a limited number of sectors, with a uniform wind probability
over each sector. If we then assume that the cloud width is small relative to the
sector width and we ignore overlaps between sectors, the conditional probability is
just the PT divided by the sector width.
Note that the probability integral has dimensions of length, the normal units being
metres. Only •when divided by another length (the sector width or circle
circumference) does it give an actual probability.
Although this method for calculating probabilities of death, and hence risk
contours, is the original reason for devising the P1, the concept can be
independently useful. It is a very compact form for expressing the results of toxic
cloud calculations; otherwise a large amount of information is required to assess
toxic effects. For flammable cloud calculations the amount of relevant information
is usually small, such as the distance to LFL and the flammable mass in the cloud.
By contrast, to say anything meaningful about the results of a toxic dispersion
calculation one needs to know the concentration in the cloud, possibly as a function
of time, the duration of the cloud's passage at any point, the size of the cloud and
one needs a model of toxicity to relate these physical properties of the cloud to
fatalities. This amount of information can only be usefully presented when
combined into a more manageable form of which the P1 is the most compact, if
unfamiliar.
One problem with looking at the information on a release compressed into the form
of a P1 is that one loses the idea of "effect distances"; one no longer has the sense
of a release travelling a certain distance to a specified dangerous concentration.
Instead the results present a continuously decreasing P1, the lowest value of which
is sometimes very small and can occur way beyond the point at which effects will
actually still be felt. To simply take the maximum distance at which a PT has been
calculated as the effect distance is to grossly overestimate the relevant distances. It
is difficult to say what these distances should be taken as without examining the
concentration-time history of the cloud; as a rough rule, the effect distance might
be considered as the distance at which the P1 has fallen to some small fraction of
its maximum value, say 1%.
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Despite this, it is possible to become familiar with what a P1 says about a release
and an examination of the various types of dispersion shows how the resulting
probability integrals can be interpreted. The simplest case from this point of view
is when the cloud is continuous and heavy, i.e. of uniform concentration crosswind.
In this case the probability of death is the same at all points across the cloud,
because the duration of the cloud's passage at all points is taken as equal to the
duration of the release. The P1 is then simply equal to the width of the cloud
times the probability of death within the cloud.
TABLE 11.6.1 EXAMPLE OF PROBABiLITY INTEGRAL FOR A
CONTINUOUS RELEASE
DISTANCE Cm)

PROBABILITY INTEGRAL

0
40
80
120
160
200
240
300
400
500
600
800

97
110
105
99
32
24
17
10
3.7
1.2
0.33
0.02

Close to the release point the probability of death is often 1 (or very close to 1),
and so the P1 is just equal to the width of the cloud. In this case, as the cloud
spreads laterally the PT increases and is equal to the width so long as the
concentration is sufficiently high for the toxic load to give a probability close to 1.
After a point the probability starts to decrease to values appreciably different from
1 and the P1 increases less rapidly. Eventually the probability starts to fall
sufficiently quickly for the PT to begin to decrease. The PT therefore shows a
maximum which is often some way away from the release. However, if the plume
starts off at a concentration which is low, and the corresponding probability of
death is already appreciably less than 1, the P1 may continually decrease with
distance. As the cloud spreads further the concentration drops lower and lower
until it falls below a value which is no longer liable to produce fatalities. The P1
meanwhile falls to very small values.
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The overall picture is similar for a continuous plume which has a Gaussian
character, only now an actual integration of probability across the cloud has to be
performed. This integration is done numerically. The PT can still be regarded as
equal to the "typical width" of the cloud times the "typical probability" of death
within it. When the concentration at the centreline is very high, so that the toxic
load is much greater than that required to give a probability of death close to 1, the
variation of probability across the cloud shows a very sharp drop from close to 1 to
close to 0, at some radius. In this case the value of the P1 is, as for heavy plumes,
just equal to the width of the cloud to this cut-off. In practice, since the
calculation is done numerically, by evaluating the probability at certain steps across
the cloud, the P1 tends jump by integral values of the step size used for the
calculation. The variation of P1 downwind usually shows the same pattern as for
heavy plumes.
For instantaneous releases the picture is far more complicated. At each point
across the cloud the concentration varies with time and the duration of the cloud's
passage varies with position. The actual calculation the PT is now even more
complex since it is necessary to calculate the toxic load received at points on a
two-dimensional grid and to numerically integrate the resulting probability of
death. It is therefore difficult to interpret the PT as simply determined by the cloud
width and the concentration in the cloud.
In cases where the cloud starts off with a very high concentration, and the
probability of death at almost any point in the path of the cloud is close to 1, the
value of the P1 is directly related to the cloud's width. However, more complex
situations tend to be more common. For ammonia in particular, toxic effects tend
to be confined to the area close to the release; the area inside the initial cloud is
exposed to a concentration which is only relatively moderate from the point of
view of probability of death and which decays fairly quickly because the cloud
rapidly spreads and dilutes. The toxic load from this initial concentration is
sufficient to give a probability of death which is appreciable, but not close to 1.
By the time the cloud has begun to move any distance downwind, the toxic loads
received at any point have fallen to relatively low values. The resulting PT shows a
pattern around the release point which corresponds roughly to a circular area of
uniform, high probability. There is then a tail of P1 going downwind derived from
a complex superposition of lower probabilities over large areas.
This is just one of the ways in which the PT can show behaviour which is not
easily interpreted in terms of a cloud width and a single probability. Without some
examination of the history of the cloud underlying the PT it is often not simple to
try and relate a PT to physical dimensions and probabilities.
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Derived from the pattern of the P1 as a function of downwind distance is the
related concept of the total probability integral (TPI). This is equal to the integral
of the probability of death over the whole area affected by the cloud. It is equal (at
least numerically) to the sum of the P1 values multiplied by the step length
between P1 values. It has units of length squared (square metres) and is therefore a
quantity which is related to the effect areas that are more commonly presented in
hazard analysis. These are usually derived from, say, the area within which a toxic
load greater than or equal to that required for 50% mortality is received. The TPI,
like an effect area, can be used as a convenient single number representing the
toxic hazard from a release.
If there were a uniform population over the affected area the TPI would lead
directly to the expected fatalities. The number of deaths would then just be equal
to the TPI area multiplied by the population density. Therefore the magnitude of
the hazard presented by a release is readily considered as being directly
proportional to the TPI, even if for real situations the expected number of deaths is
not simply proportional to the TPI values of releases.
Consequently the TPI of a release will sometimes be used as such a measure of
When printing out the results of the consequence
"hazardous potential".
calculations for toxics, the TPI can be given for each case, although this number is
never directly used for the impact calculations.
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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.
11.7.1 Toxic Impact Calculation
For toxic released the consequence calculation output fire provides toxic effect
zones to the impact calculation program. These are given for each release for each
calculation step from the position of the release (point zero) along the centre line
of the cloud path for each weather category by:
The cross-wind probability integral (P1),
The corresponding centre line probability (Pce)
The probability integral (P1) is the area under the probability of death versus
crosswind distance curve. A simplified figure explaining this for a continuous
release is given in Figure 11.7.1. below.
FIGURE 11.7.1 SIMPLIFIED DIAGRAM EXPLAINING
PROBABILITY INTEGRAL
x

Aerial View of Cloud

Cloud

Release

..I..I
Plot of P.. Verses
Crosswind Distance

Probability
of Death

x
Centre Line Probability
P

xx
Crosswind Dltance
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Initial Calculation Steps
The following algorithm is executed for each release and each weather category,
and results are accumulated to give total risk contour and the full FIN curve.
A circle is defined, centred on the release point and with radius the
maximum effect distance, see Figure 11.7.2.
FIGURE H.7.2 CIRCLE DEFIM1G THE EFFECT AREA

For each MPACT calculation square inside this circle the distance and angle
of the centre of the square (coordinate x, y) from the release point is
calculates, see figure 11.7.3.
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FIGURE 11.7.3. MPACT CALCULATION SQUARE ANGLE AND DISTANCE

This gives the wind sector within which the square lies and its angle to the
edge of the wind sector, see Figure 11.7.4

FIGURE 11.7.4 MPACT CALCULATION SQUARE WIND SECTOR
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The Effective Cloud Width (ECW) at a downwind distance equal to the
distance from the release source to the centre of the square (x, y) is
calculated using the formula:
ECW = PIfP1

FIGURE 11.7.5 EFFECTIVE CLOUD WIDTH

"Effective
Cloud

X

Probability
of Death

Calculated Probability
of Fatality Verses
Cloud Width

Crosswind Distance

X

EFW
(Effective Cloud Width)

From the ECW and the downwind distance the angle the ECW makes with
the source (2u) can be compared with the wind segment angle (a) calculate.
Figure 11.7.6 is an example showing a cloud which could effect an MPACT
calculation square if it were in one of two wind segments.
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FIGURE 11.7.6 FIGURE SHOWING DEFINTTION OF ANGLES
DESCRIBED ABOVE

,
/

Wind Sector B

Release
Source

MPACT
CalculaUon
Square

Cloud"

Wind
Sector C

Using the ECW, the downwind distance from the incident source to the
MPACT calculation square (d(Xy)), the number of wind segments (n) and
the angles and probability that the cloud affects the MPACT calculation
square (P) given the wind is blowind in the wind segment of interest, can
be calculated. In the example figure above P 1 for the two wind sectors are:

Pc Sector B = (ECW/(2TTd (x, /n))(u + a)/2u
PC Sector

= (ECW/(2TTd

(x, /n))(u + a)/2u

The above equations are not generic, they apply for the cloud as shown in
Figure 4.6. If the ECW lies fully inside a wind segment then the equation
simplifies to:
Pci =

ECW/2TTd(x, y)/n)

Given the cloud is over the MPACT calculation square the probability of
death (Pd ) is taken as the centre line probability of death (Pd). This is
because the "effective cloud" has a square function for the probability of
death verses crosswind distance, see Figure 11.7.5.
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Individual Risk - Risk Increment
For a toxic release an incidents outcome is defined as the release occurring under
on wind speed/weather category and for the wind blowing in one direction. The
risk increment (RL(X )) contribution to the individual risk, in MPACT calculation
square (x, y), for a toxic incident is dependant on:
The frequency of incident (F)
The probability of there being the defined wind speed/weather category and
the defined wind direction (P)
The probability the "effective cloud" cover the MPACT calculation square
being studied under the defined wind speed/weather category and the
defined wind direction. (P 1).
The centre line probability of death (Pa,) in the MPACT calculation square
given the cloud blows directly over the centre of the square being studied.
The distribution of the people indoors and outdoors during the time period
being studies (D or N) from the MPACT parameter file (°fa, °facbr 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 from
the MPACT parameter file (KTfaCI) , KT13 ).
Hence the RI for MPACT calculation square (x, y) during each period (t=D or N)
is calculated using the formula below).
y)t

