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EXECUTIVE SUMMARY
Following several incidents in which the fuel containers of LPG vehicles exploded violently in
fires, a review was undertaken by the EnergySafety Division of the Western Australian
Department of Commerce to establish measures that would reduce the likelihood of such
events. Current design standards require containers to be fitted with a Pressure Relief Valve
(PRV) which should, under all but the most severe conditions, release the contents in a
controlled manner when the container is exposed to fire and prevent an explosion, however,
experience has shown that explosions can and do occur.
A survey of the current literature revealed that flame impingement on an uninsulated, thin
walled container (even though protected by a PRV) and substantially filled with LPG was very
likely to produce a rupture and that this could be instantaneously followed by a Boiling Liquid
Expanding Vapour Explosion (BLEVE) and further by a Vapour Cloud Explosion (VCE).
BLEVE’s generate powerful shock waves that are capable of totally destroying the containment
vessel and surrounding structures and usually also gives rise to high velocity projectiles. In the
case of LPG containers where a rupture is initiated by fire, it is very likely that the LPG released
by the BLEVE will explode in a VCE, in which the entire mass of LPG is burnt almost
instantaneously, producing a further blast wave and a fireball.
Given the large number of vehicle fires in Western Australia and the risk that BLEVE’s pose to
emergency service personnel and bystanders, it was decided to carry out tests that simulated
LPG containers caught in vehicle fires as well as actual cases of vehicle fires. Control
measures intended to reduce the likelihood of a container rupture occurring in these
circumstances were trialled in a series of live tests that were carried out in Hanson Construction
Materials’ Hearne Hill Quarry. Various levels of protection were applied to the containers to
assess their effectiveness. Six of the containers were made by APA Manufacturing Pty Ltd and
the other five by Manchester Tank & Equipment Company Australia and in all cases the LPG
used was commercial propane.
The major conclusions are as follows:
1. Containers compliant with the current design requirements, filled to near the
maximum allowed level, are likely to rupture and produce a BLEVE and VCE in a
vehicle fire. The probability of this outcome can be greatly reduced by suitable
protective measures.
2. No single control measure was considered likely to be completely effective in
eliminating the potential of a container to rupture and BLEVE. However, the test
results indicated that a combination of the following would provide a high level of
confidence that a BLEVE should be an extremely unlikely outcome:•

Insulating the container walls (by sheet steel shielding or intumescent paint), and

•

Replacement of the aluminium and plastic currently used in the fabrication of the
container sub-compartment box and vent line with steel equivalents

3. Other possible measures (that were not trialled in these tests) include:
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•

Increasing the wall thickness of the steel used in constructing containers to
decrease the stress on the vessel walls or the use of more temperature resistant
alloys.

•

The installation of a Thermal Safety Element (TSE) on the container that would
rapidly vent the container’s contents. However, several safety and design
qualifications would need to be considered prior to TSE’s becoming an option.

•

Design modifications that promote cooling of the internal walls of containers and
venting systems that discharge vapour and liquid simultaneously.
i
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The use of cylinders made of polymer composites rather than metals.

4. The performance characteristics of the PRV’s were found to be a significant factor. In
several cases the valve seat failed relatively quickly, possibly contributing to
increased relieving rate and venting the container contents rapidly. This, apparently
unintended control measure used in isolation does not prevent a BLEVE, as,
indicated by Test 11.
5. The PRV’s provided with the containers used in these tests had flow capacities that
far exceed the minimum specified flow rate under the relevant standard. A minimally
compliant PRV would have a lower capacity and use of such a valve would likely
increase the potential for and size of a BLEVE.
6. American standard CGA S-1.1 – 2007 “Pressure Relief Device Standards Part 1 Containers for Compressed Gases”, on which the PRV sizing equation in AS 2613 is
apparently based, notes that PRV’s do not protect the container against possible
rupture during the continued application of external heat.
7. AS 4838-2002 “High Pressure Cylinders for CNG as a Fuel for Vehicles” requires the
CNG cylinders to be evaluated for their performance in the fire case.
In order to reduce the risk of LPG container failures and BLEVE’s the following is
recommended:
1. Revise the installation requirements for LPG containers in vehicles to ensure that
containers are installed in a manner that makes ruptures and violent explosions an
extremely remote possibility. In order to achieve this, a performance based approach
is proposed where a proponent would be required to demonstrate, through rigorous
testing, the effectiveness of container design and installation practices. In doing so it
is advisable to consider the fire case requirements for CNG cylinders and aim to
provide some consistency.
2. Review the PRV requirements specified in AS/NZS 1425:2007, in particular for
containers constructed to AS/NZS 3509:2009.
3. New materials of container construction, specifically polymer composites, appear
promising and should be further investigated.
From the investigations and testing it was found that installations can be made virtually BLEVE
proof with reasonable and practical controls. However if it is considered that cost and logistics
would make the above recommendations unviable, then a formal Quantitative Risk Assessment
should be performed to ascertain the risk to the public and emergency personnel. The results of
such an assessment should then form the basis for further action.
It should be noted that such a move will attract a significant responsibility and may have future
ramifications for those sanctioning the QRA as opposed to removing the probability of such
violent ruptures. Given that the investigations have provided practical outcomes, such an
approach cannot be endorsed by EnergySafety.
Finally the reader is encouraged to view the DVD accompanying this report which shows
testing carried out by EnergySafety.
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1 INTRODUCTION
This report details the outcome of investigations carried out by the EnergySafety Division of the
Western Australian Department of Commerce on vehicle LPG fuel storage containers installed
according to AS/NZS 1425:2007. The investigation followed reports of vehicle LPG tanks
rupturing, rather than venting in the intended controlled manner, when the vehicle was caught
in a fire.
A container rupture is a hazardous event in any circumstance, but in some cases the vessels
have exploded violently in a Boiling Liquid Expanding Vapour Explosion (BLEVE), producing a
blast wave, flying fragments (of the container and vehicle parts) and a Vapour Cloud Explosion
(VCE) from the suddenly released LP Gas. These failures occur with sufficient violence as to
become a safety issue for emergency services personnel and any bystanders.
This led to an investigation that raised concerns about the adequacy and appropriateness of
the current standards that cover the design, manufacture and installation of LPG vehicle fuel
storage containers. Subsequently, a series of practical tests were conducted which included
testing containers in an experimental rig intended to simulate the heat of a vehicle fire as well
as testing LPG filled containers in vehicles that were set alight. Control measures to reduce the
likelihood of containers rupturing in fire situations were also investigated.
Whilst this report and investigation concentrated on the BLEVE potential by testing containers
filled to capacity, other explosion sites and vehicles investigated where containers ruptured but
did not BLEVE. While the explosion produced by a rupture is of a lesser magnitude than a
BLEVE, such events can nevertheless create a hazardous situation and can result in major
physical damage.
This report contains the findings of the test program and provides recommendations to improve
the safety of LPG fuel storage containers.
The reader is encouraged to view the DVD accompanying this report which shows some of the
testing carried out.
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2 BACKGROUND
EnergySafety is the technical safety regulatory authority in Western Australia that has
jurisdiction over the installation and maintenance aspects of LPG installations used in motor
vehicles. The Department of Transport has jurisdiction over all other aspects of motor vehicles.
The LPG storage containers in vehicles are required to comply with certain Australian
Standards, which specify, amongst other requirements, that the vessel shall be fitted with an
appropriately sized Pressure Relief Valve (PRV). In the event of the fuel container being
exposed to fire, the PRV is intended to vent sufficient product so as to avoid excessive
pressure developing. However, EnergySafety has become aware of a number of instances
where a vehicle has caught fire and the LPG storage container has ruptured, sometimes
resulting in a BLEVE and the total destruction of the vehicle. These failures occur with sufficient
violence as to become a safety issue for emergency services personnel and any bystanders.
In photograph 2.1 below, the vehicle was a late model wagon, fitted with an LPG container in
the cargo area. The vehicle was “torched” in Redcliff outside of a child care centre, shown in
the background. The container exploded with sufficient force that the roof of the vehicle was
torn off and subsequently found approximately 100 metres away in a tree.
Photographs 2.2 and 2.3 show the outcomes of similar incidents.

Photograph 2.1 Incident in Redcliff

Photograph 2.2 Incident in Champion Lakes
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Photograph 2.3 Incident involving a van
The frequency of incidents involving ruptured LPG containers under fire conditions is not
known. However, it has been deemed to be sufficiently great to conduct an investigation based
on the following:
1. Three reports were received by EnergySafety within a 13-month period between
January 2008 and February 2009.
2. A report written by Stan Ambrose and commissioned by LPG Australia states that
within a three year period (1993 to 1996), 40 LPG powered vehicles had exploded in
intense fires.
3. FESA advises that, on average, they respond to 1500 vehicles fires in Western
Australia annually. Reference 31 indicates that in the financial year 2005/06 the
NSW Fire Service responded to approximately 4500 vehicle fires, with a peak in
2001/02 of 5500 vehicle fires.
From the above experience and similar reported incidents it is clearly the case that the fuel tank
of an LPG vehicle has the potential to explode violently when exposed to fire, producing a blast,
flying debris and a fireball (that can produce a further blast wave and presents a severe risk of
burns to anyone in the near vicinity). Incidents of this type have occurred with vehicles where
the installation and all components are believed to have complied with all relevant codes and
standards, indicating that such compliance does not ensure protection from this type of event.
Photographs showing the results of BLEVE’s and vehicle fires are presented in Appendices A
and B.
Other observations that should be considered are;
1. FESA indicates that there are approximately 1500 vehicle fires in Western Australia
and 4500 to 5500 in NSW [31].
2. LPG vehicle conversions and LPG OEM sales have steadily increased in recent
years and LPG fuelled vehicles may now represent as many as 10% of the vehicles
on the road in Western Australia.
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3 ACRONYMS
ALARP:

As Low As Reasonably Practicable

AS:

Australian Standard

AFL:

Automatic Fill Limit Valve.

AS/NZS:

Australian/New Zealand Standard

BLEVE:

Boiling Liquid Expanding Vapour Explosion

CNG:

Compressed Natural Gas

DFT:

Dry Film Thickness

FESA:

Fire and Emergency Services Authority of WA

LPG:

Liquid Petroleum Gas

OEM:

Original Equipment Manufacturer

PRV:

Pressure Relief Valve

QRA

Quantitative Risk Assessment

SLT:

Superheat Limit Temperature

TSE:

Thermal Safety Element

VCE:

Vapour Cloud Explosion
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4 CURRENT DESIGN REQUIREMENTS
The Australian Standards used in the design of vehicle LPG containers are listed below:1. AS/NZS 1425:2007 LP Gas fuel systems for vehicle engines
2. AS/NZS 3509:2009 LP Gas fuel vessels for automotive use
3. AS 1210-1997 Pressure vessels
4. AS 2030.1-2009 Gas cylinders – General requirements
5. AS 2030.5-2009 Gas cylinders – Filling, inspection and testing of refillable cylinders
6. AS 2613-2005 Safety devices for gas cylinders

4.1

Container Design

AS/NZS 1425:2007 Clause 3.2.1 states:
A fuel container shall comply with one of the following Australian or Australian/New
Zealand standards or in New Zealand, the Traffic Regulations 1976 amendment No. 7,
Clause 80B, and shall have a design notified or registered by the appropriate Statutory
Authority and subject to requirements in Clause 6.1(c)(ii):
(a) AS/NZS 3509
(b) AS 1210 (for a design pressure of 2.55 MPa).
(c) AS 2030.1 (for propane).

4.2

Maximum Permitted Fill Level

AS/NZS 1425:2007 Clause 1.5.28 specifies the maximum permitted fill level for LP Gas
Containers. In Australia the maximum fill level is 80% of the total available internal volume of
the container. In New Zealand, the maximum fill permitted is 85% of the total available internal
volume.

4.3

Design Pressure

AS/NZS 1425:2007 Clause 2.1.2 states:
The design pressure for a component or any portion of a component that is subject to
container pressure shall be 2.55 MPa.

4.4

Materials

AS/NZS 1425:2007 Clause 2.5 states:
Aluminium alloys may be used for other components except piping and pipe fittings.
Metallic materials having a melting point lower than 500°C shall not be used in any
application where failure could result in gas escape.
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Container Wall Thickness

The wall thickness of containers is typically designed to either to AS/NZS 3509:2009 or AS
1210-1997.
AS/NZS 3509:2009 clause 2.1.1 defines a maximum cylindrical stress of 67% of the Specified
Minimum Yield Strength and 43% of the Specified Tensile Strength for carbon steels.
AS 1210-1997 clause 3.3 defines a maximum cylindrical stress of 67% of the Specified
Minimum Yield Strength and 25% of the Specified Tensile Strength for carbon steel
transportable vessels.
Table 2.1 in AS/NZS 3509:2009 Clause 2.1.1 specifies a minimum wall thickness of 1.75 mm
(protected) or 2.2 mm (unprotected) for carbon steel containers.

4.6

Pressure Relief Valve

AS/NZS 1425:2007 Clause 3.15.1 Sates:
The safety valve shall comply with the following requirements:
(a) The safety valve shall be internal.
(b) The safety valve shall comply with the requirements appropriate to the type of
container to which it is fitted, AS 2613 for a gas container or an automotive fuel
container, or AS 1271 for a pressure vessel or be UL listed.
(c) The design, manufacture and installation instructions shall comply with an ISO
Product Certification Program Level 5 and is installed in accordance with Clause 6.7.
(d) The full flow rating pressure shall be 3.3 MPa.
NOTE: The start to discharge pressure is expressed as not less than 80% of the full flow rating
pressure.

AS/NZS 1425:2007 Clause 3.16 Sates:
(b) The safety valve shall communicate with the vapour space of the container, and no
valve shall be installed between the safety valve and the container.
AS 2613-2005 Clause 2.3 states:
The flow-rating pressure of a pressure-relief valve shall be not less than 1.25 times the
maximum developed pressure of the contained gas, and shall not exceed the test
pressure of the container.
AS 2613-2005 Clause 2.4 states:
The start-to-discharge pressure of a pressure-relief valve shall be not less than 80% of
the flow-rating pressure.
4.6.1

PRV Specified Flow Capacity

There appears to be some variation in the PRV parameters depending on which standard the
valve is designed to and some conflicts where multiple standards apply. Specifically, AS 1210
leads to a sizing method for the PRV which is a function of the container’s area and the
physical properties of the product contained. In contrast AS 2613 sizes the PRV solely on the
basis of the container’s volume. These formulae can give significantly different results, as
shown in Appendix C.
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According to the formula given in AS 2613 Clause 2.2.5 the flow rate of free air for a noninsulated container of 89 litres internal capacity must be at least 8.16 m3/min of free air. Using
the sizing criteria specified in AS 1210-1997, the minimum required flow rate is 15.30 m3/min of
free air (for a vessel of typical area to volume ratio and this capacity containing propane). It is
anticipated that the free air flow value would be higher if the vessel contained a mixture of
propane and butane rather than commercial grade propane.
4.6.2

PRV Specified Set Pressure

AS/NZS 1425:2007 (Clause 3.15.1 (d)) requires the PRV to have a set pressure of not less
than 2640 kPa-gauge, which is 90 kPa greater than the design pressure of the container. In
contrast, AS 1210-1997 and AS 2030.5-2009 require the set pressure of the PRV (for a vessel
containing LPG) to be 2550 kPa.
4.6.3

PRV Flow Rating Pressure

As stated above AS/NZS 1425:2007 specifies the flow rating pressure as 3300 kPa gauge
According to AS 2030.5-2009 the maximum developed pressure for LPG is 2550 kPa gauge (at
65°C) and therefore, in accordance with AS 2613-2005, 1.25 times the flow pressure rating is
3188 kPa-gauge.
AS 1210-1997 specifies the flow rating pressure as 121% of the set pressure; leading to a
value of 3086 kPa gauge.

4.7

Sub-assembly

AS/NZS 1425:2007 Section 3.17.2 states:
(e) Materials of construction, including seals and gaskets, shall be such that the
enclosure will remain gastight if exposed continuously to a temperature of 100°C.
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5 THEORY OF BLEVE’S
There several mechanisms by which a vessel containing LPG (or other liquid) can fail if
exposed to excessive heating.
Excessive Pressure
Failure of the vessel’s PRV can result in pressurisation beyond the design pressure to the point
where the vessel ruptures. In this case the failure may result from a vessel becoming liquid full
due to the expansion of the contained product with heating and the extremely high pressures
that can be expected to develop in these circumstances.
Excessive Temperature
A hot rupture may occur if a vessel is caught in a fire and the steel wall becomes so weakened
due to heating that it fails even though the container pressure is within design specifications. If
the vessel contains little or no liquid, this will typically result in rupture of the container with the
steel showing considerable thinning at the edges of the failure point.
Boiling Liquid Expanding Vapour Explosion
A special case of the above hot rupture is when the vessel still contains a significantly large
quantity of liquid and the rupture is sufficiently rapid in its formation that the vapour pressure
above the liquid drops almost instantly to atmospheric. In this case, if the liquid is sufficiently
hot (above its superheat limit – see Section 5.1 and Appendix D), a BLEVE can be expected to
occur. In a BLEVE the superheated liquid vaporises with such rapidity that it produces a shock
wave and can totally destroy the containment vessel and surrounding structures. If the liquid is
flammable (as is the case with LPG) the escaping product is very likely to ignite and produce a
VCE and fireball that further adds to the hazardous situation created by the BLEVE.

5.1

BLEVE Mechanism

The BLEVE phenomena is widely known and recognised for the potential hazards it creates [116]. It has been described as “... the worst possible outcome of a fire engulfed pressure
vessel.” [10]. The exact mechanism by which BLEVE’s occur is still the subject of considerable
debate and is considered in Appendix D.
It is, however, important to distinguish between a BLEVE and a rupture. While a BLEVE
represents an extreme case of a rupture and is preceded by a smaller rupture in its
development, it is possible for a vessel to rupture without producing a BLEVE. Such a failure as
a rupture may occur if the vessel is almost empty by the time the wall temperature reaches the
level at which the metal fails. In this case there may still be sufficient vapour (or gas) pressure
to produce a sizeable blow out of the vessel but there is insufficient liquid (or none) to produce
a BLEVE. A rupture (in the current context) typically results in a large hole in the vessel with
considerable metal thinning at the edges. A BLEVE is characterised by the vessel being almost
completely flattened or dismembered into several pieces. The edges along failure lines are
generally not significantly thinned (except in the region of the precursor rupture), which reflects
the extremely rapid propagation of the metal failure and results from the shock wave produced
by the BLEVE.
While (non-BLEVE) ruptures have been observed on several occasions, in the present test
series, vessels either BLEVE’d or remained fully intact at the completion of the test.
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Theory on Failure Mechanism with the Current Design

With the current design of containers, the failure theory under fire conditions progresses
through the following stages:Increase in Temperature and Pressure
A motor vehicle fire can result in a high rate of heat release. Shipp and Spearpoint [17] report a
heat the release rate of up to 7.5 MW and temperatures of 1250°C for passenger cars. In tests
related to the current project (Section 7.3), vehicles were found to burn fiercely; even without
any fuel (petrol or gas) being present and temperatures of over 900°C were recorded. Such
conditions could easily provide sufficient heating to initiate venting from the vehicle fuel tank
(which, as noted below, can further greatly enhance the fire) and lead to a vessel rupture and
possibly a BLEVE. The consequences of such a fire are described immediately below.
Photographs of burning motor vehicles are presented in Appendices A and B.
Flame engulfment and impingement causes the temperature of the contained liquid (lading) to
rise, which results in its thermal expansion and the vapour pressure to increase. It also causes
the temperature of the vessel walls to rise. As noted in Appendix D, this temperature rise is not
uniform and wall sections that are “liquid wetted” show a much smaller temperature increase
than “vapour wetted” areas, because of the much more efficient heat transfer in the former case
[6, 10-12]. A recent report from Manu et al [11] shows the respective temperatures to be 130°C
and 620-720°C for the liquid and vapour wetted areas.
The increased temperature of the lading causes the vessel to become “liquid full” if the initial fill
was near the maximum (80% by volume in Australia) before the vapour pressure becomes
sufficiently high to open the PRV (this can occur with propane and even more so with
propane/butane blends that have a lower vapour pressure at a given temperature). It follows
that if the PRV is defective and does not open, the high pressures developed by the liquid
expansion can rupture the tank. Similarly, if the container does not reach liquid full, but the PRV
either fails to open or does so but in a manner that vents at an insufficient rate, high internal
pressures can build due to the greatly increased vapour pressure at elevated temperatures.
This, combined with metal weakening caused by flame impingement, may lead to a rupture.
However, a more likely scenario of vessel rupture (and possibly a BLEVE) is that the PRV
operates sufficiently well to maintain the pressure within specification limits and the vessel
ruptures (and BLEVE’s) due to the weakening of the steel which results from the high wall
temperature in the “vapour wetted” area. This type of failure was observed in the test series
reported herein. Manu et al [11] show that increase wall temperature greatly reduces the time
to failure. Time to failure is an important parameter, as if it is sufficiently long the PRV will have
vented the majority (and perhaps virtually all) of the product before failure occurs, which would
produce a weaker BLEVE if one occurred at all.
It may also be noted that even if, for instance, two different types of PRV both maintain the
container pressure within acceptable pressure limits in a fire situation, it may not be the case
that they will be equally effective in preventing BLEVE’s. This is considered immediately below.
Pressure Relief Valve Actuation
As the pressure within a fire engulfed container increases beyond the setting of a (functional)
PRV, the valve will commence to discharge vapour and/or liquid. If the container does not
become liquid full, the vapour pressure will reach the PRV set pressure at approximately 65oC,
the exact figure depending on the composition of the LPG.
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If sized adequately, the PRV will control the pressure to within the required limits, less than
125% of the maximum developed pressure, or 3188 kPa-gauge in this case (the maximum
developed pressure of propane being 2550 kPa-gauge). Valves usually cycle as a result of the
closing pressure being lower than the opening pressure (blowdown). Also, when venting vapour
the liquid is cooled by evaporative cooling, that is, the “refrigeration effect” of the required latent
heat of vaporisation being withdrawn from the liquid. This in turn reduces the vapour pressure
which may fall below the PRV’s closing pressure. If the vessel remains exposed to the heat
source the liquid temperature and consequent vapour pressure rises again and the cycle
repeats. The frequency of cycling varies widely [5, 10, 12, 15, 18] and cases have been
observed where the PRV did not cycle at all, but vented continuously [6]. It has been noted that
PRV’s that are ostensibly similar vary considerably in their performance characteristics [14].
However, in the present work, all PRV’s maintained the vessel pressures below the specified
container test pressure (3300 kPa-gauge) and also below 3188 kPa-gauge, being 125% of the
maximum developed pressure, although, in some cases, they did not “pop” until pressures
significantly higher than the “set pressure” of 2550 kPa-gauge was reached. Heating of the
PRV as a result of flame engulfment or impingement typically results in more rapid venting
through softening of the spring materials [10, 14] and, in some cases, the melting of plastic
seats. PRV performance is considered in detail in Section 8 and Appendix C.
In a standard vehicle configuration, the propane tank’s PRV vents into an aluminium subcompartment and from there the vented LPG is intended to be carried to the outside via a
plastic discharge duct. The sub-compartment typically also has plastic clips on the valve. In the
event of fire engulfment, the plastic components (and subsequently the aluminium components)
melt, which results in the discharge of LPG directly into the compartment housing the tank. This
greatly enhances the already powerful flames burning the vehicle upholstery and other
combustibles within the vehicle and may be expected to make a container rupture or BLEVE
very likely.
Ambrose [15], while recognising that a non-metallic vent tube in this situation would melt and
that the vented propane would add to the intensity of the fire near the container, nevertheless
concluded, on the basis of prior testing, that this would not increase the risk of a BLEVE. In
contrast, in the present work, it was found that unprotected containers that were filled to 80%,
both in vehicles and when tested on the burner rig, BLEVE’d under these conditions in all cases
tested while an unprotected container filled to 20% did not rupture. It is understood that in the
work referenced by Ambrose the initial container fill was 60% (compared to the maximum
permitted fill capacity of 80%, as was used in this investigation), something which is very likely
to be the key to the different outcomes.
As noted earlier, PRV’s with greater blowdown values have been found to delay vessel failure
and so reduce the severity of a BLEVE incident [10, 14]. Similarly, Birk and Cunningham [3]
report that “…it was also clear that BLEVE’s were much more likely in tanks with higher PRV
set pressures than those with lower set pressures.” They also observe that “…if the PRV is set
near or above the SLT, then the boiling response will push the event into a long-duration
BLEVE…” for the containers considered in this report this is certainly the case. The PRV’s
nominal set pressure was 2550 kPa-gauge. For pure propane this corresponds to a
temperature of approximately 71°C; well in excess of the atmospheric SLT for propane of 53°C
[1, 3]. As noted earlier and may be seen in Section 8, the PRV’s tested did not start to
discharge significantly (”pop”) until the indicated pressure has substantially exceeded 2550
kPa-gauge.
Also, two phase flow may occur through a PRV. This type of flow is complex [19] and may arise
when the PRV inlet is in contact with the liquid. During such flow the mass discharge rate may
be higher (giving rise to an increase in the fire intensity and radiance) and it also detracts from
the evaporative cooling of the liquid inside the container, as the liquid droplets that are not
vaporised within the vessel do not contribute to the loss of latent heat from the liquid.
In addition, with either liquid or two phase flow, there will be a lower exit velocity than with
gaseous discharge. This will result in greater heat flux in the immediate vicinity of the container
as shown in the accompanying video.
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Increase in Material Temperature on Top of Vessel
As noted above [6,10-12], the temperature around the “twelve o’clock” position of a fire
engulfed vessel (which is largely, but not completely filled with liquid) quickly becomes much
hotter than the liquid wetted area, this is due to the much more efficient heat transfer at the
liquid/metal interface than at the corresponding vapour/metal boundary. At sufficiently high
temperatures the metal will lose its integrity, even at internal pressures consistent with a
properly functioning PRV. Such a failure constitutes a rupture and may be a precursor to a
strong BLEVE. While data on the performance of steels in the relevant temperature range is
difficult to find (due to their not being suitable for service under such conditions), Figure 5.1
shows typical deterioration of metal strength in the temperature range of 400 to 700˚C and is
consistent with the trend reported by Birk and VanderSteen [18], as seen immediately below.
Mean Material Strength at Temperature
600
Tensile Strength
XF400
500

Mean Material Strength (MPa)

Tensile Strength
HU300
400
Yield Strength
XF400
300
Yield Strength
HU300
200

100

0
0

100

200

300

400

500

600

700

Temperature (Deg C)

Figure 5.1 – Strength deterioration with increasing temperature of two steels
Material Stress beyond the Strength Limits
The decrease in material strength resulting from high temperature, in combination with the
stress due to the internal vapour pressure of the contained liquid may cause a ductile failure of
the container wall at pressures much lower than the container design and test pressures. The
ductile, shear failure may be the result of a stress rupture where the tensile strength of the
material is exceeded.
In a study centring on the survivability of 33.5 pound (15 kg) propane containers, Birk and
VanderSteen [18] showed that the steel used in the container construction (“1025 steel”, which
is basically similar to steels used for this purpose in Australia) lost little of its ultimate tensile
strength (UTS) when the temperature was raised from ambient (at which it was 380 MPa) to
approximately 300°C. However, beyond that temperature the UTS falls off rapidly with rising
temperature and is reduced to only half its ambient value at 600°C. They calculated that hoop
stress in the containers (305 mm in diameter and 2.0 mm wall thickness) was 198 MPa at
internal pressure 2600 kPa. At temperature 580°C the steel’s UTS had fallen to this value (198
MPa). Manu et al [11] report in detail on the effects of high temperatures on steel properties
and the relationship between temperature and time to vessel failure. Likewise, Susan et al [4]
and Ambrose [15] also consider the loss of the steels strength at temperatures relevant to fire
engulfment.
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It is notable that it is stated in the Handbook of Compressed Gases (Reference C8 in Appendix
C) that “Pressure relief valves are designed to maintain the pressure in the container at a level
determined by the spring force. Therefore such devices do not protect the container against
possible rupture when continued application of external heat or direct flame weakens the
container wall to the point where its rupture pressure is less than the operating pressure of the
relief valve.” The standard CGA S-1.1 – 2007 “Pressure Relief Device Standards Part 1Containers for Compressed Gases” (Reference C6 in Appendix C) gives a similar warning in its
Section 5.1 “General Requirements”, and it is apparent that the flow rating requirements for
PRV’s (for use with liquefied gases, such as LPG) specified in AS 2613 are based on the CGA
S-1.1 requirements.
The theoretical failure curves (Figure 5.2) show the plastic limit, where the stress exceeds the
mean yield stress, and the stress rupture curve, where the stress exceeds the mean tensile
strength of the material. These aspects are considered further in a metallurgical report provided
by Altrum and presented in Appendix E.
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Figure 5.2 – Container strength limits
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6 POSSIBLE CONTAINER PROTECTION METHODS
Possible methods to prevent container ruptures and BLEVE’s are presented below. Not all of
these protection methods were fully investigated as some were considered non-preferred due
to their perceived impracticality.