=F

x [°factr x KTfac0 +
(1 - °fact) x KT f1}

f

x

ww, x

ci

Hence for each incident outcome the contribution to the individual risk in each
MPACT calculation square is known.
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Societal Risk - FIN Pair
As stated above, for a toxic release an incidents outcome is defined as the release
occurring under one wind speed/weather category and for the wind blowing in one
direction. For each incident outcome the F/N pair, the number of fatalities (Nedfo)
and frequency (Fedfo) have to be calculated.
Incident Outcome Frequency
Having defined a toxic incident outcome as a release occurring under one
wind speed/weather category and for the wind blowing in one direction the
frequency of the incident outcome is:

Fedfo - Fedf X Pww
Incident Outcome Fatalities
The SAFETI definition of a toxic incident's outcome is in fact not specific.
The wind direction could be in an infinite number of directions inside a
wind segment. Also the wind direction will in practice vary during the
duration of the incident. In SAFETI, for a toxic incident outcome, the
Mean Number of Fatalities (MNF) in each MPACT calculation square (x, y)
can be calculated from:
The probability that the "effective cloud" covers the MPACT calculation
square being studied under the defined wind speed/weather category and
wind direction (Pc ,).
The centre line probability of death (Pd) in the square given the cloud
blows directly over the MPACT calculation square being studied.
The number of people in the MPACT calculation square (N(, ). This is
calculated by comparing the MPACT calculation square to the population
grid.
The distribution of the people indoors and outdoors during the time
period being studied (D or N) from the MPACT parameter file (Of ,
the fractions of the population outdoors during the time periods D
O
and N).
The conditional probabilities of death for people indoors or outdoors
from the MPACT parameter file (KTiaco, KTtaci).
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Hence the MNF(X , ),for MPACT calculation square (x, y) during each time
period (t = D or N) is calculated using the formula below:
MNF(X, y)t =

x N(X , y) x [O farx KTf
(1 - Ofacff) x KTfacj]

Ci X P 1

,+

Therefore for a toxic incident outcome the number of fatalities (N 0)
calculated in SAFETI is approximated by the Mean Number of Fatalities for
a toxic incident outcome (MNF) as defined above. This is equal to the
sum of the MNF for all MPACT calculations squares which can be affected
by the incident's outcome. Hence the number of fatalities calculated for a
toxic incident outcome is:

Ncio

MNFCdfO = (for all MPACT calculation squares) MNFy)t

F/N Pair for Incident Outcome
Hence for the toxic incidents the F/N pairs for the outcomes are the F 0
and the MNF 0 values calculated above. It is these values which are used
to create the ranking results when running the RNKFNC program.

11.7.2 Flammable Impact Calculation
It must be 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.
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1L7.3 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.
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 SAFET.[ are presented in Section
11.7.8 where the branch probabilities are discussed along with other parameters
used in the impact calculations.
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11.7.4 InitialCalculations
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(X,Y) 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 ,. Y), and the greater the computer time. The number of
times the MPACT calculation square is divided depends on 2 parameters.

FIGURE 11.7.7 EFFECT ELLIPSE
SUPERIMPOSED ON MPACT
CALCULATION MATRL
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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 check 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.
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 pool which is ignited after all the
vapour from a release has dispersed. The event tree outcome probability for
a residual (late) pooi fire is taken as a fixed probability of the nonimmediate ignition outcomes (P,) with a maximum value of "1 minus all
the other incident outcome probabilities for the incident (edt)". The value
of PdJ, is defined in the MPACT parameter file. Should "1 minus the other
incident outcome probabilities for the incident" be greater than the value of
dp in the MPACT parameter file then MPACT will use the maximum value
of Pdp (i.e. "1 minus the other incident outcome probabilities for the
incident").
An example of how the risk increments and FIN 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.
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11.7.5 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 be centred at the incident's location.

Individual Risk - Risk Increment
For a fireball/BLEVE the outcome is defined as the fireballJBLEVE 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 (F).
The event tree outcome probability for the firebalL/BLEVE (Pbl).
The fraction of the square covered by the firebafllBLE\'E effect circle
(Fr(XY)).

The distribution of the people indoors and outdoors during the time period
Of the
being studied (D or N) from the MPACT parameter file
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 fIrebaIIJBLEVE effect area, from the MPACT parameter file (KBCa ,
KBiaci).
Hence the risk increment (RI) in each MPACT calculation square within the
radiation circle is:
Rf
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Societal Risk - FIN Pairs
When calculating the F/N pair, as with toxic incidents, the frequency (F) and
number of fatalities N) from an incidents outcome has to be calculated. The
frequency of the of an edf outcome of a fireball/BLEVE is:
F=F,xP
The SAFETI definition of a fireball/BLEVE 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 fireball/BLEVE effect circle
(Fr(XY)).

The number of people in the MPACT calculation square (N(X v)). This is
calculated by comparing the MPACT calculation square to the population
grid.
The distribution of the people indoors and outdoors during the time period
being studied (D or N) from the MPACT parameter file (Ota , Otac,,i 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,

Hence the NF(X for MPACT calculation square (x, y) during each time period (t
= D or N) is calculated using the formula below:
) x NX,Y) x [O x KB
+(1 - OxKBf -j

= Fr

Therefore for a fireball/BLEVE incident outcome the number of fatalities (N 10)
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

Al) 36AP2
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11.7.6 Factors Allowed for in Other Outcome Impact Calculations
The fireballIBLEVE 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 pooi fire effects are independent of the weather
category but not wind speed or direction.
The event tree outcome probability for the early or delayed pooi 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.
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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 (Ri
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 (Pa)
multiplied by the probability of ignition in the time step (&).
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 SAFETL
The ellipses may be displaced from the release source. For example as can be the
case with elevated plumes, see Figure 11.7.8.
FIGURE 11.7.8 ELEVATED PLUME CAUSII'IG
DISPLACED EFFECT AREA
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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 11.7.9.
FIGURE 11.7.9 EARLY EFFECT AREAS TRUNCATED ELLIPSES

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. 10.
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FIGURE 11.7.10 HALF ELLIPSE EFFECT
AREA DUE TO LFL BEING REACHED PRIOR
TO THE CLOUD GOING PASSIVE
LFL Reached at
this Distance from
the Release Source
(Half ElLipses
Major Axis)
Release Source

Ul loud Width
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(Ellipse', Minor
Axis)

-

/

ssh Fire ffect Area
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Coca Passive in this Region

Figure 11.7.11 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 (Ri
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 11.7.12.
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FIGURE 11.7.11 EFFECT AREA IS ELLIPSE
TRUNCATED AT BOTH ENDS

Flash Fire Effect
Area (Truncated
ElHpie at Both Ends) Cloud Length = u/(t.....— t,)
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Note: u = Wind Speed

FIGURE 11.7.12 EXAMPLE OF EXPLOSION
EFFECT AREA
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11.7.7 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 11.7.13 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 11.7.13 EXAMPLE IGNITION PROBABILITY VERSES TIME
GRAPH
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11.7.8 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 be changed, are for:
Ri = 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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11.7.9 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 1 to 96)
For each of these releases modelled, an outcome event tree is selected as described
in Section 11.5 of this Appendix. Figures 117.14 to 11.7.21 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.

A1136.A.P2

TABLE 11.7.1 MPACT PARAMETER FILE
NO.

1:
2:
3:
4:
5:
6:
7:
8:
9:
10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:
21:
22:
23:
24:
25:
26:
27:
28:
29:
30:
31:
32:
33:
34:
35:
36:
37:
38:
39:
40:
41:
42:
43:

TEXT

Prob. of Bleve
Prob. of Fire
Route 1 True jet. Comb jet horiz. fraction
Route 1 True jet. Prob. horiz. ignition
Route 1 True jet. Prob. horiz. jet fire
Route 1 True jet. Prob. horiz. explosion
Route 1 True jet. Prob. vertical ignition
Route 1 True jet. Prob. vertical jet fire
Route 1 True jet. Prob. vertical explosion
Route 3 True jet. Comb jet horiz. fraction
Route 3 True jet. Prob. horiz. ignition
Route 3 True jet. Prob. horiz. jet fire
Route 3 True jet. Prob. horiz. explosion
Route 3 True jet. Prob. vertical ignition
Route 3 True jet. Prob. vertical jet fire
Route 3 True jet. Prob. vertical explosion
P1DF (ntj) Route 1 Prob delayed flash fire
P1DE (ntj) Route 1 Prob. delayed explosion
P2DF Route 2 Prob. delayed flash fire
P2DE Route 2 Prob. delayed explosion
P3DF (ntj) Route 3 Prob delayed flash fire
P3DE (ntj) Route 3 Prob. delayed explosion
P4DF Route 4 Prob. delayed flash fire
P4DE Route 4 Prob. delayed explosion
P51 Route 5 Prob. immediate ignition
P5IP Route 5 Prob. early pool fire
P5DP Route 5 Prob. delayed pool fire
PSDF Route 5 Prob. delayed flash fire
P5DE Route 5 Prob. delayed explosion
P61 Route 6 Prob. immediate ignition
P6IP Route 6 Prob. early pool fire
P6DP Route 6 Prob. delayed pool fire
P6DF Route 6 Prob. delayed flash fire
P6DE Route 6 Prob. delayed explosion
P71 Route 7 Prob. immediate ignition
P7IP Route 7 Prob. early pool fire
P7DP Route 7 Prob. delayed pool fire
P7DF Route 7 Prob. delayed flash fire
P7DE Route 7 Prob. delayed explosion
P81 Route 8 Prob. immediate ignition
P8IP Route 8 Prob. early pool fire
P8DF Route 8 Prob. delayed flash fire
P8DE Route 8 Prob. delayed explosion

ACC. TYPE

3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3

R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R

VALUE

1.00000
1.00000
0.600000
0.400000
0.900000
0.100000
0.200000
0.900000
0.100000
0.600000
0.400000
0.600000
0.100000
0.200000
0.900000
0.100000
0.600000
0.400000
0.600000
0.400000
0.600000
0.400000
0.600000
0.400000
0.300000
1.00000
0.150000
0.600000
0.400000
0.300000
1.00000
0.150000
0.600000
0.400000
0.300000
1.00000
0.150000
0.600000
0.400000
0.300000
1.00000
0.600000
0.400000

MINIMUM

0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
O.000000E+00
0.000000E+00
0.000000Ei-00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000Ei-00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00

MAXIMUM

1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000

TABLE 11.7.1 MPACT PARAMETER FILE
NO.