6.1

Maximum Fill Level

Reducing the maximum fill level of the container reduces the possibility of a BLEVE. With a
lower fill limit the container will hold less potential energy, discharge less fuel and de-pressurise
more quickly. Also the discharge during the initial stage of the fire will tend to be of higher
velocity vapour, rather than liquid or a two phase mixture of liquid and vapour. A two phase
discharge produces a much more intense and radiant flame when ignited than is the case with
an equivalent single phase vapour discharge. In tests reported below, a container filled to only
20% (Test 1) did not BLEVE while one filled to 80% (Test 2) in an equivalent test did BLEVE
and also produce a VCE (photographs of these may be seen in Appendix A).
Reducing the allowable fill level was not further investigated as a protection method as it is not
considered practical or likely to be acceptable.

6.2

Container Wall Thickness

Increasing the wall thickness will decrease the stress in the metal under otherwise equivalent
conditions. This implies a higher failure temperature and therefore reduces the likelihood of
vessel rupture.
This protection method was not fully investigated.

6.3

Container Construction Material

Construction materials that are less susceptible to tensile strength degradation when exposed
to elevated temperatures could be considered. This solution would imply a higher failure
temperature and therefore reduces the likelihood of vessel rupture at temperatures experienced
during a fire. This protection method would involve the use of highly alloyed steels in place of
the currently used steel. It was not further investigated because it was considered a nonpreferred solution that would likely increase the cost of the containers for a number of reasons
and still be only a marginal solution.
On the other hand, LPG cylinders made of composite material have come to prominence as an
alternative to metal containers, and it is claimed [21-23] that it is highly unlikely if not impossible
for such vessels to suffer a fire induced BLEVE.

6.4

Pressure Relief Valve Design

As noted in Section 5.2, decreasing the opening pressure of a PRV reduces the likelihood of a
rupture or BLEVE and reduces the intensity of a BLEVE if one should occur. However, setting
PRV’s to lower opening pressure was considered impractical, as it would give rise to excessive
venting on days when the ambient temperature was high.
Another possibility is to increase the size of the PRV to expedite the emptying of a vessel
caught in a fire. This would require changes to existing standards and the increased venting
rate may be expected to contribute to the fire which would intensify radiation heating the wall
and increase the possibility of a rupture or BLEVE. This effect would be mitigated to a large
extent by the employment of non-destructible components in the venting line, as noted in
Section 6.6. The question of PRV requirements is considered in detail in Appendix C.
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An additional concern is that increasing PRV sizing beyond certain limits may, under some
conditions, cause such rapid depressurisation that it contributes to, rather than prevents, a
BLEVE.
These considerations also apply to Thermal Safety Elements (Section 6.8).

6.5

Pressure Relief Valve Vapour Pickup Tube

With the current 80% fill limit, heating of the product (as can happen on a hot day and much
more so in the event of a vehicle fire) may cause the liquid to thermally expand so that it
submerges the PRV intake. This will cause the PRV to vent liquid and/or a two phase mixture in
the event of it activating. As discussed above, this may contribute to the an increase in fire
intensity, reduce the “refrigeration” effects of flashing liquid within the vessel and the discharge
of fluid at a low velocity, further increasing the heat flux on the container. All of these
consequences can contribute to conditions that may lead to a rupture or BLEVE.
A vapour pick-up tube would largely overcome the two phase flow phenomenon noted above
and promote the transfer of single phase vapour to the valve. However, testing described below
indicated that it was unlikely to make a significant contribution to averting a BLEVE, if it were
the only control applied.

6.6

Sub-compartment and Duct Manufacture

The current materials of construction of the sub-compartment cover and ducting are,
respectively, aluminium and plastic. These materials readily melt at the heat generated by a
vehicle fire. This results in the venting of LPG in the direct proximity of the container and the
consequent compounding of the heat load on the container – a condition that promotes a
rupture or BLEVE.
Changing the material of construction of these components to steel would allow the vented
LPG to be conducted away from the vessel and so reduce the effect of the burning LPG
discharge on the vessel’s heat flux. This measure is considered very beneficial when used in
conjunction with other control measures, as discussed in Section 8.4.

6.7

Container Insulation

Increasing the thermal resistance of the vessel’s walls is recognised as a highly effective way of
reducing the possibility of a BLEVE or its severity should a BLEVE occur [14-16, 24]. The
function of the insulation is to maintain the vessel’s wall temperature at a lower value than
would be the case in its absence. Thermal insulation can be achieved through several
methods, as described immediately below.
6.7.1

Shielding

A steel shield will reduce heat transfer onto the container wall and therefore the metal
temperature. This method was demonstrated in preliminary tests with vessels containing water
and subsequently proved effective in preventing BLEVE’s in “live” Tests 8 and 12 (Section
7.2.4, 8.5.1 and Appendix A).
6.7.2

Intumescent Paint

Intumescent paint (once activated by exposure to sufficiently intense heating) is also effective
in reducing heat transfer onto the container wall. This method was demonstrated in preliminary
tests with vessels containing water and subsequently proved effective in preventing BLEVE’s in
“live” tests No’s 4, 5, 6, 7 and 9 (Section 7.2.4, 8.5.2 and Appendix A).
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Fire Blanket

A fire blanket with a low heat transfer coefficient will act as an insulation barrier. The method
was not further evaluated in the present work, but may be an avenue for manufacturers to
achieve improved rupture/BLEVE protection.

6.8

Thermal Safety Elements

A fusible plug, in addition to a PRV, would rapidly reduce the pressure in the container by
activating once its pre-determined temperature was reached. However, such rapid depressurisation may cause, rather than prevent, a BLEVE. Further, the large quantity of rapidly
released LPG would, as a minimum, create a conflagration and possibly a vapour cloud
explosion. Further, a scenario in which the discharged LPG failed to immediately catch alight
would be potentially even more hazardous than one in which it did instantly catch fire, as the
latter situation would be likely to involve a widespread inferno if and when the (denser than air)
vapour ignited (as it likely would).
It is clear that before thermal safety elements could be implemented further consideration
would need to be given to the set temperature and orifice sizing as well as the numerous issues
noted here.
Further disadvantages of the Thermal Safety Elements are:
1) They add to the number of openings in the container and thus leak points.
2) They are subjected to high summer temperatures that are potentially close to
the trigger temperatures.

6.9

Other Possible Design Features

Fauske [25] has pointed to the possibility of constructing tanks with an inner, incomplete, thin
shell annuli to ensure that, in the event of fire exposure the vessel’s outer shell is internally
liquid wetted (and so kept relatively cool) by the circulation created between the annuli and the
outer wall. This is not seen as a viable approach for relatively small vessels such as vehicle fuel
containers.
Fauske has also suggested combined vapour/liquid venting valves [26] as a measure to largely
eliminate the possibility of a BLEVE occurring. This would involve the simultaneous discharging
of vapour from one valve and liquid from another port, resulting in more rapid emptying of the
container. The implementation of this design would inevitably involve greater complexity and
cost and, as with 6.8 immediately above, would result in an intense conflagration as the
discharging liquid burnt.
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7 DESCRIPTION OF TEST METHOD
The test methods and outcomes are described below; these include preliminary heat transfer
tests to evaluate the effect of shielding and intumescent paint, burning of motor vehicles without
fuel being preset (either petrol or LPG), and “live” testing of containers containing propane
under both simulated and actual vehicle fire conditions.

7.1

Initial Heat Transfer Determination

Prior to carrying out the “live” tests (that is, with propane filled vessels) tests were conducted to
test the effect of shielding and intumescent paint in reducing the heat transfer into a partially
flame engulfed vessel (which was constructed to be of similar dimensions and to simulate an
LPG vehicle fuel container). Comparisons of heat absorption rates were made at different firing
rates with the simulated containers unprotected, shielded with a mild steel cover and painted
with intumescent paint. In order to perform these tests an experimental burner rig was
constructed. A strengthened version of this rig was used subsequently in the live testing.
7.1.1

Heat Transfer Test Rig

The test rig consisted of a metal table on which two rows of three sets of propane fired duck bill
burners were set. Each burner consisted of 18 individual “duck bills”. See the photograph at the
end of this Section. In these tests, water was flowed through the containers at a known rate and
the inlet and outlet temperatures were recorded. The propane (used to fire the burners) was
supplied from a bank of four 45 kg cylinders and metered through a suitably sized (100
litre/revolution) test meter. Gas pressures (electronic and “U” gauge manometers) and
temperatures (various thermocouples and thermometers) were recorded to establish the gas
rate. The water flow rate was measured using a previously calibrated variable flow meter,
(rotameter) and this reading was checked against a domestic water meter. The above
procedures were carried out in a similar principle to that detailed in Australian Standard AS
4552-2005 “Water Heaters”. However, the instruments were not calibrated to the level required
in such standards or by the National Association of Testing Authorities (NATA), for
accreditation and reliance was placed on flow meters for the determination quantity of water
passed. A high level of accuracy was not required in determining the gas flow rate here or in
the work described in Section 7.2 below.
In these tests, comparisons were made where two heat input rates were used: initially
approximately 400 MJ/h (110 kW) subsequently this was increased to approximately1150 MJ/h
(320 kW). The simulating containers were constructed of mild steel (3 mm thickness) and of
approximate dimensions 375 mm diameter by 800 mm long. The combinations were:
1. unprotected,
2. protected by a 1.5 mm mild steel shield set approximately 15 mm from the container
that covered the entire flame impinged area and
3. painted with Contego intumescent paint (in accordance with the maker’s
recommendations for structural steel [27]). Water flowed through the simulated
container at a known steady rate during the test, and the inlet and outlet
temperatures were recorded using K type thermocouples inserted into the stream
through glands.
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In conducting the tests it was found that the intumescent paint did not become sufficiently hot to
activate (intumesce) with the low heat rate. This is attributed to the low temperature gradient
through the steel wall resulting in the paint surface remaining relatively cool despite the
impingement of flame gases. It suggests that there must be a large temperature gradient in the
boundary gas layer close to the surface of the painted steel. In this inactivated condition, the
paint had little effect on the heat absorption rate. In order to overcome this, the water was
removed from the simulating container and the burners fired. This caused the paint to activate,
and the simulated container was used in this condition in subsequent tests at low and high heat
rates.
The photographs below show a low thermal input test with the steel shield in place, and a
painted container in its pre-test condition.

Photograph 7.1 - Heat transfer test with shield (left)
and cylinder painted with intumescent paint (right)
7.1.2

Heat Transfer Results

The results obtained in terms of heat absorption are given in Table 7.1 below:
Table 7.1 – Percentage of Heat Absorbed
Protection

Low Heat Rate
(400 MJ/hr)

None

10.8%

Steel Shield

4.3%

Inactivated Paint

11.9%

Activated Paint

5.0%

High Heat Rate
(1150 MJ/h)

3.1%

The results, which are averages of tests conducted at different water flow rates, show that both
shielding and (activated) intumescent paint substantially reduced the rate of heat absorption.
However, subsequent “live” testing indicated that caution should be exercised in extrapolating
these results to actual vehicle fires, especially when LPG is vented from the container’s PRV
and starts to burn. In such cases, the heat generation, the thermal radiation and level of flame
engulfment of the container is much greater than in the rig tests.
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Live Testing

Following the heat transfer tests, live testing was carried out using vehicle containers from two
manufacturers (APA Manufacturing Pty Ltd and Manchester Tank & Equipment Company
Australia) containing commercial propane LPG, which is suitable as “autogas” used for fuelling
vehicles. Eleven live tests of containers were carried out, comprising six in a burner rig (a
modified version of the one described in Section 7.1 above) and five vehicle fires. As such tests
are hazardous with the likelihood of BLEVE’s and Vapour Cloud Explosions (VCE’s) it was
necessary to carry them out in a remote location with safety provisions for personnel. The test
conditions and results are detailed in Section 8 and further described with photographs in
Appendix A.
7.2.1

Location and Safety

The tests were carried out between mid September 2009 and early November 2009 in a
disused site in Hanson Construction Materials’ Hearne Hill Quarry, off Toodyay Road, Red Hill,
Western Australia. Photograph 7.2 shows the location from above and at ground level. The
tests consisted of placing the container under tests on a burner rig (described below) set inside
a disused and modified sea container (the Test Container) with multiple (100 x 100 mm) holes
cut in the sides and top to allow for aeration, escape of heat and explosion venting. The
photograph below shows the Test Container being moved into place. Viewing was from another
sea container (the Observation Container) some 100 metres away, which was equipped with 32
mm polycarbonate viewing ports (see photograph below). Members of the Fire and Emergency
Service (FESA) attended each test and were equipped with fire fighting appliances.

Photograph 7.2 - Views of the test site and the Test and Observation Containers.
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Test Rig and Instrumentation

A test rig very similar to the one described in Section 7.1.1 above was used. It differed only in
that it was of heavier construction and included uprights to allow the placement of a cover over
the container under test to ensure more complete flame engulfment than might otherwise
occur. Photographs in Appendix A show typical test rig arrangements. In all cases the burners
were operated at approximately 1200 MJ/h (333 kW), which is similar to the “high heat” tests of
Section 7.1. The propane gas was fed to the burners from a bank of four 45 kg LPG cylinders
located on the far side of the Observation Container via a 40 mm PVC line. The metering and
pressure measurement arrangements were similar to those described in Section 7.1. Ambient
temperature, the accuracy of which was not critical, was measured by various thermometers.
The rig’s heat output was intended to produce an incident heat flux of approximately 250
kW/m2.on the container under test. This is lower than some reported values for vehicle fires in
the literature (over 400 kW/m2 [28]) and suggests that the rate of heating of a container may be
higher in a car fire than was the case in the rig. Nevertheless, once the PRV opens the heat
flux generated by the burning propane that is discharged far exceeds that of the initiating fires.
This is particularly the case when liquid and/or two phase discharge occurs.
The burner rig had the advantage of greater control (fewer variables) than a vehicle fire as
demonstrated in the consistent pressure increase slope and hence heating rate of the LPG
contained in the container under test (Figures 8.1 and 8.2). A distinct disadvantage of the rig
was the high cost and time delay of rebuilding it in the cases when a BLEVE occurred (and
completely destroyed the burners and related equipment).
The rig was equipped with a pilot burner, and an ON/OFF solenoid permitted the main gas to
be switched from the Observation Container. Numerous trials were carried out to ensure that
the main burner could be safely lit and remotely operated before live testing commenced. This
ensured that all personnel were safely located before the main burners came on and applied
heat to the container under test.
In the vehicle fire tests FESA personnel used a small quantity (in the order of two litres) of an
accelerant (a mixture of petrol and diesel fuel) to start the fire. They then quickly retreated to
the Observation Container. In some cases additional fuel load (not exceeding 50 kg) was
added to the vehicle in the form of paper, cardboard and/or wood. The vehicles’ petrol tanks
had been emptied prior to delivery to the site. Descriptions of the tests and photographs are
given in Appendix A.
Monitoring instrumentation consisted of recording the container internal pressure (using a
Gems 4-20 mA pressure transducer and Fourier DAQPro digital data logger) and, in some
cases, vapour wetted metal temperature (type K thermocouples welded or held by strong
magnets to the container wall). Unfortunately, for various reasons, these instruments did not
function reliably in all cases. The tests were recorded with video cameras at various locations,
viewed through a mirror in order to protect the camera from flying debris. In Test 2 a high speed
camera (300 frames per second) was available and successfully captured the developing bulge
on the container top that preceded its rupture and BLEVE. A photograph of this is given under
Test 2, Appendix A.
Furthermore, temperature measurements represent only one point on the metal surface. It
might be expected that the inevitably chaotic behaviour of the flames surrounding and
impinging on the vessel would create spatial non-uniformities in surface temperatures at any
given instant.
7.2.3

Container Fill Levels

With the sole exception of Test 1, all containers were with a mass of commercial propane that
would occupy 80% of their internal volume (water capacity) at temperature 5°C. As the
temperature was invariably considerably higher than 5°C, the actual volume occupied by the
liquid at the commencement of testing would be somewhat greater than 80% of the internal
volume. In the case of Test 1 the fill was to 20%.
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Container Protection Methods Trialled

The following container protections were trialled in various combinations. Note that Test 10
does not appear in the summary or descriptions, as it was test of a domestic 45 kg container
and the results are reported elsewhere [29]. The details of the containers are summarised in
Section 7.2.5.
No protection
In this case the container was tested as it would currently be installed in a vehicle. The
containers’ sub-compartment cover was made of aluminium and the vent line was plastic (or, in
one case, not used at all, as it is was known from a previous test that these melt early in a fire).
The consequences of this configuration are that the aluminium cover and plastic vent fail and
the burning, vented LPG greatly adds to the intensity of the fire. Similarly, there was no thermal
insulation barrier or internal pick-up tube in these tests. This was the case in Tests 1, 2 and 11.
Steel Sub-compartment Cover and Ducting
In Tests (3, 4, 5, 8, 9, 12) the aluminium sub-compartment cover was replaced with one made
of 3.0 mm thick steel and the plastic vent duct was replaced with one of equivalent size
(approximately 50 mm internal diameter) but made of corrugated stainless steel hose. These
tests were intended to determine if replacing the original sub-compartment and vent with nondestructible versions provided some advantage. This technique was used in Test 3 and in other
tests in combination with other protection measures.
Steel Shield
Enclosing the container within a steel shield of 1.6 mm thickness and extending from the floor
of the compartment towards the vehicle roof extending about 200 mm above the container but
not covering the top of the container (Tests 8 and 12). Photographs showing various aspects
the shields (and stainless steel ducting) are presented in Appendix A.
Intumescent Paint
Contego Intumescent paint was applied as a measure to prevent container ruptures. The
required thickness for structural steel is 1.8 mm dry [27]. However, in Tests 4 and 5 on 16-1009 the paint was incorrectly applied and the thickness is estimated to have been only in the
order of 0.5 mm. In the other tests where it was used (Tests 6, 7 and 9) it was correctly applied.
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Container Construction Details

The containers provided by Manchester Tank and APA Manufacturing were constructed to the
parameters given in Table 7.2:
Table 7.2 – Container Construction Details
Parameter

Manchester Tank

APA Manufacturing

Design Standard

AS/NZS 3509

AS/NZS 3509

Shell Thickness

2.7mm

2.8mm

Shell Material

AS 1594 XF400

AS 1594 XF400

Specified Yield Strength

380MPa

380MPa

Specified Tensile Strength

460MPa

460MPa

Hoop Stress (at 2550kPa)

176MPa

169MPa

Outside Diameter

375mm

375mm

Internal Volume
89 litres
89 litres
A drawing of the Manchester container is provided in Appendix F
7.2.6

Relief Valve Design

The PRV’s provided with the Manchester Tank and APA Manufacturing containers had the
parameters shown in Table 7.3:
Table 7.3 – PRV Design Details
Parameter

Manchester Tank

APA Manufacturing

Manufacturer

SCG Thailand

SVM Thailand

Model

7545K

SVM 635

Set Pressure

2550kPa

375psi (2586kPa)

Flow Capacity

13.6m3/min (air)

12.4m3/min (air)

Pressure at Flow Capacity

3300kPa

460psi (3172kPa)

It should be noted that these were the types of valves supplied and fitted in the containers on
this occasion. It is understood to be the case that different makes of PRV’s may be fitted by
either manufacturer.
Drawings of the PRV’s are given in Appendix F.

7.3

Vehicle Burning Tests

Two vehicles were set alight at the FESA Forrestfield test centre. The purpose of these tests
was for EnergySafety personnel to gain an appreciation of the intensity of a vehicle fire. A
thermocouple was set in the proximity of where the gas tank would be located in an LPG
vehicle and measurements of up to 925°C were recorded. However, this recording is only
approximate as the thermocouple was not certified nor was it radiation shielded.
The cars were set alight by FESA personnel using 2 to 3 litres of accelerant, as described
above. In both cases the petrol tanks had been emptied prior to testing and the fires were
therefore fuelled by the vehicles’ interior, body parts and tyres. Photographs of the cars are
given in Appendix B.
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8 TEST FINDINGS
A total of 11 automotive containers where tested from the 21st September to the 5th November
2009 and the results are summarised in Table 8.1. Pressure and temperature profiles of the
containers (where valid data was obtained) are also given, as is a description of the various
BLEVE mitigation techniques. It may be noted that the results from Test 7 have not been
included as the pressure instrument line burst and the electrical connections to the recording
equipment melted, giving spurious results. Test 10 has been omitted from the results below as
it was a residential 45 kg upright container and is therefore outside the scope of this report.
In these tests, where vehicles were burnt, their petrol tanks had been fully drained prior to the
testing
Table 8.1 below summarises the results and a description of the tests by container, with
photographs in some cases given in Appendix A. Figures 8.1 and 8.2 show the pressure
profiles on a long and reduced time scale, while Figure 8.3 shows the temperature profiles.
Figure 8.4 shows the pressure – temperature profile and material strength limits, from which it
is theoretically possible to predict whether a rupture will occur. It is seen that the profile of
container 11 crossed the “failure boundary” and did, in fact, suffer a BLEVE approximately 64
seconds later.
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Table 8.1 – Summary of Test Results
Test

Date

Fill
%

Heat Input

Manufacturer

SubCompartment

Duct
Construction

Pickup
Tube

Intumescent
Paint

Shielding

BLEVE

1

21/09/09

20%

1200 MJ/hr

APA

Aluminium

Plastic

No

No

No

No

2

21/09/09

80%

1200 MJ/hr

APA

Aluminium

Plastic

No

No

No

Yes

3

01/10/09

80%

1200 MJ/hr

APA

Manufactured
Steel

Stainless Steel

No

No

No

Yes

4

16/10/09

80%

1200 MJ/hr

Manchester

Manufactured
Steel

Stainless Steel

Yes

Yes*

No

No

5

16/10/09

80%

1200 MJ/hr

Manchester

Manufactured
Steel

Stainless Steel

No

Yes*

No

No

6

26/10/09

80%

1200 MJ/hr

APA

Aluminium

Not Fitted

No

Yes

No

No

7

26/10/09

80%

Vehicle Fire

APA

Aluminium

Not Fitted

No

Yes

No

No**

8

26/10/09

80%

Vehicle Fire

Manchester

Manufactured
Steel

Stainless Steel

Yes

No

Yes

No

9

04/11/09

80%

Vehicle Fire

Manchester

Manufactured
Steel

Stainless Steel

No

Yes

No

No

11

04/11/09

80%

Vehicle Fire

Manchester

Not Fitted

Not Fitted

No

No

No

Yes

12

05/11/09

80%

Vehicle Fire

APA

Manufactured
Steel

Stainless Steel

No

No

Yes

No

* On containers 4 and 5 the intumescent paint was not applied to the full specified thickness.
** The pressure sensing line burst on container 7 rapidly decreasing the internal pressure.
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All Containers - Pressure Recording
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Figure 8.1 – Pressure profile over 1200 seconds
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Figure 8.2 – Pressure profile over 500 seconds
Note: The Design Pressure of the containers and the Set Pressure of the PRV’s is 2550 kPagauge.
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All Containers - Temperature Recording
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Figure 8.3 – Temperature profile over 1200 seconds
Note: If the container held an internal pressure of 2550 kPa-gauge, the mean tensile strength of
the material will be exceeded if the temperature reaches 6300C.
Recorded Parameters vs Material Strength
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Figure 8.4 – Pressure – temperature profile and material strength limits
Note: Container 11 failed approximately 64 seconds after exceeding the material tensile
strength.
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Fill Level

Test 1, in which the container was filled to 20%, with no other controls did not rupture, nor show
any signs of distortion. Container 2, tested under the same conditions and heat rate with an
80% fill level ruptured and created a BLEVE.
Further testing to determine the threshold value for a fill level which will produce a BLEVE was
not conducted. It is estimated that fill levels between 60 and 80% are required to lead to
ruptures and BLEVE’s

8.2

Pressure Relief Valve Design

The two types of containers tested (APA and Manchester) were fitted with different makes of
PRV. In the tests these valves proved to have different characteristics (as well as some
commonality) as can be seen below:
1. Inspection of figures showing pressure profiles (Figure 8.1, 8.2 or 8.5) indicate that
both designs of PRV began to relieve (popped) at 2750 to 3000 kPa-gauge. This is
higher than the designated set pressures (of 2550 and 2586 kPa-gauge respectively
for the Manchester and APA PRV), as shown in Table 7.3.
2. Both designs had sufficient capacity to relieve pressure under the test condition.
3. With the exception of early “spikes”, the PRV used on the Manchester container
generally controlled the pressure on average at 2100 to 2300 kPa-gauge during the
active phase – that is before it commenced a sustained fall in pressure.
4. The PRV used on the APA containers controlled the corresponding pressure at a
somewhat higher level (average at 2400 to 2600 kPa-gauge).
5. The Manchester PRV cycled for 100 to 200 seconds before a significant drop in
container pressure.
6. The APA PRV cycled for 500 to 800 seconds before a significant drop in container
pressure
Figure 8.5 shows the pressure profiles in terms of the PRV’s used in the two makes of
containers tested.
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Figure 8.5 – Pressure profile relating to PRV design
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Pressure Relief Valve Vapour Pickup Tube