44:
45:
46:
47:
48:
49:
50:
51:
52:
53:
54:
55:
56:
57:
58:
59:
60:
61:
62:
63:
64:
65:
66:
67:
68:
69:
70:
71:
72:
73:
74:
75:
76:
77:
78:
79:
80:
81:
82:
83:
84:
85:
86:

TEXT

P91 Route 9 Prob. immediate ignition
P9IP Route 9 Prob. early pool fire
P9DF Route 9 Prob. delayed flash fire
P9DE Route 9 Prob. delayed explosion
P101 Route 10 Prob. immediate ignition
P1OIB Route 10 Prob. bleve
P1ODF Route 10 Prob delayed flash fire
P1ODE Route 10 Prob. delayed explosion
P111 Route 11 Prob. immediate ignition
P111B Route 11 Prob. bleve
P11DF Route 11 Prob delayed flash fire
P11DE Route 11 Prob. delayed explosion
P121 Route 12 Prob. immediate ignition
P12IB Route 1.2 Prob. bleve
P12DP Route 12 Prob. delayed pool fire
P12DF Route 12 Prob delayed flash fire
P12DE Route 12 Prob. delayed explosion
P131 Route 13 Prob. immediate ignition
P13IB Route 13 Prob. bleve
P13DF Route 13 Prob delayed flash fire
P13DE Route 13 Prob. delayed explosion
P141 Route 14 Prob. immediate ignition
P14IB Route 14 Prob. bleve
P14DP Route 14 Prob. delayed pool fire
P14DF Route 14 Prob delayed flash fire
P14DE Route 14 Prob. delayed explosion
P151 Route 15 Prob. immediate ignition
P151B Route 15 Prob. bleve
P1SDF Route 15 Prob delayed flash fire
P15DE Route 15 Prob. delayed explosion
P161 Route 16 Prob. immediate ignition
P16IB Route 16 Prob. bleve
P16DF Route 16 Prob delayed flash fire
P16DE Route 16 Prob. delayed explosion
P171 Route 17 Prob. immediate ignition
P17IB Route 17 Prob. bleve
P17DP Route 17 Prob. delayed pool fire
P17DF Route 17 Prob delayed flash fire
P17DE Route 17 Prob. delayed explosion
P181 Route 18 Prob. immediate ignition
P1818 Route 18 Prob. bleve
P18DF Route 18 Prob delayed flash fire
P18DE Route 18 Prob. delayed explosion

ACC. TYPE

3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3

R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R

VALUE

0.300000
1.00000
0.600000
0.400000
0.300000
1.00000
0.600000
0.400000
0.300000
1.00000
0.600000
0.400000
0.300000
1.00000
0.600000
0.600000
0.400000
0.300000
1.00000
0.600000
0.400000
0.300000
1.00000
0.150000
0.600000
0.400000
0.300000
1.00000
0.600000
0.400000
0.300000
1.00000
0.600000
0.400000
0.300000
1.00000
0.600000
0.600000
0.400000
0.300000
1.00000
0.600000
0.400000

MINIMUM

0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
O.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00

MAXIMUM

1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000

TABLE 11.7.1 MPACT PARAMETER FILE
NO.

TEXT

P191 Route 19 Prob. immediate ignition
P19IB Route 19 Prob. bleve
P19DP Route 19 Prob. delayed pool fire
P19DF Route 19 Prob delayed flash fire
P19DE Route 19 Prob. delayed explosion
P201 Route 20 Prob. immediate ignition
P20IB Route 20 Prob. bleve
P20DF Route 20 Prob delayed flash fire
P20DE Route 20 Prob. delayed explosion
PTOX Prob. toxic (non-evacuation run)
Minimum case frequency considered (Cmin)
Minimum event prob. considered (Pmin)
Fraction pop outdoors, day, F-N (Ofacdf)
Fraction pop outdoors, night, F-N (Ofacnf)
Fraction pop outdoors, day, risk (Ofacdr)
Fract'n pop outdoors, night, risk (Ofacnr)
Fraction out killed by expl'n Ri (KERifo)
Fraction in killed by expl'n Ri (KER1fi)
Fract'n out killed by expl'n R1-2 (KER1f0)
Fraction in killed by expl'n R1-2 (KER1fi)
Fraction out killed by Flashfire (KFfaco)
Fraction in killed by Flash fire (KFfaci)
Fraction out killed by BLEVE (KBfaco)
Fraction in killed by BLEVE (KBfaci)
Fraction out killed by Jet flame (KJfaco)
Fraction in killed by Jet flame (KJfaci)
Fraction out killed by Pool fire (KPfaco)
Fraction in killed by Pool fire (KPfaci)
Fraction out killed by Toxics (KTfaco)
Fraction in killed by Toxics (KTfaci)
Pop omega factor (per person) (Wpop)
No of sub-squares across ellipse in flamm. impact
Max. times to subdivide a square in flamm. impact
Multiplying factor for toxic F-N spread
Lower X limit (Rel to plant centre)
Upper X limit (Rel to plant centre)
Lower Y limit (Rel to plant centre)
Upper Y limit (Rel to plant centre)
Dividing factor on population grid
Evacuation equation coefficient "a
Evacuation equation coefficient b
Evacuation/shelter rate multiplying factor
Additional lag time 1 for evacuation

ACC. TYPE

3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
2
2
2
2

R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
I
I
R
R
R
R
R
R
R
R
R
R

VALUE

MINIMUM

MAXIMUM

0.300000
1.00000
0.150000
0.600000
0.400000
0.300000
1.00000
0.600000
0.400000
1.00000
1.000000E-12
1.000000E-12
0.100000
0.100000
1.00000
1.00000
0.300000
1.00000
0.100000
0.300000
1.00000
0.100000
0.700000
0.200000
0.700000
0.100000
0.700000
0.100000
0.900000
0.100000
1.000000E-05
10
5
2.00000
-10000.0
10000.0
-10000.0
10000.0
1.00000
14.1200
0.500000
2.00000
30.0000

0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
1
1
1.000000E-02
-2.000000E+07
-2.000000E+07
-2.000000E+07
-2.000000E+07
0.100000
0.000000E+00
0.000000E+00
1.00000
0.000000E+00

1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.000000E+06
10
7
5.00000
2.000000Ei-07
2.000000E+07
2.000000E+07
2.000000E+07
20.0000
100.000
10.0000
100.000
1000.00

TABLE 11.7.1 MPACT PARAMETER FILE
NO.

TEXT

130: Additional lag time 2 for evacuation
131: Nighttime prop.going outdoors on bang
Nighttime distance bang travels
Nighttime prop evacuating on evacuation order
Nighttime prop unresponding on evacuation order
Nighttime prop sheltering on shelter order
Nighttime prop unresponding on shelter order
Nighttime prop leaving buildings at impact
Daytime prop. going outdoors on bang
Daytime distance bang travels
Daytime prop evacuating on evacuation order
Daytime prop unresponding on evacuation order
Daytime prop sheltering on shelter order
Daytime prop unresponding on shelter order
Daytime prop leaving buildings at impact

ACC. TYPE

2
3
3
3
3
3
3
3
3
3
3
3
3
3
3

R
R
R
R
R
R
R
R
R
R
R
R
R
R
R

VALUE

MINIMUM

60.0000
0.000000E+00
10000.0
1.00000
0.000000E+00
1.00000
0.000000E+00
0.000000E+00
0.000000E+00
10000.0
1.00000
0.000000Ei-00
1.00000
0.000000E+00
0.000000E+00

0.000000E+00
O.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
O.000000E+00
0.000000E+00

MAXIMUM

1000.00
1.00000
400000.
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
400000.
1.00000
1.00000
1.00000
1.00000
1.00000
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FIGURE 11.7.14 EVENT TREE FOR ROUTES 1A AND 3A TRUE JET FLOW
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FIGURE 11.7.15 EVENT TREE FOR ROUTES lB AND 3B NOT TRUE JET
FLOW
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FIGURE 11.7.16 EVENT TREE FOR ROUTES 1 AND 2 WITHOUT THE
BLEVE BRANCH, AND ROUTES 10, 11, 13, 15, 16, 18, AND 20
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FIGURE 11.7.17 EVENT TREE FOR ROUTES 6
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FIGURE 11.7.18 EVENT TREE FOR ROUTES 5 AND 7
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FIGURE 11.7.19 EVENT TREE FOR ROUTE 8
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FIGURE 1L7.20 EVENT TREE FOR ROUTE 9
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FIGURE 11.7.21 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 be 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 be assume& 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 be 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.
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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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ffl.1 INTRODUCTION
Methanol is currently imported into Bunbury with storage in four storage tanks of
3,000 tonnes total capacity. For the purposes of this analysis the methanol import has
been modelled as 35,000 te per year (5 shipments) and that two additional tanks will
be added of approximately 2,500 tonnes capacity each. It has been confirmed with
Bunbury Port Authority and Dyno Industries (the users of the methanol) that this is
considerably in excess of their likely requirements.

111.2 HAZARD IDENTIFICATION
The hazards of handling methanol are associated with fire, explosion and toxic vapour
effects.
Explosion is not considered to pose a significant risk as in order for an explosion to
occur a high degree of confinement would be necessary. The only places where such
confinement exists is inside the tanks or the tanker compartments. Explosion within
the confines of a tanker compartment is highly unlikely due to the vapour
concentration being well above the upper flammability limit. In addition the
consequences of such an explosion would be no more extensive than those of a pool
fire (as modelled).
Explosion within the bulk tanks is probably more likely, but once again the
consequences would be no more severe than the bund fire events modelled.
Explosions have therefore not been modelled in detail.
The toxic effects would also not present significant risk to the public. Methanol has
a relatively low toxicity, with a TLV of 200 ppm and an IDLH value of 25,000 ppm.
Sax (Ref. 11) indicates that methanol is moderately toxic by the inhalation route
meaning that it may "cause reversible or irreversible changes to exposed tissue, not
permanent injury or death". Operators and emergency response teams should be
aware of its harmful effects and should evacuate the local area in the event of a spill.
PHAST modelling indicates that the distance to IDLH is about 100 m in the case of
a two compartment spill. However, no risk modelling was carried out using SAFETI
due to the very low potential for permanent injury.
Fires are the greatest concern with methanol, it being highly flammable. The possible
types of incident which may occur are:
Pool fires.
Flash fires (in the event of delayed ignition of vapours).
A1136.AP3
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In modelling the methanol events the following scenarios were used in the SAFETI
analysis:
Methanol spills, tank fires and bund fires for the tank farm.
Spills of one, two and four compartment loads for the road transport.