In Tests 4 and 8 the containers were tested with vapour pick-up tubes on the inlet to the PRV.
The intention of these was to limit the intake of liquid and/or two phase “liquid swell”. Tests with
containers 4 and 5 provided a direct comparison between the presence and absence of a pickup tube. However, in neither case did the container BLEVE. It is to be noted that the containers
were painted with intumescent paint in both cases (though, not to the specified thickness, as
stated in Sections 7.2.4. and 8.5.2.
There did appear to be some difference in the internal pressure profiles between the containers
in Tests 4 and 5, shown below, suggesting that the effect of the pick-up tube was essentially
beneficial, though not by itself capable of preventing a BLEVE. Figure 8.6 shows the pressure
profiles in terms of the presence or absence of a pick-up, with all other variables constant.
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Figure 8.6 – Pressure profile with the variable of a pick-up tube
It was noted that the PRV, when discharging liquid or a two phase mixture of vapour and liquid,
produced a distinctly different noise compared to the sound from discharging single phase
vapour. The two phase flow was characterised by a definite “whine” that was not present with
single phase discharge. Also, the PRV cycling tended to be more rapid when the discharge was
single phase vapour, with the most probable cause of this being the reduced rate of heat
exposure (of the container) from the escaping, burning, vapour compared with the case of two
phase discharge that greatly adds to the heat flux experienced by the container.
When a container PRV vented liquid or a two phase mixture (vapour and liquid) the mass
ejection rate was greater, though the exit velocity lower. When alight, this resulted in powerful
and highly radiating flames that greatly contributed to the increased temperature of the
container wall and, in some cases, its subsequent failure. This can be seen in the photographs
of Tests 7 and 8 in Appendix A and the accompanying video.
The fitment of a pick-up tube, intended to limit the entry of liquid or two phase mixture into the
PRV, appeared to give rise to a less intense and radiant flame when the discharged LPG was
on fire. However, in contrasting tests (pick-up tube present and not present) the outcome was
the same: a BLEVE did not occur. In both cases the containers had the confounding effect that
they were painted with intumescent paint, and that is considered the primary reason that
failures did not occur.
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Sub-compartment and Duct Manufacture

In Tests 3, 4, 5, 8, 9 and 12 the containers were tested using a fabricated steel valve box with a
bolted lid in place of the aluminium sub-compartment cover. Also corrugated (flexible) stainless
steel ducting was substituted for the plastic vent hose. The stainless steel vent line was of
approximately the same internal diameter (50 mm) as the plastic one it replaced. The purpose
was to make the sub-compartment cover and vent pipe capable of withstanding the heat
generated in a vehicle fire.
Tests 2 and 3 were intended to provide a direct comparison between the standard aluminium
sub-compartment and plastic vent with the upgraded version (steel sub-compartment and a
stainless steel vent) on the burner rig. In the standard configuration (Test 2) a BLEVE occurred,
but there was some expectation that the modifications would prevent a repetition in Test 3.
However this proved not to be the case and the container in Test 3 also BLEVE’d.
Nevertheless, as seen below, in vehicle fires these modifications were considered to be highly
advantageous. In Test 6, where a standard aluminium sub-compartment cover was used, the
cover melted (as expected) and the venting high velocity vapour and/or two phase discharge
from the PRV removed the protective intumescent paint in the vicinity of the PRV at the top of
the container. However, in this case the container did not BLEVE, which appears to attest to
the effectiveness of the intumescent paint, even when partially blasted off by the jetting action
of the gas escaping from rubber seals that became defective (see photograph in Appendix A,
Test 6). In tests where the containers had standard aluminium sub-compartment covers, video
recordings show much increased heat from burning of the vapour/liquid discharged from the
PRV. Where steel fabricated sub-compartments and stainless steel vent lines were substituted
for the standard (destructible) versions, the steel maintained its integrity and the LPG was
discharged to the outside of the burning vehicle, thereby greatly reducing the heat flux on the
container.
Photographs in Appendix A Test 8 show the ducting in combination with shielding in a vehicle.

8.5

Container Insulation Techniques

In all six cases where the containers were insulated from the heat flux they did not rupture or
show signs of mechanical distortion. Note that, as stated above, Test 7 is discounted due the
failure of the pressure sense line and electrical connections.
Intumescent paint was effective in preventing ruptures and BLEVE’s in all cases where it was
tested. This is despite the fact that high container wall temperatures were recorded in some
cases (though even higher temperatures were recorded with unprotected containers).
Metal shielding was also effective in preventing ruptures or BLEVE’s of containers in vehicles,
though, as with intumescent painted containers, relatively high wall temperatures were still
recorded. The measured pressure and temperature values during Test 12 indicate that the
container came close to the theoretical failure curves.
Anything that provides a substantial insulating barrier between the flames and the container
wall and so reduces the rate at which the metal temperature rises should be effective in
reducing the likelihood of a BLEVE. Techniques such as wrapping containers in suitably rated
fire blankets were not trialled in this test series, but may nevertheless be viable.
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Shielding

Containers in Tests 8 and 12 were tested using shields to isolate the container from the heat of
the vehicle fire. Both of these containers also had a fabricated steel valve sub-compartment
and stainless steel duct.
The recorded temperature for the container in Test 8 was relatively high, showing almost
800OC, well above the anticipated 630OC limit given as the design internal pressure, close to
the value recorded in Test 11 just prior to a BLEVE occurring. The difference in outcomes may
be attributable to the fact that in Test 8 it took approximately 250 seconds for the container
temperature to rise from 500 to 800OC, whereas in Test 11 the same increase was observed in
container temperature in approximately 150 seconds. This time delay provided additional time
for the relief valve to decrease the internal pressure of the container.
The recorded temperature for Test 12 was lower than Tests 8 and 11, mentioned immediately
above. However, as can be seen from Figure 8.4, the container came close to exceeding the
theoretical failure curves, though it did not fail.
Photographs showing the shielding as implemented appear in Appendix A, Test 8 and 12.
8.5.2

Intumescent Paint

In Tests 4, 5, 6 and 9 the containers were tested after being painted with Contego intumescent
paint. It is significant that the thickness of the paint on containers used in Tests 4 and 5 was
much thinner (estimated at 0.5 mm) than the manufacturer specifies for structural steel, which
is 1.8 mm when dry (DFT) [27].
In Test 6, the intumescent paint was the only additional control measure when compared to test
2. In Test 6 the container did not rupture, while in Test 2 there was a powerful BLEVE. The
temperature at the top of the container in Test 6 reached 600OC, some 500 seconds after
commencement of the test. In comparison the Test 2 container 2 ruptured after 310 seconds.
From this it appears evident that the intumescent paint reduced the heat transfer rate
sufficiently to prevent a rupture. It is, of course, the case that delaying the metal temperature
reaching its failure temperature will reduce the power of a BLEVE as a minimum and may
prevent a BLEVE or even a rupture by allowing sufficient time for the container to be largely
emptied of its contents.
Both in Test 6 and 9 the containers’ pressure and temperature were recorded. In both cases
the containers were at their highest pressure when the temperature was only 200 to 250OC.
Both containers also came close to the theoretical failure curve when at about 600OC.
Photographs in Appendix A, tests 4 and 6 show the activated intumescent paint.
In Test 7 the container was also painted with intumescent paint and did not rupture. However,
as noted earlier, this test is discounted because the pressure sense line ruptured and acted as
an unintended relief device.
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9 RISK ASSOCIATED WITH VEHICLE LPG CONTAINERS
It is an irrefutable and widely acknowledged fact that LPG containers have the potential to
explode powerfully when the vehicle is caught in a fire. This makes LPG vehicles inherently
more hazardous than their CNG, diesel or even petrol fuelled counterparts. This situation,
which arises from the fundamental fact that LPG is stored as a pressurised liquid, makes it
incumbent on those involved in the industry to seek measures to greatly reduce, if not
completely eliminate, the possibility of such events.
Although the quantity of LPG involved in a motor vehicle container is small compared to large
storage tanks and similar vessels that have been involved in devastating BLEVE’s and VCE’s,
the explosion of a vehicle container can present a significant hazard also due to close proximity
of people and other vehicles. It therefore follows that measures to minimise, if not completely
eliminate, the possibility of such events are warranted. This was the rationale for the present
test series. It follows that the onus is heavily on any individual or group advocating against the
adoption of protective measures, such as detailed herein, to justify their position.
During the course of the investigations a number of papers, documents and video images were
studied and, as can be seen in the references cited, these have centred on large vessels.
However it is also apparent that there have been previous studies of the behaviour of
containers in the case of vehicle fires. Unfortunately, to date, despite a number of
recommendations, the salient issues have not been addressed, much less resolved. It is
understood to be the case that there are no recorded injuries or fatalities in Australia that have
resulted from ruptures and/or BLEVE’s of vehicle LPG containers. It is the view of EnergySafety
that this good fortune should not become a pretext for failure to take action on what is clearly a
potential hazard.
The Ambrose report [15] details a semi-quantitative Risk Assessment undertaken and
estimated a risk of 0.4 x 10-6 fatalities per LPG fuelled vehicle per annum. At the time, this could
be converted to approximately 0.2 fatalities per year. There does not appear to be any further
records of authorities carrying out a Risk Assessment.
In engineering it is established practice that if a risk can be eliminated or significantly reduced
by using controls, that such processes will be applied in particular if the hazard has the
potential to involve fatalities and severe injury. In this case, total elimination may be impossible
but, on the other hand, applying engineering controls to minimise and all but eliminate such
risks are very feasible.

9.1

Consequence

Due to the thermal energy released and the occurrence of high velocity of projectiles, it is
considered a significant possibility that a vehicle container BLEVE could cause serious and
possibly fatal injuries to persons within less than 50 metres of the event. At greater distances
the probability of serious injury is reduced.
Emergency services personnel attending a vehicle fire will be equipped with high quality
protective equipment and can be assumed to be in good health. However, if attempting to
extinguish the fire or cool the surrounding environment they may be within metres of the vehicle
at the instant that it suffers a BLEVE. In this case such personnel could be expected to
experience severe consequences from the blast, projectiles and thermal effects generated by a
BLEVE and VCE. Photograph A.11 (Test 11) in Appendix A convincingly shows how a vehicle
was totally destroyed by a BLEVE, while the extent of a likely VCE may be seen in Photograph
A.2.4 (Test 2) also in Appendix A.
Bystanders from the general public will be further from the vehicle than emergency personnel,
but ill equipped to withstand the radiant heat exposure of the VCE and may also be sufficiently
unfortunate to be impacted by hot shrapnel.
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Probability

The present tests have shown that the potential of a BLEVE is real and present with the current
design requirements, with all unprotected containers that were filled to 80% rupturing and
producing a BLEVE and VCE.
Reference is often made to a test series entitled “The Ultimate Test” conducted in NSW during
the late nineteen eighties when six early model LPG/dual fuelled Ford Falcons were set alight
and none of the containers suffered a BLEVE failure [15, 20]. In terms of the LPG container
behaviour in a vehicle fire, the outcomes of these earlier tests are not considered indicative of
the worst credible outcome for the following reasons:
1. Containers were not filled to 80% at 5°C equivalent (container fill level at the time of
fire has a major influence on the rupture potential).
2. The vehicle fires prior to the release of the fuel through the PRV were less intense
than fires occurring in modern vehicles due to the much increased use of plastics,
linings and other combustibles in modern vehicles (according to reference 30, the
“Combustible plastics and composites in cars have increased from 9 kg in 1960, to
91 kg in 1996 and 136 kg in 2007”)
3. Only Sedans were used and the aeration available to a fire in a station wagon or van
would be much greater, resulting in a far more intense fire both prior to and during
venting of fuel from the container’s PRV.
4. The NSW tests were designed to evaluate “pipe-away” versus plastic ducting for
venting LPG and therefore the variables of the experiments are not suitable to
represent the potential for a container rupture or BLEVE.
Other observations that should be considered are;
1. The testing showed that the rupture/BLEVE potential was highest when containers
were filled to the maximum allowed level of 80% of the internal volume.
2. Given that filling a motor vehicle with LPG is inherently less convenient than petrol,
motorists are therefore likely to fill the container to the maximum, AFL controlled
quantity.
3. FESA indicates that there are approximately 1500 vehicle fires in Western Australia
and 4500 to 5500 in NSW [31].
4. LPG vehicle conversions and LPG OEM sales have steadily increased in recent
years and LPG fuelled vehicles may now represent as many as 10% of the vehicles
on the road in Western Australia.
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Acceptance Criteria

Reference to what criteria are used that defines an acceptable risk in relation to LPG storage in
vehicles could not be found. For comparison, with comparable industries, the following two
acceptance criteria are presented.
9.3.1

Quantitative Acceptance Criteria

For a hazardous industrial plant, reference is made to the published guidelines on Risk
Management from the Environmental Protection Agency of WA. These Guidelines specify an
acceptable risk in a residential area of 1 x 10-6 fatalities per year.
It should also be noted that the LP fuelled vehicle industry has not been in existence long
enough to establish sufficient empirical data to prove that the risk is at or below this acceptance
criteria.
9.3.2

Qualitative Acceptance Criteria

AS/NZS 4645.1:2008 Gas Distribution Networks
acceptance criteria. With this matrix a risk of High
can be considered acceptable only where the risk
Reasonably Practicable) and Low is acceptable
controlled.

includes a Qualitative Risk Matrix and
is considered unacceptable, Intermediate
is demonstrated as ALARP (As Low As
provided the hazard is managed and

ALARP can only be demonstrated where the cost to implement a control measure is
considered grossly disproportionate to the reduction in risk. It should be noted that practical and
cost effective controls were successfully trialled, as detailed herein.
The risk matrix from AS/NZS 4645.1:2008 has been included in Appendix G.
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10 CONCLUSIONS
Tests were carried out to establish the susceptibility of motor vehicle LPG storage containers to
rupture and explode violently (BLEVE) when the vehicle is caught in a fire. The tests included
preliminary work to establish the effect of heat barriers (both metallic shields and intumescent
paint), burning of vehicles without the presence of any fuel (petrol or LPG) and conducting live
tests. The live tests consisted of heating containers on a rig fired with propane burners and
setting alight vehicles that were fitted with LPG containers. With only one exception, in both the
burner and vehicle tests the containers were filled to 80% capacity with LPG (commercial
propane).
Whilst this report and investigation concentrated on the BLEVE potential by testing containers
filled to capacity, other explosion sites and vehicles investigated where containers ruptured but
did not BLEVE. While the explosion produced by a rupture is of a lesser magnitude than a
BLEVE, such events can nevertheless create a hazardous situation and can result in major
physical damage.
The following conclusions are made:-

10.1

Potential for LPG Containers to BLEVE

Containers in standard configuration with no protective measures that are filled to near the
maximum containment level (80%) and are caught in a vehicle fire will likely rupture producing
a Boiling Liquid Expanding Vapour Explosion (BLEVE) and a Vapour Cloud Explosion (VCE).
This contrasts with tests carried out in the late 1980’s [20] and the difference is attributed to:
1. Fill level used: 80% in the containers that BLEVE’d in these tests and only 60% in
the tests shown in Reference 20.
2. Greater access of air to the fires in the station wagons of the present tests
compared to the sedans of the earlier tests [20] was an important factor.
3. Modern vehicles have a greater load of combustibles than their earlier counterparts.
Despite the obvious risk and strong likelihood for catastrophic failures to occur, no evidence
could be found to show that the situation is being addressed.