111.3 FREQUENCY ANALYSIS
111.3.1 Road Transport
The HSC report "Major Hazard Aspects of the Transport of Dangerous Substances"
(Ref. 6) records spill frequencies for petrol tankers in the UK. For spills greater than
1,500 kg initiated by collision or rollover a value of 2.1 x lO per tanker km is given.
An overall ignition probability of 0.2 was used in conjunction with this frequency to
give a pool fire frequency of 4.2 x iO per tanker km. Delayed ignition probabilities
were calculated by SAFETI from the area ignition sources detailed in Appendix VII.
These probabilities were used to calculate (in SAFETI) the risks from flash fires
(which proved to be negligible compared to the risk from pool fires).
It was assumed for the frequency analysis that 35,000 te per annum of methanol was
transported by 1750 tankers each carrying 20 te (although for the purposes of the
consequence analysis a spill of 25.2 te was considered possible).
Spillage events were distributed as follows:
75% 1 compartment spill (6,300 kg)
24% 2 compartment spill (12,600 kg)
1% 4 compartment spill (25,200 kg)
From these figures the frequencies in Table 111.3.1 for methanol tanker spills were
calculated.
TAR1F 111.3.1 ROAD TANKER SPILL FREQUENCIES

A1136.AP3

NUMBER OF
COMPARTMENTS SPILL

MASS SPILL
(kg)

FREQUENCY
(per year per km)

1
2
4

6,300
12,600
25,200

2.76 x 10
8.82 x 10
3.68 x 1O
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111.3.2 Methanol Tanks
A recent study by Technica (Ref. 2) reviewed in detail tank fire incidents involving
atmospheric storage tanks containing flammable and highly flammable materials. This
review enabled an analysis of atmospheric tank fire frequencies to be completed for
covered fixed cone roof tanks and both rim seal and surface fires for floating roof
tanks.
The study analysed a limited selection of worldwide data.
The data sources were:
The API Risk Analysis Task Force (Document No. 1 May 1977). Source data
was for the period 1969 to 1977.
USA Refinery and Petrochemical Data from a confidential Operating Source
covering the period 1965 to 1975.
Save! Kronenburg database for the period 1981 to 1984 covering worldwide
experience with tanks installed with their extinguishment systems.
Scottish North Sea Terminals Data for 461 tank years.
Based on this analysis the following fire frequencies were derived, which were used
in this study for the methanol tank farm fires modelled:
Roof fire - 4.8 x 10 per tank year
Bund fire - 1.2 x 10 per tank year.
In modelling the risks of initially unignited spills into the bund (which may give rise
to substantial flash fires) a frequency of full bund spills of 1 x 10 per tank year was
used. This frequency is the frequency of serious leakage from atmospheric storage
tanks, taken from the Rijnmond Study (Ref. 10).

111.4 CONSEQUENCE ANALYSIS
The consequences of the methanol events were modelled using the standard models
within SAFETI. Fatality is taken to occur if the heat flux is greater than 12.5 kW/m2,
with no fatalities at heat flux levels below this. For flash fires 100% fatality is
assumed for people within the flammable cloud.
Tank and bund fires were defined as having the equivalent diameters detailed in Table
111.4.1 below, which also provides consequence results.
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TABLE 111.4.1 TANK FARM DIAMETERS AND EFFECT DISTANCES

DESCRIPTION

POOL FIRE
DIAMETER (m)

DISTANCE TO
12.5 kW/m2 (m)

MAXIMUM DISTANCE
TO LFL (m)

Tank 1
Tank 2
Tank 3
Tank 4
Tank 5
Tank 6

11.0
11.0
12.0
14.0
14.0
14.0

22.2
22.2
24.2
26.8
26.8
26.8

N/A
N/A
N/A
N/A
N/A
N/A

Bund 1
Bund 2
Bund 3
Bund 4
Bund 5
Bund 6

23.9
23.9
21.4
23.1
23.9
23.9

43.7
43.7
36.2
43.0
43.7
43.7

7 - 35
7 - 35
7 - 30
7 - 35
7 . 35
7 - 35

Consequence results for the road tanker spill events are presented in Table 111.4.2.
below.

TABLE 111.4.2 ROAD TANKER POOL FIRE AND
FLASH FIRE EFFECT DISTANCES

NUMBER OF
COMPARTMENTS
RELEASED

POOL FIRE
DIAMETER (m)

DISTANCE TO
12.5 kW/m2 (m)

MAXIMUM DISTANCE
TO LFL (m)

1
2
4

32.0
45.0
64.0

53.7
69.2
91.6

20 - 45
25 - 65
40-95

111.5 RISK ANALYSIS
The risk analysis was undertaken in the normal manner using SAFETI as described
in Appendix 11 using the information from the preceding two sections as input.
Figure 111.5.1 presents the risk results in the form of individual risk Contours.
For both the tank farm and transport incidents it was found that the flash fire risks
were negligibly small compared to those from pool fire.
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FIGURE 111.5.1 RISK RESULTS - INDIVIDUAL RISK CONTOURS
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IV.1 INTRODUCTION
This appendix provides details of the risk analysis for ammonium nitrate importation.
For the purposes of this analysis it has been assumed that the maximum quantity of
AN which may foreseeably be imported through Bunbury outer harbour is 20,000 te
per year in four 5,000 te shipments.

IV.2 HAZARD IDENTIFICATION
The primary hazards of AN handling are the possibility of explosion or fire leading
to the evolution of toxic decomposition products. These types of events could
conceivably occur both on board ship and whilst being transported by road.
The following event-s were considered in detail:
Explosion of up to 2,000 te AN on board ship (the maximum contents of one
hold).
Evolution of toxic decomposition products from AN during severe fire on ship.
Explosion of up to 20 te AN during road transport.
Evolution of toxic decomposition products from AN involved in a fire during
road transport.

IV.3 FREQUENCY ANALYSIS

IV.3.1 AN Explosion on Ship
Historical Experience
There have been 3 explosions of ammonium nitrate (AN) in ships since 1945, 2 of
which occurred in port areas. All these explosions were of organic-coated material,
and it is now recognised that such organic contamination makes an explosion much
more likely in the event of a fire. Such organic coatings have not been used since
about 1955. These 3 accidents are therefore, not appropriate for estimating the
explosion frequency of current shipments.
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The world-wide level of trade in AN since 1955 is not known. In the HSE study
(Ref. 2) it was estimated that the number of worldwide shipment of AN cargos for the
period 1977 to 1986 was 12,000 per year. It was assumed that this had been constant
in the period 1955 to 1988. There have been no explosives involving non-organically
coated AN in this period. Using a Poisson distribution technique at the 50%
confidence level, which in effect assumes that an average of 0.7 "explosions" have
occurred in this 34 year period, a frequency of 1.7 x 10.6 per cargo is obtained. Based
on the 3 explosions of organic-coated AN, 2 of which occurred in port, it may be
assumed that 67% of these explosions will occur in port, i.e. a frequency of 1.1 x 10 6
per cargo. It is considered that this approach gives an upper-bound to the true
explosion frequency, which is used to test the validity of the frequency calculated
using the fault tree approach described below.

Conditions for an Explosion
Ammonium nitrate is stored and transported in conditions which make it very unlikely
to explode. It is insensitive to the friction and impacts encountered in normal
handling. However, an explosion is possible under certain adverse conditions.
Because of the severity and rarity of explosions of large quantities of AN, neither
experiments nor accident experience have revealed the precise conditions necessary
for an explosion to occur. Factors conducive to AN explosions are:
High temperatures, if the AN is molten.
Organic contamination, e.g. with fuel oil, polythene or paper.
Contamination with certain inorganic materials such as chlorides.
Shocks, such as nearby detonations or impact from projectiles.
High pressure, e.g. in a confined space.
Within the practical range of these adverse factors which are likely to be encountered
in shipping, the most likely scenario for AN explosions are considered to be:
Fire in the cargo hold combined with confinement or shocks (mechanical or
overpressure) from adjacent explosions leading to an explosion, if the AN is
contaminated or molten. Generic frequencies of this type of event are
estimated below.
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Nearby detonation causing a shock sufficient to explode the AN, if it is contaminated,
has not been analysed as the AAPMA rules (Ref. 1) under which the AN would be
unloaded requires that on each occasion the material is imported the Marine Authority
(DOME and BPA) are provided a Certificate of Manufacture (including total
combustible substances), issued and signed by the manufacturer, identifying and
certifying the chemical analysis and structural composition of the ammonium nitrate
and certifying with which IMDG Classification and UN Number the ammonium nitrate
complies.
Scenarios of AN Explosions in Fires
Ammonium nitrate is not itself combustible but can assist other materials to burn even
if air is excluded.
When heated in a fire AN may melt and decompose, giving off toxic fumes. These
fumes will hamper fire-fighting and may necessitate evacuation of the surrounding
area. On the basis of accident experience the fumes would not be expected to present
a major risk of offsite fatalities. This issue is discussed further in Section IV.2.
The melting will take place at the surface of the AN exposed to the fire, and hence
the melting rate depends on the hold and fire geometry and the type of storage
(whether bulk or containerised). The melted AN will form a pool in the hold or in
individual containers. If an explosion occurs, it is almost certain to be initiated in this
pool. Then depending on the mass of molten AN initially detonated, some solid AN
cargo may explode too. The efficiency of this explosion (in effect, the proportion of
the cargo on board which explodes) depends on the cargo size, dimensions and type
of storage, and is considered under the consequence modelling (see Appendix P1.4.1).
In the following sections, only the frequency of the explosion is estimated. The logic
is illustrated by the fault tree in Figure P1.3.1.