10.2

Failure Mechanism

The mechanism for a rupture and subsequent BLEVE to occur is for the wall temperature of
the vapour wetted area to exceed approximately 650OC and the internal pressure of the
container to be close to or greater than the design pressure. Under these conditions the stress
applied to the container walls exceeds the tensile strength of the material at such temperature.
With unprotected containers there is sufficient heat flux from material and vented LPG to
increase the material wall temperature beyond 800OC. This gives rise to a precursor rupture
which leads to a BLEVE and VCE. A failure of this type can occur even if the PRV is operating
satisfactorily and venting at a rate close to double the minimum requirements set out in the
relevant standards.
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Effectiveness of Protective Measures

No single control measure was considered likely to be completely effective in eliminating the
potential of a container to rupture and BLEVE. However, the test results indicated that a
combination of the following would provide a high level of confidence that a BLEVE should be
an extremely unlikely outcome:1. Insulating the container walls (by sheet steel shielding or intumescent paint), and
2. Replacement of the aluminium and plastic currently used in the fabrication of the
container sub-compartment box and vent line with steel equivalents

10.4

Other Possible Protective Measures

Other protective measures, such as constructing containers of thicker steel, highly alloyed
steels or other suitable materials may also be effective. Similarly other techniques of insulation,
such as steel shielding or intumescent paint, may be effective.
The installation of a Thermal Safety Element (TSE) on the container in order to rapidly vent the
container’s contents. However, several safety and design qualifications would need to be
considered prior to TSE’s becoming an option.
Design modifications that promote cooling of the internal walls of containers and venting
systems that discharge vapour and liquid simultaneously. These protection measures, such as
the construction of inner annuli, may be viable with large tanks but seem unlikely to be
applicable to vehicle containers.
It is known that aluminium containers are much more prone to rupturing than ones made of
steel [18]. This conclusion can be generalised to any metallic material that is less resistant than
steel to temperatures in the relevant range.
An alternative approach that appears promising is the use of composite cylinders, as they are
generally reported to be effectively BLEVE proof. However, currently, their availability appears
to be restricted to domestic applications and fork lifts.
In all cases, before any such measure is adopted its efficacy must be rigorously proven.

10.5

Relief Valve Performance Characteristics

The performance characteristics of the PRV’s were found to be a significant factor. In several
cases the valve seat failed relatively quickly, possibly contributing to increased relieving rate
and venting the container contents rapidly. This, apparently unintended control measure used
in isolation does not prevent a BLEVE, as, indicated by Test 11.
It was also noted that the PRV’s from different manufacturers behaved differently under the fire
conditions

10.6

Relief Valve Specifications

As seen in Section 4.1 and Appendix C, AS/NZS 1425:2007 Clause 3.2.1 allows three options
for the design of containers (according to AS/NZS 3509, AS 2030 or AS 1210). These lead to
different design requirements in some areas (PRV capacities and material stress levels in
particular).
AS 2613 specifies a calculation procedure for the valve capacity in a different manner and has
different requirements to that used for Pressure Equipment (AS 1210). This results in a PRV
that has a considerably lower capacity requirement than an equivalent pressure vessel.
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This may be significant as the PRV’s installed during the testing had capacities that exceeded
the AS 2613 specification and were close to the AS 1210 requirement. If the capacity of the
PRV was reduced to the AS 2613 minimum specification, this could have resulted in higher
pressures than those recorded, with corresponding higher liquid temperatures and an increase
in the fire exposure duration at pressure. Consequently if the PRV’s used were of only the
minimum required capacity (under AS 2613) it is a significant possibility that a greater number
of ruptures and accompanying BLEVE’s/VCE’s could have resulted in these tests. These
aspects are detailed in Appendix C.

10.7

Limitations on PRV’s in Preventing BLEVE’s

Following Section 10.6, it may be noted that the American standard CGA S-1.1 – 2007
“Pressure Relief Device Standards Part 1 - Containers for Compressed Gases”, on which the
PRV sizing equation in AS 2613 is apparently based, notes that PRV’s do not protect the
container against possible rupture when continued application of external heat or direct flame
weakens the container wall to the point where its rupture pressure is less than the operating
pressure of the relief valve. Given this statement from the CGA, it is evident that additional
protection measures, as outlined in this report, are required to give a high level of assurance
that a container rupture/BLEVE/VCE will not occur when a container is caught in a vehicle fire.

10.8

CNG Comparison

A test procedure for a fire case is described in AS 4838-2002 High Pressure Cylinders for CNG
as a Fuel for Vehicles. The hazards for pressurised hydro-carbons are clearly at the foundation
of this standard. As noted earlier in this report, pressurised liquids (such as LPG) provide a
mechanism for the occurrence of a BLEVE and VCE. This is not possible with cylinders
containing on single phase gas (such as CNG). This is not to suggest that a situation in which a
CNG cylinder is exposed to fire does not present a major hazard. However, it is clearly
reasonable that LPG containers, which are used in far greater numbers should be tested with at
least the same degree of rigour and stringency as is applied to CNG cylinders.

10.9

Qualification

Finally it must be recognised that the high cost and logistic considerations strictly limited the
number of tests that could be conducted. Therefore no attempt could be made to infer the level
of repeatability or reproducibility of results obtained and the possibility that a retest under a
given set of conditions would produce a different outcome cannot be completely discounted.
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11 RECOMMENDATIONS
Considering the findings of these tests, it must be accepted that LPG fuelled vehicles are
inherently more hazardous than their diesel or petrol fuelled counterparts. EnergySafety’s view
is that the potential of a container rupture and BLEVE/VCE creates a significant risk to
emergency services personnel, bystanders and the public. This situation makes it incumbent on
those involved in the industry to seek measures to greatly reduce, if not completely eliminate,
the possibility of such events as container ruptures, BLEVE’s and VCE’s. In order to achieve
this, the following recommendations are made:-

11.1

Revise Installation Requirements

The installation requirements should be revised so that the containers are installed in a manner
that ruptures and violent explosions are an extremely remote possibility. In doing so it is
advisable to consider the fire case requirements for CNG cylinders and aim to provide some
consistency for pressurised fuel containers.
Possible methods of achieving this have been considered above. Container insulation and
modifications to prevent vented LPG from contributing to the heat flux on the container are
prominent possible solutions. Increased container wall thickness and material of construction
may also warrant further consideration.
In order to implement, a rigorous test procedure will need to be formulated to test the
effectiveness of measures intended to minimise the risk of a rupture/BLEVE/VCE occurring in
LPG fuelled vehicles. It is envisaged that such a test would involve practical trials with modern
wagons fitted with LPG tanks filled to the allowed limit and with the addition of combustible
material. That is to say a situation representative of a worst case scenario. It is recognised that
the detailed aspects of such a test would be subject inputs from many stakeholders and
interested parties, as well as others with expertise in the field.
Some of the salient aspects for inclusion in a test procedure are presented in Appendix H.
Testing as described in Appendix H is designed to prove that the selected method of BLEVE
mitigation can provide a margin of at least 25% to the tensile strength of the material.

11.2

Review AS/NZS 1425 and AS/NZS1425 Reference Standards

The current version of this standard AS/NZS 1425:2007 Clause 3.2.1 allows three options for
the design of containers (according to AS/NZS 3509, AS 2030 or AS 1210). These lead to
different and sometimes conflicting design requirements in some areas. In particular, this
relates to PRV capacities. AS/NZS 1425 Clause 3.15.1 requires “automotive fuel containers” to
be fitted with a “safety valve” compliant with AS 2613. The adequacy of the AS 2613
requirement in this case should be reviewed.
The use of increased PRV capacity (beyond that obtained using a calculation based on AS
1210) and/or Thermal Safety Elements may be considered, but should be approached with
caution for reasons specified in Sections 6.4 and 6.8, as such attempts may actually lead to
BLEVE conditions.

11.3

Consider Evolving Technologies

New materials of container construction, specifically polymer composites, appear promising
and should be further investigated.
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12 ALTERNATE GUIDANCE
From the investigations and testing it was found that installations can be made virtually BLEVE
proof with reasonable and practical controls. However if it is considered that cost and logistics
would make the above recommendations unviable, then a formal Quantitative Risk Assessment
should be performed to ascertain the risk to the public and emergency personnel. The results of
such an assessment should then form the basis for further action.
It should be noted that such a move will attract a significant responsibility and may have future
ramifications for those sanctioning the QRA as opposed to removing the probability of such
violent ruptures. Given that the investigations have provided practical outcomes, such an
approach cannot be endorsed by EnergySafety.
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Appendix A – Results by Container
Test 1 (21-9-09)
In this test an APA container was filled to 20% volume and placed on the rig without any
protection. Some 5 minutes after the burners were turned on, the relief valve began to
intermittently operate. The venting continued until the container emptied in an orderly manner
without a BLEVE or other incident. A photograph of the pose test container is attached. From
this test it was concluded that containers filled to 20% do not present an explosion hazard and
in all future tests the fill level was 80%.

Photographs A.1.1- Pre test photographs, showing the initial setup.

Photographs A.1.2- Post test photographs, showing the container survived.
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Test 2 (21-9-09)
Test 2 was similar to Test 1 in all respects, except that it was filled to 80%. In this test venting
began soon after the rig burners were turned on, and a BLEVE and VCE took place at about 8
minutes. Noting the PRV when relieving and the nature of the flames indicated that two phase
flow was occurring. Photographs immediately below attest to the power of the BLEVE and
VCE.

Photographs A.2.1- These photographs show the remains of the burner apparatus and
container post BLEVE

Photographs A.2.2 - Damage to the test container roof and support beam
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Photograph A.2.3 - High speed camera shows bulge on top left of container.
In the next frame, 3.3 milliseconds later, the container ruptured.

Photograph A.2.4 - Vapour cloud explosion
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Test 3 (1-10-09)
In Test 3 an APA container was used. However, the aluminium sub-compartment cover was
replaced with one of steel and the plastic vent pipe was replaced with a flexible stainless steel
pipe of approximately the same diameter. The objective was to limit the level of flame
engulfment and in doing so reduce the likelihood of a BLEVE. However, these measures were
unsuccessful and a BLEVE and VCE occurred in less than 5 minutes.
Container 3 - Pressure Recording 01/10/2009
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TEST 4 (16-10-09)
A Manchester tank fitted with steel sub-compartment and stainless steel vent tube with the
addition of a “pick-up tube” (to limit liquid and two phase flow occurring through the relief valve,
as described in Section 6.5) was tested on the burner rig. In this case there was also the further
measure that the container was painted with Contego intumescent paint. However, due to a
misunderstanding the paint was applied at a thickness of only about 0.5 mm, instead of the
required 1.8 mm (dry) [27]. The container did not BLEVE, despite the thinner than required
application the intumescent paint. It was noted that noise produced during two phase flow was
different (in that it contained a distinct “whine”) from that of single phase flow. The photographs
below show the pre and post fire condition of the intumescent paint.

Photographs A.4- View of intumescent paint applied to container before and after
exposure to flames.
Container 4 - Pressure Recording 16/10/2009
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Test 5 (16-10-09)
This test was a repeat of Test 4 with the exception that the container was not equipped with a
pick-up tube. As in Test 4 the intumescent paint was only about 0.5 mm thickness. However,
also as in Test 4, the container did not BLEVE.

Photographs A.5- View of intumescent paint applied to container before and after
exposure to flames.
Container 5 - Pressure Recording 16/10/2009
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Test 6 (26-10-09)
An APA container was tested on the burner rig. The container was painted with Contego
intumescent paint in accordance with the manufacturer’s instruction (1.8 mm thickness when
dry). Apart from the paint no other protections were employed. The container did not BLEVE.
The photographs below show the pre and post condition of the paint. It is apparent that the high
velocity venting vapour and/or two phase flow from the PRV blew away some of the
intumesced paint. Despite this, the container survived.

Photographs A.6 - The painted vessel before and after the test.
The right photo shows where the activated intumescent paint was blown away by the
venting stream from the PRV.

Cylinder 6 - Pressure And Temperature Recording 26/10/2009
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Test 7 (26-10-09)
An APA container with no protections other than intumescent paint (as in Test 6) was tested in
a vehicle fire (Nissan Pintara). In this test the pressure sensing line ruptured and the
temperature recording cables melted, largely invalidating the test. The container did not
BLEVE.

Photographs A.7.1 – Vehicle before and during testing.

Photographs A.7.2 – Vehicle and container after testing.
Cylinder 7 - Pressure And Temperature Recording 26/10/2009
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Test 8 (26-10-09)
A Manchester container was tested in a vehicle fire (Ford Futura). The container was equipped
with a pick-up tube and protected with a steel shield of thickness 1.6 mm. A stainless steel vent
was also provided. The container did not BLEVE. The photographs below show the placement
of the shield and the vehicle on fire. Also shown is the additional fuel (in the form of cardboard
and wood that was included to intensity the fire).

Photographs A.8 - Stages of shield placement (with vent pipe) and car alight.
As in Test 7 the venting LPG greatly adds to the fire.
Container 8 - Temperature Recording 26/10/2009
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Test 9 (4-11-09)
A Manchester container was tested in a vehicle fire (grey Holden Commodore, shown on the
left in the photograph in Section A.11 below). The protections comprised of a stainless steel
vent and intumescent paint. The container did not BLEVE.

Cylinder 9 - Pressure and Temperture Recording 04/11/2009
3000

900
Pressure

2500

750

Pressure (kPag)

Temperature

2000

600

1500

450

1000

300

500

150

0
10:30:00

10:32:00

10:34:00

10:36:00

10:38:00

Time (hh:mm:ss)

10:40:00

10:42:00

0
10:44:00

Effect of Vehicle Fires on LP Gas Containers Installed to AS/NZS 1425:2007

EnergySafety

Test 10 (4-11-09)
Tests 10 and 13 were included in the program to validate observations made as a result of the
Victorian bush fires of February 2009. The outcomes of these tests will be reported in a
separate report. This was a test of an upright Rheem 45 kg LPG container used in domestic
situations, rather than a motor vehicle container, and the results are reported elsewhere [28]. It
may be noted, however that it did not BLEVE.
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Test 11 (4-11-09)
A Manchester container with no protection was tested in a vehicle fire (Ford Escort, centre in
the left side photograph below). The container BLEVE’d with sufficient force to destroy the
vehicle beyond recognition, as shown in the right side photograph.

Photographs A.11-Vehicles delivered for test and the remains of the Ford Escort.

Cylinder 11 - Pressure and Temperature Recording 04/11/2009
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Test 12 (5-11-09)
An APA container with steel shielding and a stainless steel vent (but no other protection) was
tested in a vehicle fire (red Holden Commodore). This test was similar to the one described in
Test 8 except that an APA container was substituted for the Manchester container used in Test
8. The container did not BLEVE. The photographs below show the vehicle and the final
placement of the steel shield, with additional fuel.

Photographs A.12 -The vehicle set up showing the shield and additional fuel.

Cylinder 12 - Pressure and Temperature Recording 05/11/2009
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Test 13 (5-11-09)
Like test number 10, this was a test of a Rheem 45 kg LPG container used in domestic
situations but in the lying down position. The results are reported elsewhere [Reference 29,
report proper]. It may be noted, however that the container BLEVE’d, with even greater force
than the vehicle containers and also produced a spectacular vapour cloud explosion.
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Appendix B – Vehicle Burn Tests
Vehicle burn tests at FESA’s Forrestfield Test Centre 12-10-09
The photographs below show two various stages of tests in which two cars were burnt
as described in Section 7.3

Photographs B.1 - Various stages of the burn test of two vehicles at FESA’s test centre.
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Appendix C – PRV Sizing
Apparent anomalies in the relevant standards are noted below:(This Appendix should be read in conjunction with the relevant clauses of the standards cited.)
C.1 Clause 3.2.1 of AS/NZS 1425 Interpretation
Clause 3.2.1 of AS/NZS 1425:2007 states:
A fuel container shall comply with one of the following Australian or Australian/New
Zealand standards or in New Zealand, the Traffic Regulations 1976 amendment No. 7,
Clause 80B, and shall have a design notified or registered by the appropriate Statutory
Authority and subject to requirements in Clause 6.1(c)(ii):
(a) AS/NZS 3509
(b) AS 1210 (for a design pressure of 2.55 MPa).
(c) AS 2030.1 (for propane).
This appears to offer three design options for the fuel containment vessel and, as shown below,
these can lead to differing requirements for the PRV.
C.2 Flow Rating Pressure and Other Issues in the Relevant Standards
As noted earlier, there appears to be numerous ambiguities in the relevant (LPG related)
standards. Some of these are listed below:1. Apparent ambiguity in AS/NZS 1425 Clause 3.2.1, in which standards apply to the fuel
container (AS/NZS 3509, AS 1210 or AS 2030) as described in the preceding section.
2. AS/NZS 1425 Clause 3.15.1 (b) states: “The safety valve shall comply with the
requirements appropriate to the type of container to which it is fitted, AS 2613 for a gas
container or an automotive fuel container, or AS 1271 for a pressure vessel or be UL
listed.” However, as above, AS/NZS 1425 Clause 3.2.1 also allows containers
constructed to AS 1210, which has a different PRV requirement to that of AS 2613
3. AS/NZS 1425 Clause 3.15.1 (d) states that the “The full flow rating pressure shall be 3.3
MPa.” In contrast, AS 2613 Clause 2.3 states “The flow-rating pressure of a pressurerelief valve shall be not less than 1.25 times the maximum developed pressure of the
contained gas, and shall not exceed the test pressure of the container.” In the case of
LPG “the maximum developed pressure” (according to AS 2030.5-2009) is 2550 kPagauge and 1.25 times 2550 is 3188 kPa-gauge or 3289 kPa-abs (the formula for
calculating the required free air flow rate of a PRV in AS 2613 specifies the absolute
pressure). This therefore poses the question of whether the flow rating pressure in a
PRV test for a container of design pressure 2550 kPa-gauge should be 3188 or 3300
kPa-gauge. Also notable is the use of the factor 1.25 in AS 2613. Other standards such
as AS 1210 and API 520 set the relieving condition at 1.21 times the design pressure.
4. AS/NZS 1425 Clause 3.15.1 (d) also adds the note “NOTE: The start to discharge
pressure is expressed as not less than 80% of the full flow rating pressure.” Given that
AS 1425 specifies the “full flow rating pressure” as 3300 kPa-gauge (and 80% of this
pressure is 2640 kPa-gauge), this indicates that the PRV should not open until the
vessel’s pressure has reached 2640 kPa-gauge, which is 90 kPa higher than the design
pressure. AS 2613 in Clause 2.4 also specifies the 80% figure, but is consistent with the
“1.25 times the maximum developed pressure” requirement.
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5. AS 1425 Clause 3.16 states “The safety valve shall communicate with the vapour space
of the container, and no valve shall be installed between the safety valve and the
container”. As noted elsewhere in this report, a container filled to 80% with propane
under ambient temperature conditions will come close to liquid full before the propane
vapour pressure reaches the PRV lifting threshold pressure of 2550 kPa-gauge. In the
case of mixtures containing significant levels of butane this is much more so the case,
due to their lower vapour pressures. According to correlations in reference C1, the
density of propane at temperature 15°C is 0.500 kg/L and at 71.2°C is 0.393 kg/L
(71.2°C is the temperature at which propane’s vapour pressure reaches 2550 kPagauge) and from these densities it is seen that a vessel filled to 80% at 15°C would be
liquid full at 71.2°C. It is the case that these calculations would be tempered to some
degree by stratification of the contained liquid, where higher temperature product rises
to the top and sets the vapour pressure. It is nevertheless the case that the requirement
that “The safety valve shall communicate with the vapour space of the container….” is
not likely to be met in practice.
6. AS 1210 Clause 8.6.2.2 specifies a calculation procedure for the required minimum flow
rate of free air (Qa at 15°C and 101.5 kPa) for PRV’s. However, it does not explicitly
state the applied (flow rating) pressure at which this minimum flow must occur. This
omission should be rectified.
7. The values of “G” (the coefficient used in AS/NZS 1596:2008) is derived from formulae
given in Clause 8.6.2.3 of AS 1210 and relates to a design pressure of 1750 kPa-gauge,
rather than 2550 kPa-gauge relevant to automotive LPG tanks. Therefore, it is not
appropriate for use in automotive tank applications.
8. As described in Section C3 below, the calculation procedures for PRV sizing in AS 2613
and AS 1210 are different and lead to very different results. The AS 1210 calculation
procedure produces a flow rating requirement that depends on the vessel’s area and the
physical properties of the fluid contained, whereas the AS 2613 calculation is a function
of the vessel’s internal volume. In the cases considered, the AS 1210 method resulted
in a much greater required flow (see Section C3 immediately below).
C.3 PRV Sizing Conflict
AS/NZS 1425, on the one hand in clause 3.2.1(b), states that AS 1210 applies for 2.55 MPa
containers, then, on the other hand, in clause 3.15.1 clearly states that “... (b) The safety valve
shall comply with the requirements appropriate to the type of container to which it is fitted, AS
2613 for a gas container or an automotive fuel container, or AS 1271 for a pressure vessel or
be UL listed.” The difficulty is that the procedures for determining PRV capacity in AS 1210 and
AS 2613 are quite different (the calculation in AS 1210 is based on the vessel’s surface area
and the physical properties of the contained product, while the calculation in AS 2613 depends
only on the vessel’s internal volume) and these methods can give quite different results, as
shown below. Therefore, it seems there is an apparent conflict in AS/NZS 1425, on the one
hand referencing AS 1210 as applying to “2.55 MPa” containers, yet specifying a PRV sizing
procedure that differs from that in AS 1210.
As above, in AS/NZS 1425 Clause 3.2.1 (c) cites AS 2030.1 for “propane” containers, AS
2030.5 in clause 5.3.1 is clear: “Safety devices shall comply with AS 2613”. This, again, would
seem to put AS/NZS 1425 in the position of specifying two possible and quite different sizing
methods for PRV’s to be used with vehicle containers. In the example below, it can be seen
that, in the case considered, the sizing calculation method of AS 1210 produces double the
required air flow (15.30 m3/min) for a PRV to that of AS 2613 (8.16 m3/min).
It is also significant that the above calculation refers to pure propane, and calculated rates
higher than 15.30 m3/min would generally apply to other autogas mixtures.
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Example of PRV Sizing
The following shows different requirement obtained using AS 1210 and AS 2613 methods.
Assume a horizontal tank with ellipsoidal ends of dimensions given below initially filled with
propane to maximum limit (80%) and engulfed in a fire. Calculation of the required relieving rate
by AS 1210 and AS 2613 produces different requirements as below.
1. Cylindrical container 2:1 semi-ellipsoidal ends
2. Content pure propane initially filled to 80% at room temperature
3. Overall length: 892 mm
4. Outside diameter: 375 mm
5. Wall thickness: 2.7 mm
6. Internal capacity: 89.0 litres
7. External area: 1.135 m2
8. Design pressure of vessel: 2550 kPa-gauge (approx 2650 kPa-abs)
9. Relieving Pressure: 3086 kPa-gauge (approx 3187 kPa-abs). This follows AS 1210 in
taking the relieving pressure as 1.21 times the vessel’s design pressure
10. Temperature (T): 81°C, or approximately 354 K (the temperature at which propane
vapour pressure equals 3187 kPa-abs [C1]. Note also that the vapour pressure equals
2650 kPa-abs, the vessel design pressure, at 71.2°C
11. Latent heat propane (L) at 81°C: 186.0 kJ/kg [C1]
12. Liquid density at 15°C: 0.500 kg/L and at 81°C: 0.363 kg/L [C1], therefore vessel
approximately liquid full and wetted area is total area. This conclusion also applies at
temperature 71.2°C, when the liquid density is 0.393 kg/L.
13. Compressibility factor (Z) of vapour at relieving condition: 0.569 by Soave Redlich
Kwong equation of state [C2]. A similar result for Z is obtained from Figure G1 of AS
1271-2003.
14. Isentropic exponent (k) for propane: the ideal value on the basis of published heat
capacities [C3] is 1.13. A “real gas” correction [C4] gives a value of approximately 1.11,
which is used in the calculation below. However, the calculated required air flow rate for
the PRV (Qa), using the AS 1210 formulae is only a weak function of k.
AS 1210 Calculation
Applying equations given in AS 1210 -1997 Clause 8.6.2 "Aggregate capacity for fire
conditions" gives a free air relieving rate (Qa) of 15.30 m3/minute. As above, it may be noted
that AS 1210 does not state explicitly what is the required pressure to be applied (flow rating
pressure) in obtaining the flow rate Qa. It may be implied that it is 121% of the design pressure,
as this criterion is used elsewhere in the standard. In contrast, in AS/NZS 1596:2008, Appendix
H “Discharge Capacity of Safety Valves” specifies that test pressure shall be 120% of the
PRV’s set pressure. The formula used in AS/NZS 1596 is a special case of the AS 1210
equation.
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AS 2613 Calculation
In comparison, using the equation AS 2613-2005 Clause 2.2.5 “Pressure relief valve for use
with a liquefied gas” and taking the “flow rating pressure” to be 3289 kPa-abs (i.e.
1.25*2550+101), gives a free air relieving rate of only 8.16 m3/minute
Note also that there is some apparent inconsistency in the definition of “flow pressure rating”.
According to AS 2613 Clause 2.3, it is, as above, 1.25 times the maximum developed pressure
of the contained gas, but shall not exceed the test pressure. In contrast AS/NZS 1425, Clause
3.15.1 “General” states: “full flow rating pressure” shall be 3.3 MPa-gauge (it does not state,
whether gauge or absolute). Furthermore, the factor of 1.25 seems somewhat curious, and
1.21 might be expected by analogy with the AS 1210 requirement noted above.
C4 Adequacy of AS 2613 Sizing Formula
From Table 7.3, reproduced here for convenience, both of the PRV’s used tested at much
higher flow capacities than would be the case of PRV that was minimum compliant to AS 2613.
The latter valve would have a (free air) capacity of 8.16 m3/min at flow rating pressure 3289
kPa-abs. Using formulae such as those given in Appendix F of AS 1271, the Crosby
Engineering Handbook or from fundamental fluid mechanics, it is possible to calculate the
effective area of the PRV from the flow rates and pressures. The results from AS 1271 (which
are very similar to the other approaches mentioned) are: SCG (Manchester) 34.27 mm2, SVM
(APA) 32.46 mm2 and AS 2613 minimum 21.26 mm2. These figures refer to the flow rating
condition and, depending on valve construction and internal geometry, may be significantly
dependent on the inlet pressure during operation (as would be the case with a “proportional”
valve)
It may also be noted that the flow (8.16 m3/min) calculated according to AS 2613 is lower than
would be obtained for from the equation given in Clause 5.7.2.5 of NFPA 58 [C5]. The latter
equation applied to the container specified in Section C3 above would be 11.8 m3/min of air.
The NFPA equation is stated as referring to “The minimum rate of discharge of pressure relief
valves installed in ASME containers ….”
While the origins of the AS 2613 PRV flow equation (Clause 2.2.5) are not cited in the
standard, it seems likely to have been taken from the Compressed Gas Association publication
CGA S-1.1, Thirteenth Edition [C6], Clause 5.7 of which leads to the same PRV sizing result as
is obtained using AS 2613 (for liquefied gases). It is notable that Clause 5.7 of CGA S-1.1 [6],
which applies to “liquefied gas”, does not include an equation for the flow calculation but simply
requires a doubling of the value obtained from the formula given in Clause 5.6, which is for
“non-liquefied gases”. The concept of simply doubling the required flow rate in this manner
appears somewhat arbitrary and questionable on three grounds:
(a) the quantity of material held in a vessel containing pressurised liquid would usually be far
more than double that of vessel of the same capacity filled with pressurised gas,
(b) the pressure in a cylinder containing only gas falls as the gas is vented, however, if liquid is
present the pressure will, to a first approximation, be maintained at the equilibrium vapour
pressure of the hottest liquid, and
(c) a vessel filled with gas or vapour, while capable of rupturing violently, cannot produce a
BLEVE.
These factors would suggest that the mere doubling of the specified PRV discharge flow rate in
going from gas/vapour to pressurised liquid containment may not fully address the issues.
In view of the issues noted in this Appendix, it is submitted that the PRV sizing equation given
in Clause 2.2.5 of AS 2613 may not be applicable for automotive fuel containers designed to
AS/NZS 3509.