Fire in Machinery Spaces
Machinery space fires are the most common type of fires on ships, and are usually
caused by small oil leaks onto hot surfaces. If the fire detecting and extinguishing
system fails, the fire could escalate and the crew may be unable to control it using the
emergency fire fighting system. Such a fire, requiring assistance from ashore to
control it, could result in the ship becoming a serious casualty.
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However, the AN cargo is protected by the engine room bulkhead and normally an
empty space or cofferdam next to it. Only if the fire escalates to involve the fuel
tanks beneath the engine room is it is likely to be fierce enough for the engine room
bulkhead to fail and allow the fire to spread towards the cargo and form a molten AN
pool. Such a fire is likely to be more severe than that which would just result in the
ship becoming a total loss (even if it had no AN aboard) because severe damage
within the engine room alone often results in a ship being declared a constructive total
loss.
From the HSE study the frequency of total loss of general cargo ships through
fire/explosion is 1.1 x 1 0 per ship year. An analysis of general cargo ship fires
causing serious casualties is given by Harvey (1986). This indicates that 31% of these
occur in port, excluding fires while under repair. This gives a frequency of
fire/explosion total losses in port of 3.5 x 10 per ship year. Based on an average of
30 loaded movements per year for a typical cargo ship, this becomes 1.2 x 10 per
cargo. Harvey (1986) states that 69% of these fires occur in the machinery spaces.
Thus the frequency of severe engine room fires in port is 8.0 x 10.6 per cargo.
It is assumed that the probability of the engine room bulkhead failing given a fire in
the machinery spaces severe enough to cause a total loss is 0.1. It should be noted
that average shore-based fire-fighting services are assumed in the frequency of
fires/explosions causing total loss in port. In the case of Bunbury, it is assumed that
firewatches will be maintained on ships offloading AN. Thus it is considered that the
probability of a small fire developing into a severe fire could be reduced by a factor
of 10.
Even if a severe fire breaks into the hold, it may not reach the particular hold
containing the AN cargo. A conditional probability could therefore be used in the
fault tree in Figure IV.3.1 but has been omitted in the interests of conversation.
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FIGURE IV.3.1 FAULT TREE FOR AMMONIUM NITRATE EXPLOSION
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Various circumstances may produce an explosion once AN is involved in a fire:
The molten AN may flow into a confined space and explode under continued
heating.
The fire may burn through the fuel tank top, allowing the AN to mix with the
fuel oil beneath, sensitising it. Small explosions as successive fuel tanks fail
could then cause the AN to explode.
If the hold is covered when the fire starts, either because loading has stopped
or to protect the cargo from rain, pressure may build up inside once the fire
enters, generating fumes greater than the ventilation capacity. If the hatch
covers are not removed in time, either by mistake or due to fumes making the
controls inaccessible or due to the heat damaging the mechanism, an explosion
may result.
It is estimated that the conditional probability of an explosion by any of these
mechanisms, given a fire severe enough to burn through the engine room bulkhead is
0.1. Combined with the frequency of such fires above, this gives an explosion
frequency of 8.3 x 10 per cargo. For one specific port this equates to a frequency
of 4.2 x 10 9 per visit.

Fire in Accommodation
Fires in accommodation spaces are usually quite localised and may be controlled with
assistance from ashore. It is judged that with the firewatches the possibility of an
accommodation fire affecting the AN cargo is negligible compared to other possible
mechanisms.

Fire in the Hold
Possible sources of combustible material in a hold are:
Fuel oil leaking through the tank top. This would only occur if normal
inspection procedures before loading had not been thorough.
Combustible materials within the AN, especially if these are accidentally in
excess of the specified limit.
Other combustible cargos in neighbouring holds.
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From the discussion above on fires in machinery spaces the loss frequency from fire
in port is 1.2 x 10 5 per cargo. From Harvey (1986) an average of 30% of these fires
occur in the cargo spaces. Using the factor of 10 reduction for AN cargoes due to use
of firewatches noted above, the frequency of such fires becomes 3.6 x 10 7 per cargo.

The possible causes of an explosion in the event of a fire in the hold are:
The molten AN may flow into a confined space or in any recess in the hold
and explode under continued heating.
If fuel has leaked through the tank top and possibly mixed with AN, and the
fire causes an explosion in the fuel tanks, this may be sufficient to cause an
explosion in the AN. However, it is considered unlikely that sufficient fuel
would leak to cause a fire sufficiently severe for this.
Parts of the dockside crane may fall into the pool and possibly cause an
explosion due to the impact. However, it is considered unlikely that the fire
would be severe enough to cause this or that the impact energy from the crane
would be sufficient to initiate detonation.
If the hold is covered when the fire starts, either because loading has stopped
or to protect the cargo from rain, pressure may build up inside, particularly if
the fire is not noticed at an early stage.
The shock of the sudden impact of jets of water in fire-fighting may be
sufficient to explode the molten AN, although it is likely the AN would need
to be sensitised by organic contamination in the pool first. However, it is
likely that the heat and draught in a fire will diffuse any water jets and reduce
their impact.
Explosions of other materials in neighbouring holds.
It is conservatively estimated that the conditional explosion probability by all these
means together is about 0.1. This gives an explosion frequency of 3.6 x iO per
cargo. Thus in a specific port a frequency of 1.8 x 10 per visit is derived.

Fire Due to Ship Striking or Aircraft Crash
The HSE study found that these hazards were of secondary importance compared to
fires starting on the ship carrying AN itself and thus will be discounted from this
analysis.
A1136.AP4
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Summary of AN Explosion and Fire Frequency Estimates
The estimated frequencies of AN explosions due to fires in port are shown in the
Table P1.3.1:
TABLE IV.3.1 AN EXPLOSION FREQUENCIES
FREQUENCY
(per visit)

CAUSE

4.2 x 10

Due to machinery space fires.
Due to fires in the hold.

-

TOTAL DUE TO FIRES

1.8 x 10
2.2 x 10.8

This total is consistent with the upper-bound estimated from historical data of 1.1 x
10 6 per cargo.
Since it is postulated that there may be 4 shipments per year the annual explosion
frequency is calculated to be 8.8 x i(i per year.

IV.3.2 AN Explosion During Road Transport
In Appendix V, Section V.3.1 the frequency of initiating mechanisms for explosive
events during road transport are provided, derived from the HSC transport study (Ref.
6) of the three dominant mechanisms for explosives detonation (namely unsafe
explosives, fire, and impact) the only credible initiating mechanism for AN detonation
is fire.
For AN explosions it is conservatively estimated that the conditional probability of
explosion in the event of fire is ten times lower than that for explosives. The event
frequency for AN explosions is therefore calculated as 2 x 10'° per vehicle-km. For
the postulated 1,000 movements per year this equates to 2 x 10 per km-yr.
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IV.3.3 AN Decomposition Products From Ship Fires
As previously discussed in Section IV.3.1 the frequency of total losses in port due to
fires/explosions is estimated to be 1.2 x 10 per cargo (6.0 x 10.6 per visit). A severe
fire such as this would be necessary to initiate decomposition of AN cargo. For the
purposes of this analysis this frequency is taken to be the frequency of AN
decomposition events, which assumes that in all such cases the fire spread to the
vicinity of the AN. This is a highly conservative assumption.
For the four visits per year, the total frequency becomes 2.4 x iO per year.

IV.3.4 AN Decomposition Products From Truck Fires
As discussed in Section P1.4.4 the consequences of this event would be negligible and
there is hence no ned to derive a frequency for this event.

IV.4 CONSEQUENCE ANALYSIS

IV.4.1 AN Explosion on Ship.
Estimation of mass exploding
It is not known at this stage whether the postulated shipments of AN into Bunbury
would be containerised or in bulk (bulka bags). In the interests of conservatism it has
been assumed that shipments will be in bulk (when containerised, it is highly unlikely
that more than one container would deteriorate at once.
To calculate the mass of AN likely to detonate at any one time, it is assumed that
cargo in separate holds would not detonate at the same time. This is based on the fact
that it is extremely unlikely that more than one hold would be involved in a fully
developed fire at any one time. It is further assumed that the maximum quantity
stored in a single hold would be 2,000 te.
The scenario modelled is that of a major fire giving rise to molten AN pools.
If subsidiary explosions occur, for instance exploding drums of other dangerous goods
or exploding fuel tanks, these molten pools could be detonated by high momentum
fragments.
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The exact amount of AN which detonates is uncertain and will very according to
shipment size and distribution. When a molten AN pool detonates other adjacent
pools may also detonate due predominantly to fragments. Some may detonate due to
overpressure effects from the initial detonation, although the pools would need to be
very close together for this to occur.
The HSE have previously advised (Technica, 1990a) that explosion efficiencies
applicable to storage of AN inside a ship's hold are as follows:
Palletised bags under 5 m stack size
Palletised bags over 5 m stack size
Bulk under 2 m pile size
Bulk over 2 m pile size

12%
35%
12%
80%

Thus the appropriate explosion efficiency in this case is 80%, since in most cases bags
will be stacked to a height greater than 2m.
Various observations suggest the TNT mass equivalence of AN to be in the range 40%
to 67% (Technica, 1990a). As in the HSE study a value of 55% is used here.
The equivalent mass of TNT used as the basis for consequence modelling event is
therefore:
2,000 te x 0.8 x 0.55 = 880 te

Estimation of Explosion Overpressures and Impacts
The probability of fatality due to explosion overpressure is estimated using data
provided by IChemE (1989).
This indicates that a peak overpressure of 21 kPa would result in 10% fatalities, and
a peak overpressure of 42 kPa bar would produce 50% fatalities. In addition
Hazardous Industry Planning Advisory Paper No. 6, "Guidelines for Hazard Analysis",
indicates that below 3.5 kPa, no fatalities would be expected.
Most fatalities are caused by building collapse rather than by overpressure effects
directly. People outside and remote from buildings are unlikely to be killed, but most
people who are outside are near to buildings which may collapse on them. It is
therefore assumed that people both outside and inside are equally vulnerable.
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In this analysis it was assumed that:
The probability of fatality was 100% at locations where the overpressure
would be greater than 42 kPa.
The probability of fatality was 50% at locations where the overpressure would
be between 42 kPa and 21 kPa.
The probability of fatality was 10% where the overpressure would be between
21 kPa and 3.5 kPa.
The probability of fatality was zero at locations where the overpressure would
be less than 3.5 kPa.
Distances to the various overpressure levels were then calculated using the standard
methodology described by Lees (1980). Figure P1.4.1 presents piots of overpressure
versus distance for 880 te of TNT (equivalent to 2,000 te AN), as well as for the other
equivalent masses used in the analysis of explosives ship and AN road transport
explosions.
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FIGURE IV.4.1 OVERPRESSURE VERSUS DISTANCE CURVES
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Table IV.4.1 below provides details of the distances to the various relevant
overpressure levels.
TABLE IV.4.1 DISTANCES TO OVERPRESSURE LEVELS FOR
2,000 TE AN EXPLOSION
OVERPRESSURE
(kPa)
3.5
21
42

DISTANCE (m)
1,900
490
320

IV.4.2 AN Explosion During Road Transport
AN would be transported from the Port on semi-trailers, with a load of approximately
20 te. Using a similar methodology to that described in Section IV.4.1 for AN ship
explosions a 20 te load of AN is calculated to be equivalent to 8.8 te of TNT in the
event of detonation (conservatively assuming that the bags would be stacked to a
height greater than 2m).
The distances to various overpressure levels are taken from Figure IV.4.1 and are
presented below in Table IV.4.2.
TABLE IV.4.2 DISTANCES TO OVERPRESSURE LEVELS FOR
20 TE AN EXPLOSION
OVERPRESSURE
(kPa)

DISTANCE (m)

3.5

450
125

21
42

83

This consequence information was input into SAFETI by defining events with
equivalent effects distances, and by modifying the event frequencies to take account
of the percentage fatalities assumed for each distance.
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IV.4.3 AN Decomposition Products from Ship Fire
This section provides details of the analysis of the consequences of toxic products
evolved from AN involved in a fire on board ship.
When heated to temperatures above 175°C AN starts to decompose. A number of
decomposition reactions can take place, the actual balance of which is very sensitive
to the particular conditions (e.g. temperature, pressure, degree of confinement, extent
of contamination etc.)
On board ship, the scenarios envisaged which could lead to such high temperatures
in the bulk AN pile are fires in an adjacent hold or more likely in the engine room
(coupled with AN being piled up against the engine room bulkhead).