Effect of Vehicle Fires on LP Gas Containers Installed to AS/NZS 1425:2007

EnergySafety

Table 7.3 – PRV Design Details
Parameter

Manchester Tank

APA Manufacturing

Manufacturer

SCG Thailand

SVM Thailand

Model

7545K

SVM 635

Set Pressure

2550kPa

375psi (2586kPa)

Flow Capacity

13.6m3/min (air)

12.4m3/min (air)

Pressure at Flow Capacity

3300kPa

460psi (3172kPa)

C5 Summary of PRV Sizing Issues
It is shown in this Appendix that three commonly cited calculation methods (AS 2613, AS 1210
and NFPA 58) give different results for the minimum free air capacity of PRV’s. Calculations
according to AS 1210 and NFPA are based on the area of the vessel, whereas the AS 2613
formula is volume dependent. The AS 2613 and NFPA 58 equations are independent of the
physical properties of the contained liquid, while these are included in the AS 1210 formulation.
In the area based equations, the area is raised to the power of 0.82. This power is believed to
have been empirically derived from fire tests on large tanks carried out in the 1940’s and 1950’s
in the USA. While a formula involving area raised to the power of 0.82 may be appropriate for a
large tank, it does not seem appropriate to LPG container tanks caught in vehicle fires, where
full flame engulfment is to be expected (and has been observed in practice in these tests).
The requirements of the volume based equation of AS 2613 has been questioned in the
present report, though this refers to the magnitude of coefficient in the equation rather than it
being volume based. However, in principle, an area dependent formula would give a better
representation of heat absorption than one based on volume.
As also noted, only the AS 1210 formula considers the physical properties of the contained
liquid. In principle, any formula that ignores these properties cannot be accurate in all cases, as
the composition of the contained liquid can vary widely. (Although the NFPA formula cited
above, NFPA 5.7.2.5, is independent on the liquid properties, in another section of the standard
(Section 12.8.4) dealing with refrigerated containers, these properties are included as factors in
the sizing equation.) Furthermore, AS 1210 Clause 8.4.3 “Type and minimum bore” (Pressure
Relief Devices) states in subsection (9d) that the minimum bore for any relief valve used on a
vessel shall be 12 mm for liquid (the valves used in these tests had a bore of 7.5 to 8 mm
diameter). While the PRV used with the containers that are the subject of this report are
intended for use with gas, it has been shown in Section C2 above that the tanks can become
liquid full as a result of thermal expansion of the contained liquid. Similarly, during the practical
tests both liquid and two phase flow was apparent from venting PRV’s. Fisher [C7] notes that
“Generally, two phase flow requires a larger relief area than all vapour or subcooled liquid flow”.
Finally, it is noted that it is stated in the Handbook of Compressed Gases [C8] that “Pressure
relief valves are designed to maintain the pressure in the container at a level determined by the
spring force. Therefore such devices do not protect the container against possible rupture when
continued application of external heat or direct flame weakens the container wall to the point
where its rupture pressure is less than the operating pressure of the relief valve.” Essentially
the same point is also made in Reference C6. Given this statement from the CGA, it is evident
that additional protection measures, as outlined in the body of this report, are required to give a
high level of assurance that a container rupture/BLEVE/VCE will not occur when a container is
caught in a vehicle fire.
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Table C-1 summarises some of the requirements of PRV’s in the cited standards
Table C-1 - Comparison of Standards Requirements
Standard

AS 1210

AS 2613

AS 1425

NFPA 58

Calculation Basis

Area

Volume

N/A

Area

Gas Properties Dependent

Yes

No

N/A

No

PRV Flow (Test Container)
(m3/min free air)

15.3

8.16

N/A

11.72

Set Pressure
(kPa gauge)

2550

2550

2640

2550

Flow Rating Pressure
(kPa gauge)

3086

3188

3300

3060

Notes: Developed pressure of LPG (propane) is 2550 kPa-gauge (As 2030.5)
Capacity calculations are for the example container given in Section C3 containing
propane.
The capacity required under AS 1210 is expected to be greater than in the above table
for certain mixtures of propane and butane.
AS 2613 requirements appear identical to the US standard CGA S-1.1 (Ref 6 below).
While the AS 1210 calculation procedure gives a higher required free air flow rate than
does the AS 2613 formula in this example, this may not be the case for vessels of
different geometries, specifically the relative required flows depend on the ratio of the
volume to the area raised to the power of 0.82 (that is, volume/(area)^0.82).
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Appendix D – BLEVE Mechanism
The BLEVE phenomena is widely known and recognised for the potential hazards it creates [116]. It has been described as “... the worst possible outcome of a fire engulfed pressure
vessel.” [10]. While the exact mechanism is still the subject of considerable debate [1-6], it is
generally accepted, as noted above, that a strong (hot) BLEVE will occur when a liquid above
its superheat limit temperature (SLT) is suddenly depressurised to essentially atmospheric
pressure. The SLT, which is the highest temperature at which a metastable liquid can exist at a
given pressure, for propane (typically the major component in LPG), is usually quoted at
approximately 53°C [1, 3, 6, 9] for depressurisation to atmospheric pressure. For comparison,
the SLT of water referenced to atmospheric pressure is reported [1] to be 280°C, though there
is some variation in documented figures.
It may be noted that a BLEVE is strictly a physical explosion and can occur with a nonflammable liquid such as water [2]. When the liquid is flammable and the vessel rupture is
caused by fire the vented liquid will usually, but not always [2, 10], ignite. The resulting fireball
may generally be expected to add greatly to the total energy release and present a severe
thermal radiation hazard [1]. It may also produce a substantial blast overpressure (which
follows the blast wave of the BLEVE physical explosion [1]). Shaluf [8] ranks the thermal
radiation of the fireball the greatest hazard associated with a flammable liquid BLEVE, followed
in order by the flying fragments and the blast wave produced by the physical explosion.
From the above, it is apparent that the loss of containment of a pressurised liquid is a
prerequisite for a BLEVE. This can occur in several ways, including the high energy impact of a
projectile onto a vessel, corrosion and metal failure. However, the mechanism of concern in the
present report is that of fire engulfment of the containment vessel. Fire heating of the vessel will
cause weakening of the metal that comprises the vessel wall and this may eventually fail. It is
also the case that fire engulfment will usually result in the heating of the contained liquid and, if
the temperature reaches the SLT, a strong BLEVE may be expected [3].
When a container containing a pressurised liquid and vapour is engulfed in a fire, it may be
expected that the “vapour wetted” area of the vessel will become much hotter than the “liquid
wetted” area. This is due to the much more efficient heat transfer to the liquid than the vapour.
Temperatures in the vapour wetted area can reach well in excess of 600°C, at which point the
metal becomes so weakened that it can fail, even if the PRV is operating within specifications
[10-13] and so preventing excessive pressures occurring in the vessel. This effect was
convincingly demonstrated in the current tests using high speed photography.
Other factors that influence the likelihood of a BLEVE occurrence (and its strength should a
BLEVE take place) are the PRV setting and the wall thickness of the containment vessel. It is
reported [10, 13] that the stored energy (in the form of superheated liquid) and hence the
hazard presented by a BLEVE is reduced when the PRV has a large “blowdown” setting. Early
PRV opening is also said to be advantageous [14] as it appears to result in lower vapour space
wall temperatures (due to the liquid swell that occurs on PRV opening). Blowdown is defined in
AS 4942 as simply “The difference between the set pressure and the re-seating pressure.”
However, where reference is to percentage blowdown in the above citations, the following
equation applies.



% Blowdown = 100 1 −



reseating − pressure 
opening − pressure 

Birk and Cunningham [3] have noted that the wall thickness of the vessel is an important factor,
observing that “It was very obvious when conducting these tests that fire impingement of thinwalled uninsulated tanks would always result in BLEVE’s.” They also note the significance of
mass fill level of the contents of a vessel and combine it with the average liquid temperature
and burst pressure to prepare a “BLEVE map”.
More recently Birk and VanderSteen [12] have studied liquid stratification in vessels that are
subjected to fire impingement and engulfment. They point out that the pressure of the vapour in
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the vessel is determined by the hottest liquid (usually at the top) rather than the average
temperature. They also note that stratification is much reduced when the PRV opens.
A further factor that delays and reduces the likelihood of a fire engulfed (or impinged) vessel
suffering a BLEVE is that of thermal insulation [14-16] as is considered in detail in the report
proper.
In summary, strong BLEVE’s can flatten the original containment vessel, produce high velocity
fragments and cause great damage to surrounding structures as well as giving rise to powerful
vapour cloud explosions when the contained liquid is flammable. Although the scale of vessels
tested in the present work was much smaller than was the case in most of the literature cited,
these effects were observed on a proportionately reduced scale.
Appendix D References
These are as given in the report proper.
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Appendix E – Metallurgical Report from Altrum
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Figure E1 – Manchester Container Design
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Appendix G – AS/NZS 4645.1:2008 Risk Matrix
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Appendix H – Method of Test for BLEVE Resistance
It is shown from the pressure temperature plots, the tested containers which did not BLEVE,
had in most cases multiple controls added. However all containers that did not BLEVE, still
came quite close to actual rupture/BLEVE conditions.
In engineering, a Safety Margin is quite common and therefore should be considered for the
BLEVE case. The figure 10.1 below introduces such margin for 5, 10, 15, 20 and 25% by
reducing the tensile strength stress/temperature based curves.
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Figure H1 – Pressure – temperature profile with material strength limit margin
While the development of a suitable method of test for BLEVE resistance would be a complex
procedure involving inputs from many stakeholders and experts in the area, certain salient
points can be identified as essential if the test is to be representative and credible. These are
listed below:1. The test must be performed using a model of vehicle not more than 10 years old, and
the installation under test conditions must be similar to that under the intended
installation conditions. This requirement ensures that significant design changes of the
vehicles will not occur between the test vehicle and the intended installation. If in future,
design changes require the use of more recent vehicles for testing purposes, then this
needs to be carried out accordingly. One example would be that the use of plastic floor
panels would make a test invalid if the test was carried out in a vehicle with steel floor
panels.
2. The vehicle must be a “family sized” wagon, rather than a sedan.
3. Approximately 40 kg of dry flammable material (such as paper, cardboard or pieces of
wood) must be added to the vehicle in the area of the container compartment as extra
fuel load
4. The wind speed during testing should not exceed 20 km/h.
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5. The container must be filled to maximum fill level with “autograde” LPG, with maximum
allowable Butane content and straight Propane. This fill is taken to be the mass that
would fill the vessel to 80% of its internal volume with the LPG at temperature 5°C.
6. The vehicle interior must be intact and complete.
7. Installation needs to conform to the intended installation method
8. Both pressure and multiple shell wall temperature recordings need to be taken to prove
that the controls and methods used provide a margin of at least 25% from a rupture
condition.