Calculation of Decomposition Rate
In calculating the decomposition rate it is assumed that a 2,000 te cube of AN
decomposes along a decomposition front with the area of one side (e.g. due to the AN
pile being heated on one side by the engine room bulkhead).
The speed of the decomposition front is taken from a previous Technica Report
(Technica 1988). The speed of the decomposition front, S, depends on the purity of
the ammonium nitrate and the degree of confinement. The speed of the decomposition
front for different conditions are presented in Table IV.4.3 below. In this table, time
is measured in minutes and the speed of decomposition is expressed in millimetres per
minute. These speeds are not based on experiments, but were chosen to reflect the
known effects of contamination and confinement; however, they have been checked
with descriptions of fires and seem to be reasonable. The confined decomposition
increases with time since confinement accelerates decomposition.

TABLE IV.4.3 DECOMPOSITION RATES OF AMMONIUM NITRATE

A1136AP4

CONTAMINATION

CONFINEMENT

SPEED OF FRONT
(mm/mm)

Pure
Pure
Contaminated
Contaminated

Unconfined
Confined
Unconfined
Confined

2
1/3 x t
4
2/3 x t
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For the purposes of this study the AN is taken to be non-contaminated and under
confinement conditions. In reality the decomposition front speed is more likely to be
approximately 2 mm/min as in the unconfined case since adequate ventilation should
be provided in the hold (the hatches would be expected to be opened in the event of
fire). However, the confined rate has been used to be conservative and in recognition
that some pressure will be provided by the height of the stack and since it is possible
that under certain circumstances the ventilation rate may be insufficient to keep the
pressure down.
In order to calculate the decomposition rate it is necessary to calculate the duration
of the decomposition. If the AN is taken to be in a cube of 14 m dimensions (2,000
te has a volume of about 2,670 m2), it can be shown that the time to completely
decompose the contents of one hold would be 290 minutes (a simple integration leads
to the result that t2 = 6x where t = time in minutes and x = distance travelled by the
decomposition front in millimetres).
Alter a time of 290 minutes the decomposition front would have attained its maximum
speed of 97 mmlmin which is equivalent to a decomposition rate of 240 kg/s. This
decomposition rate has been used in the subsequent calculations for the entire duration
of the fire. The use of this approach is considered highly conservative because:
The decomposition front speed is more likely to be in the region of 2 mmlmin
rather than 97 mm./min since the AN would in reality not be particularly
confined. The decomposition front speed is modelled as increasing with time
due to pressure increases, but in fact if there were any significant pressure
build up, it would very quickly be relieved as the cargo holds would not
withstand any significant pressure.
The decomposition front speed is taken to be the maximum value of 97
mrnlmin based on the theoretical calculation of the decomposition time being
290 minutes. The average rate over this time would in theory actually be 48
mm/mm.
The duration of the fire is taken to be 1 hour rather than the theoretical 290
minutes. This allows for the fact that in reality the decomposition rate would
be much less than 48 mm/min and the fire could go on for several hours. In
terms of exposure the use of a one hour exposure time is justified as this
allows more than sufficient time for response to the incidenL
In practice, DNV Technica believe that the actual release rate would be substantially
lower than the rate assumed here.
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Decomposition Products:
A study undertaken by ICI indicates that 1 kg of AN in a pressure dewar test
including 0.2% polyethylene and 0.3% sawdust produces the following decomposition
gases when confined (Table IV.4.4).

TABLE IV.4.4: COMPOSITION OF AN DECOMPOSITION GASES
GASEOUS
COMPONENT

NITRAM + 0.2% PE
I/kg

%vlv

H20
N2
02
CO
CO2
N20
NO
NO2
NH3

633.7
90.2
1.8
0.5
9.1
176.7
9.8
2.2
0.9

68.5
9.8
0.2
0.1
1.0
19.1
1.1
0.2
0.1

Total

924.9

100

Although the test conditions are not entirely representative of the cargo hold situation,
the use of this composition has been verified as conservative by TNO (Ref. 4).
The toxic components (CO, NO, NO2, NH3) collectively represent 1.9% by weight
(1.5% by volume) of the total mixture. The molecular weight of the mixture is
calculated as 24.46 which is lighter than air.

Consequence Modelling
In modelling the evolution of this gas in SAFETI, a hypothetical gas was developed
in the SAFETI materials database. Water vapour was used for the majority of the
material properties but the molecular weight was changed to 24.46 and the gas was
defined as toxic.
In defining the mixture toxicity the following equation was used:

1
Toxicity

A1136AP4

=

x1
Toxicity1

+

x1
Toxicity2
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where the toxicities were in the case the IDLH values and x is the mole fraction. The
whole of the toxic component (CO. NO, NO2, NH3) was assumed to have the IDLH
value of the most toxic component, NO2 (100 ppm).
In this way an IDLH value of 5,260 ppm was calculated. A probit equation was then
developed which simulates fatality if a person is exposed to a concentration of greater
than 5,260 ppm for a period of one hour, and no fatality if the concentration is less.
The IDLH valve represents a maximum level from which one could escape within 30
minutes without any escape impairing symptoms or irreversible health effects. The
use of this approach is therefore highly conservative.
In the SAFETI modelling the event duration is also set to one hour. The probit
constants are as follows:
A
B
C

:
:
:

-50,000
577
10

Details of the important parameters defining the source term for the event are as
follows:
Release rate
Release duration
Temperature
Release velocity
Release height

240 kg/s
1 hr
573 K
0.5 mIs
1m

Consequence Results
The results of the consequence analysis as described above indicate that there is no
toxic effect beyond the immediate vicinity of the fire. This is not surprising as the
decomposition gas has a molecular weight lower than that of air and so the gas would
be expected to rise. In high wind conditions (inexcess of 6 m/s) it is possible that
some toxic effects may be experienced, but these would still be relatively localised.
SAFETI analysis of the same case with a windspeed of 9 m/s indicates toxic effects
out to a distance of about 60 m. The low probability of occurrence and limited
consequences do not, however, warrant any further analysis.
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IV.4.4 ANDecomposition ProductsfromTruckFires
Based on consideration of the analysis of the ship fire situation, it is concluded that
the toxic effects of an AN truck fire would be very localised and no specific analysis
is warranted. In arriving at this conclusion, DNV Technica recognises the differences
between the two situations but believes that the differences would serve only to make
the consequences less severe than those for the ship.

IV.5 RISKANALYSIS
The failure cases described in the previous sections were entered into SAFETI and
individual risk results were generated as presented in Figure P/.5.1.
Note that DNV Technica believes these results to be highly conservative, but further
refinement of the analysis in this respect is not warranted since the risks are shown
to be well below the EPA criteria levels, even when calculated on this conservative
basis.
Regarding societal risk it can be shown that the maximum number of people who may
be expected to be killed in the event of an ammonium nitrate explosion on board a
ship is 13:
The nearest residential block on the proposed development is approximately
1,035 m from the berth.
At this distance the number of people killed would be less than 2.6% (found
by linear interpolation between the 0% and 10% fatality levels which occur at
1,900 m and 490 m respectively).
It is conservatively estimated that the number of people present on the
development site would be less than 500 for the vast majority of the time.
The number of people who would therefore be expected to be killed in the
event of an AN explosion is less than 13.
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FIGURE IV.5.1 INDIVIDUAL RISK CONTOURS FOR AN EVENTS
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V.1 INTRODUCTION
This appendix presents details of the risk analysis for importation and road transport
of explosives. Although there are currently no such operations in Bunbury there is a
possibility that there may be a requirement for such shipments in the future. One
shipment per year of ten containers each carrying 10 tonnes of Class 1.1 explosives
is modelled in this analysis.

V.2

HAZARD IDENTIFICATION
As part of the HSC study "Major Hazard Aspects of the Transport of Dangerous
Substances" SRD undertook a comprehensive risk analysis of the transport of
explosives by road and rail in the U.K. This study identified three primary causes of
detonations namely fire; vehicle impact events; and unsafe explosives conditions.
Upon detonation the harmful effects can be divided into two categories: blast injury
and fragment injury. Blast injuries can in turn be classified as:
Primary blast injuries
These are produced by the direct effects of a blast wave on the body.
However, humans are very resilient to blast, and considerable overpressures (in
excess of 20 psig) are required before fatalities are produced by direct blast
effects (whereas considerably lower overpressures of around 0.75 psig can give
rise to fatalities from secondary blast effects). The available evidence indicates
that lung haemorrhage is the most likely cause of death in these cases.
Secondary blast injuries
These are caused by the structural collapse of buildings following the
impingement of a blast wave. Experience shows that structural collapse is the
dominant mode of injury and death from explosion in build-up areas.
Tertiary blast injuries
These are caused by body movement and two modes may be distinguished:

A1136AP5

-

Injuries caused by differential displacement of internal body organs
following high acceleration.

-

Injuries caused by impact, i.e. when the body is blown over or picked
up by the blast wave and thrown against an object.
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V.2

Fatal primary and tertiary blast injuries usually only occur with relatively high levels
of overpressure (in excess of 30 psig) and thus generally only occur amongst people
very close to an explosion. However, structural collapse, leading to fatal secondary
blast injuries, can occur at much lower levels of overpressure (2-3 psig). It follows
that in the event of a mass explosion in a built-up area, blast effects are likely to cause
a greater number of fatalities among people indoors than among people in the open.
in contrast people in the open are likely to be at greater risk from the fragments
generated in an explosion than those indoors since people inside buildings are
protected from fragments by walls and roofs.
With regard to the hazards of marine operations, the three primary causes of
detonations identified for road transport would also apply to the detonation of
explosives on a ship. The only slight difference between the two is that impact caused
by vehicle collision as an initiating mechanism could be replaced by impact caused
by a dropped load.

V.3

FREQUENCY ANALYSIS

V.3.1 Road Transport
The SRD report (Ref. 6) provides estimates of frequencies of explosives events,
divided into the three primary causes, based on a combination of actual accident data
and fault tree analysis. Table V.3.1 summarises these frequencies.

TABLE V.3.1: FREQUENCY OF EXPLOSIVES EVENTS
ON ROAD VEHICLES
IN1TIATTh1G MECHANISM
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RATE

Unsafe explosives

1 x iO vehicle km

Fire

2 x 10 vehicle kind

Impact

2 x 100 vehicle km
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Note that SRD take these base frequencies and perform an event tree analysis, with
some of the final outcomes being non-detonations. Due to the extremely low
frequencies and the small number of movements postulated at Bunbury the risks are
so low as to not warrant such a detailed analysis (as will be demonstrated in Section
V.5). It was therefore assumed that all "events" lead to detonation.
It is considered likely that the conditions at Bunbury are likely to have a slightly
lower frequency of incident since handling regulations are similar and the lower traffic
densities in Bunbury would be expected to produce slightly lower vehicle impact rates
and the movements will be in fully containerised loads rather than general explosive
vehicles (vans, etc.). The use of the SRD figures is therefore considered to be
conservative.
Since there are postulated to be ten truck movements per year the detonation
frequency is therefore estimated to be 3.2 x lO km-yr'.

V.3.2 Explosives on Board Ship
As in the case of transportation by road, it is believed that the major contributor to the
detonation frequency on a ship would be fire events. It could be agreed that unsafe
explosives conditions could also make a significant contribution, but as a first
approximation the detonation frequency will be taken as being equal to the severe fire
frequency. Built in conservation in the estimate of the fire frequency should
adequately account for any minor contributions from unsafe explosives.
The severe fire frequency is taken from Section IV.3 as 2.2 x iO per visit, leading
to a detonation frequency of 2.2 x iO per year.

V.4

CONSEQUENCES ANALYSIS
The SRD report (Ref. 6) goes into considerable detail in discussing the consequences
of a detonation. The actual effects experienced will depend very much on the nature
of the explosive, its containment and the surrounding area (whether people are
indoors/outdoors etc.) However, based on the SRD work it can be concluded that for
a 10 te load on a truck, consequences beyond 100 m would be minimal (about 4%
fatality predicted at 100 m).
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For the ship event, a simultaneous detonation of the whole 100 te shipment was
assumed although this is unlikely given the containerised nature of the shipment.
100% TNT equivalence was also assumed, which then allows an estimation of the
consequences to be made using the same methodology as that described for
ammonium nitrate explosion in Appendix IV, Section IV.4.
The consequence distances for a 100 te explosion are presented in Table V.4.1 below.

TABLE V.4.1: DISTANCES TO SPECIFIED OVERPRESSURE LEVELS
FOR A 100 te EXPLOSIVES SHIPMENT

V.5

OVERPRESSURE
(kPa)

DISTANCE (m)

3.5
21
42

1010
290
190

RISK ANALYSIS

V.5.1 Road Transpr
In the preceding sections it was calculated that the detonation frequency was 3.2 x
10.8 km-yr' and that the maximum effect distance was of the order of 100 m.
With this information it can easily be shown that the maximum individual risk at
any point by the roadside would be 6.4 x iO per year which is so low as to be
considered negligible.

V.5.2 Ship Events
Using similar methodology to that described in Appendix IV for ammonium nitrate,
the consequence and frequency information were input into SAFETI. Figure V.5.1
present the individual risk results in the form of risk contours.
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FIGURE V.5.1: INDIVIDUAL RISK CONTOURS FOR SHIP
EXPLOSION EVENTS
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SAFETI PARAMETERS
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VI.1 CONSEQUENCE PARAMETERS
Table VI. 1.1 lists the parameters used in the SAFETI program CONS EQ.

VT.2 IMPACT (RISK) PARAMETERS
The impact (risk) calculations were undertaken using the SAFETI program
MPACT. The MPACT parameter file contains the event tree branch probabilities,
fraction of people affected by outcomes, etc. The parameters used in this MPACT
study are shown in Table VI.2.1

VI.3 PROJECT PARAMETERS
Project specific parameters are also required by SAFETI. These include the ground
temperature, the ambient temperature, the surface roughness, etc.. Table VI.3.1
lists these parameters and their values.
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TABLE VI.1.1: CONSEQUENCE PARAMETERS

NO.

TEXT

Diagnostic print flag
Print flag
Print step size (m)
Maximum fractional change per step
(Mm. fractional change)/(Max. fractional change)
Entrainment coefficient 1
Entrainment coefficient 2
Entrainment coefficient 3
Drag coefficient for jet
10: Turbulent Schmidt number
11: AccuracY parameter for Kutta Merson integration
12: Mass fraction of air used for, density estimate
13: Flag for density-cOnc. relation check (Jet model)
14: Flammables: minimum step in X-direction (m)
IS: Flammables: minimum time-step (s)
16: Flammables: mm. step along plume centreline (m)
17: Flammables: max.fract.chaflge per res. step
18: Flammables: result grid step (Tn)
19: Flammables: maximum distance of travel(m)
20: Toxics: minimum step in X-direction (m)
21: Toxics: minimum time-step (s)
22: Toxics: minimum step along plume centreline (m)
23: Toxics: max. fract. change per result step
24: Toxics: result grid step in X-direction(m)
25: Toxics: result grid step in Y-direction(m)
26: Toxics: minimum probability of death
27: Toxics: maximum distance of travel (m)
28: Flammables: free jet criterion
29: Dense cloud parameter alpha
30: Dense cloud parameter beta
31: Dense cloud parameter gamma
Dense cloud parameter k
Flag to run to minimum specified concentration
34: Minimum specified concentration (%)
35: Evc: Human running speed (m/s)
36: Evc: Lag time to reach near buildings(min)
37: Evc: Average time to reach buildings (mm)
38: Evc: Lag time to reach dist.builditigS(min)
39: Evc: Air change time in ave. buildthg(min)

A1136.AP6

ACC. TYPE
3
3
3
2
2
2
2
2
2
2
2
2
2
2
2
2
3
3
3
2
2
2
3
3
3
3
3
2
2
2
2
2
3
3
3
3
3
3
3

L
L
R
R
R
R
R
R
R
R
R
R
L
R
R
R
R
R
R
R
R
R
R
R
R
R
R
I
R
R
R
R
1.
R
R
R
R
R
R

VALUE
FALSE
FALSE
20.0000
0.200000
0.250000
0.141000
0.170000
1.03000
0.450000
1.40000
1.000000E-03
1.25000
FALSE
1.00000
0.100000
0.100000
0.100000
10.0000
10000.0
1.00000
0.100000
0.100000
0.100000
25.0000
2.50000
1.000000E-03
50000.0
2
0.100000
0.150000
0.600000
1.00000
FALSE
1.000000E-03
2.50000
0.500000
1.00000
3.00000
20.0000
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TABLE VI.2.1: IMPACT (RISK) PARAMETERS

NO.

TEXT
Prob. of Bleve
Prob. of Fire
Route 1 True jet. Comb jet horiz. fraction
Route 1 True jet. Prob. horiz. ignition
Route 1 True jet. Prob. horiz. jet fire
Route 1 True jet. Prob. horiz. explosion
Route 1 True jet. Prob. vertical ignition
Route 1 True jet. Prob. vertical jet fire
Route 1 True jet. Prob. vertical explosion
Route 3 True jet. Comb jet horiz. fraction
Route 3 True jet. Prob. horiz. ignition
Route 3 True jet. Prob. horiz. jet fire
Route 3 True jet. Prob. horiz. explosion
Route 3 True jet. Prob. vertical ignition
Route 3 True jet. Prob. vertical jet fire
Route 3 True jet. Prob. vertical explosion
P1DF (ntj) Route 1 Prob delayed flash fire
P1DE (ntj) Route 1 Prob. delayed explosion
P2DF Route 2 Prob. delayed flash fire
P2DE Route 2 Prob. delayed explosion
P3DF (ntj) Route 3 Prob delayed flash fire
P3DE (ntj) Route 3 Prob. delayed explosion
P4DF Route 4 Prob. delayed flash fire
P4DE Route 4 Prob. delayed explosion
P51 Route S Prob. immediate ignition
PSIP Route S Prob. early pool fire
P5DP Route 5 Prob. delayed pool fire
P5DF Route 5 Prob. delayed flash fire
P5DE Route S Prob. delayed explosion
P61 Route 6 Prob. immediate ignition
P6IP Route 6 Prob. early pool fire
P6DP Route 6 Prob. delayed pool fire
P6DF Route 6 Prob. delayed flash fire
P6DE Route 6 Prob. delayed explosion
P71 Route 7 Prob. immediate ignition
P7IP Route 7 Prob. early pool fire
P7DP Route 7 Prob. delayed pool fire
P7DF Route 7 Prob. delayed flash fire
P7DE Route 7 Prob. delayed explosion
P81 Route 8 Prob. immediate ignition
P8IP Route 8 Prob. early pool fire
P8DF Route 8 Prob. delayed flash fire
P8DE Route 8 Prob. delayed explosion
P91 Route 9 Prob. immediate ignition

A1i36.AP6

ACC. TYPE
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3

R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
P.
R
R
R
R
R
R
R
R
R
P.
R
R
R
P.
R

VALUE
1.00000
1.00000
0.600000
0.400000
0.900000
0.100000
0.200000
0.900000
0.100000
0.600000
0.400000
0.600000
0.100000
0.200000
0.900000
0.100000
0.600000
0.400000
0.600000
0.400000
0.600000
0.400000
0.600000
0.400000
0.300000
1.00000
0.150000
0.600000
0.400000
0.300000
1.00000
0.150000
0.600000
0.400000
0.300000
1.00000
0.150000
0.600000
0.400000
0.300000
1.00000
0.600000
0.400000
0.300000
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TABLE VL2.1: IMPACT (RISK) PARAMETERS (CONTINUED)

45:
46:
47:
48:
49:
50:
51:
52:
53:
54:
55:
56:
57:
58:
59:
60:
61:
62:
63:
64:
65:
66:
67:
68:
69:
70:
71:
72:
73:
74:
75:
76:
77:
78:
79:
80:
81:
82:
83:
84:
85:
86:
87:
88:
89:
90:
91:
92:
93:
94:

A1136AP6

P9IP Route 9 Prob. early pool fire
P9DF Route 9 Prob. delayed flash fire
P9DE Route 9 Prob. delayed explosion
P101 Route 10 Prob. immediate ignition
P1019 Route 10 Prob. bleve
P1ODF Route 10 Prob delayed flash fire
P1ODE Route 10 Prob. delayed explosion
P111 Route 11 Prob. immediate ignition
P11IB Route 11 Prob. bleve
PI1DF Route 11 Prob delayed flash fire
P11DE Route 11 Prob. delayed explosion
P121 Route 12 Prob. immediate ignition
P12IB Route 12 Prob. bleve
P12DP Route 12 Prob. delayed pooi. fire
P12DF Route 12 Prob delayed flash fire
P12DE Route 12 Prob. delayed explosion
P131 Route 13 Prob. immediate ignition
P13IB Route 13 Prob. bleve
P13DF Route 13 Prob delayed flash fire
PI3DE Route 13 Prob. delayed explosion
P141 Route 14 Prob. immediate ignition
P1418 Route 14 Prob. bleve
P14DP Route 14 Prob. delayed pool fire
P14DF Route 14 Prob delayed flash fire
P14DE Route 14 Prob. delayed explosion
P151 Route 15 Prob. immediate ignition
P15IB Route 15 Prob. bleve
P15DF Route 15 Prob delayed flash fire
P15DE Route 15 Prob. delayed explosion
P161 Route 16 Prob. immediate ignition
PI6IB Route 16 Prob. bleve
P16DF Route 16 Prob delayed flash fire
P16DE Route 16 Prob. delayed explosion
P171 Route 17 Prob. immediate ignition
P1718 Route 17 Prob. bleve
P17DP Route 17 Prob. delayed pool fire
P17DP Route 17 Prob delayed flash fire
P17DE Route 17 Prob. delayed explosion
P181 Route 18 Prob. immediate ignition
P1818 Route 18 Prob. bleve
P18DF Route 18 Prob delayed flash fire
P18DE Route 18 Prob. delayed explosion
P191 Route 19 Prob. immediate ignition
P19IB Route 19 Prob. bleve
P19DP Route 19 Prob. delayed pool fire
P19DF Route 19 Prob delayed flash fire
P19DE Route 19 Prob. delayed explosion
P201 Route 20 Prob. immediate ignition
P2018 Route 20 Prob. bleve
P20DF Route 20 Prob delayed flash fire

3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3

R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R

1.00000
0.600000
0.400000
0.300000
1.00000
0.600000
0.400000
0.300000
1.00000
0.600000
0.400000
0.300000
1.00000
0.600000
0.600000
0.400000
0.300000
1.00000
0.600000
0.400000
0.200000
0.000000
0.000000
1.00000
0.000000
0.300000
1.00000
0.600000
0.400000
0.300000
1.00000
0.600000
0.400000
0.300000
1.00000
0.600000
0.600000
0.400000
0.300000
1.00000
0.600000
0.400000
0.300000
1.00000
0.150000
0.600000
0.400000
0.300000
1.00000
0.600000
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VI.5

TABLE VI.2.1: IMPACT (RISK) PARAMETERS (CONTINUED)

P20DE Route 20 Prob. delayed explosion
PTOX Prob. toxic (non-evacuation run)
MinimUm case frequency considered (Cmin)
Minimum event prob. considered (Pmin)
Fraction pop outdoors, day, F-N (Ofacdf)
Fraction pop outdoors, night, F-N (Ofacnf)
Fraction pop outdoors, day, risk (Ofacdr)
Fract'fl pop outdoors, night, risk (Ofacnr)
Fraction out killed by expl'n Ri (KER1f0)
Fraction in killed by expl'n Ri (KER1fi)
Fract'fl out killed by expl'n R1-2 (KER1f0)
106: Fraction in killed by expl'n R1-2 (KER1fi)
107: Fraction out killed by Fiashfire (KFfaco)
108: Fraction in killed by Flash fire (KFfaci)
109: Fraction out killed by BLEVE (KBfaco)
110: Fraction in killed by BLEVE (KBfaci)
111: Fraction out killed by Jet flame (KJfaco)
112: Fraction in killed by Jet flame (K3faci)
113: Fraction out killed by Pool fire (KPfaco)
114: Fraction in killed by Pool fire (KPfaci)
115: Fraction out killed by Toxics (KTfaco)
116: Fraction in killed by Toxics (KTfaci)
117: pop omega factor (per person) (Wpop)
118: No of sub-squares across ellipse in flamrn. impact
119: Max. times to subdivide a square in flamm. impact
120: Multiplying factor for toxic F-N spread
121: Lower X limit (Rel to plant centre)
122: Upper X limit (Rel to plant centre)
123: Lower Y limit (Rel to plant centre)
124: Upper Y limit (Rel to plant centre)
125: Dividing factor on population grid
126: Evacuation equation coefficient a'
127: Evacuation equation coefficient b
128: Evacuation/shelter rate multiplying factor
129: Additional lag time 1 for evacuation
130: Additional lag time 2 for evacuation
131: Nighttime prop.going outdoors on bang
132: Nighttime distance bang travels
133: Nighttime prop evacuating on evacuation order
134: Nighttime prop unresponding on evacuation order
135: Nighttime prop sheltering on shelter order
136: Nighttime prop unresponding on shelter order
137: Nighttime prop leaving buildings at impact
138: Daytime prop. going outdoors on bang
139: Daytime distance bang travels
140: Daytime prop evacuating on evacuation order
141: Daytime prop unresponding on evacuation order
142: Daytime prop sheltering on shelter order
143: Daytime prop unresponding on shelter order
144: Daytime prop leaving buildings at impact

A1136.AP6

3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
2
2
2
2
2
3
3
3
3
3
3
3
3
3
3
3
3
3
3

R
R
R
R

0.400000
1.00000
1.000000E-12
1.000000E-12

R
R

1.00000
1.00000

R
R

R
R
R
R

1.00000
1.00000
0.300000
1.00000
0.100000
0.300000
1.00000
1.00000
1.00000
1.00000

R
R

1.00000
1.00000

R

R
R
R

R
R
R
R
R
I
I
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R

1.00000
1.00000
1.00000
1.00000
1.000000E-05
10
5
2.00000
-1000.00
3000.00
-1000.00
3000.00
5.00000
14.1200
0.500000
2.00000
30.0000
60.0000
0.000000
10000.0
1.00000
0.000000
1.00000

R

0.000000

R
R
R
R
R
R
R
R

0.000000
0.000000
10000.0
1.00000
0.000000
1.00000
0.000000
0.000000
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TABLE VI.3.1: PROJECT PARAMETERS

NO.
1:
2:
3:
4:
5:
6:
7:
8:
9:
10:
11:
12:
13:
14:
IS:
16:
17:
18:
19:
20:
21:
22:
23:
24:
25:
26:
27:
28:
29:
30:
31:
32:
33:

A1i36.AP6

TEXT
Atrnos. temp. (K)
Atmos. pressure (N/m2)
Relative humidity
Surface roughness parameter
Atrnos. molecular weight
Atrnos. specific heat at const. pressure (3/kg/K)
Surface temp. (K)
Maximum release duration (s)
Maximum temperature allowed (K)
Maximum pressure allowed (N1m2)
Maximum liquid head allowed (m)
Maximum drop size allowed (m)
Minimum temperature allowed (K)
Maximum number of release rates
Blast damage coefficient: heavy damage
Blast damage coefficient: light damage
Effect radiation level (kW/m2)
Effect radiation total dose (kJIm2).
Grid size (m)
National Grid limit: lowest X (warning)
National Grid limit: highest X (warning)
National Grid limit: lowest Y (warning)
National Grid limit: highest Y (warning)
Total number of grid points in X-direction
Total number of grid points in Y-direction
Default number of wind directions
Minimum drop size allowed (m)
Yield factor of explosive energy
Surface type
Continuous Drop Slip Factor
Instantaneous Drop Slip Factor
Continuous Critical Weber Number
Instantaneous Critical Weber Number

ACC. TYPE
2
2
2
2
2
2
2
2
I
1
1
2
1
2
2
2
2
2
1
2
2
2
2
1
1
2
2
2
2
2
2
2
2

R
R
R
R
R
R
R
R
R
R
R
R
R
I
R
R
R
R
R
I
I
i

I
I
I
I
R
R
i

R
R
R
R

VALUE
293.000
101325.
0.700000
6.000000E-02
28.9660
1004.00
293.000
3600.00
900.000
1.000000E+08
100.000
1.000000E-02
10.0000
6
3.000000E-02
6.000000E-02
12.5000
250.000
100.000
100
2800
3000
6250
200
200
16
1.000000E-08
0.100000
3
1.00000
1.00000
12.5000
12.5000

APPENDIX VII
BACKGROUND DATA
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VIL1 IGNITION PROBABILITIES
Ignition data was only required for the modelling of methanol releases from road
transport and tank incidents.
In the HSC report conditional probability for ignition following spillage from a road
tanker was estimated as 0.033. This was based upon no known ignitions in any of the
25 recorded incidents. As there have been a number of recorded ignitions following
road tanker spills in Australia it was decided to significantly factor this figure up and
the conserative probability for immediate ignition of 0.2 was used in this analysis.
in order to calculate delayed ignition probabilities, (in order to calculate flash fire
risks) SAFETI requires a map of ignition sources to be specified. Area ignition
sources were defined for the whole of the Outer harbour area assuming that a 100 m
x 100 in square block would cause a 20% probability of ignition in the event of a
flammable cloud being continuously present for 5 minutes.

VII.2 POPULATION DATA
Due to the low consequence distances/frequencies associated with the scenarios
modelled, detailed analysis of the societal risks associated with port operations was
not warranted. Therefore, no detailed population data was required for this study.
Since the SAFETI program requires a population file, a null file was used for this
purpose.

Vll.3 METEOROLOGICAL DATA

Vll.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
probabilities for each combination of wind speed and stability class used.
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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 computationally 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 sufficientiy
different to produce significant variations in dispersion modelling results but must not
smooth out important variations between the speed-stability combinations grouped
together. 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.
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.

VIL3.2 Data Sources
Table VII. 1 shows the meteorological data used for impact calculation. This data was
developed from the Glen Iris weather station data and is identical to data used in the
various studies conducted on the Kemerton Industrial Park to the North of Bunbury.
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TABLE Viii METEOROLOGICAL DATA FOR PORT OF BUNBURY
WIND
SECTOR
(DEGREES)

349-011
012-033
034-056
057-078
079-101
102-123
124-146
147-168
169-191
192-213
214-236
237-258
259-281
282-303
304-326
327-348

REPRESENTATIVE METEOROLOGICAL
CATEGORY
B 2.0

D 2.0

F 2.0

D 6.0

0.8
0.8
1.1
1.2
1.3
1.6
1.3
1.3
1.0
1.1
1.2
2.2
3.4
1.6
1.2
0.8

0.2
0.3
0.3
0.3
0.2
0.3
0.3
0.3
0.3
0.4
0.3
0.2
0.1
0.2
0.2
0.2

0.6
1.2
2.3
3.5
5.3
4.4
4.8
5.5
4.2
2.8
1.6
0.7
0.6
1.0
0.7
0.6

1.4
0.9
0.7
1.2
3.3
2.5
2.7
1.9
2.2
1.9
1.8
3.4
2.5
2.3
2.3
2.3

VII.3.3 Processing the Data
The following assumptions were made in processing the meteorological data:
The frequency distribution of wind speed and direction was taken as even
throughout night and day, over the whole year.
The frequency distribution has been normalised for input to the METXTR
program in the SAFETI package.
Other key parameters used are as follows:
Ambient Temperature
Relative Humidity
Ground Temperature
Surface Roughness Factor
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20°C
70%
20°C
0.06
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