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Abstract

The purpose of this study was to investigate the state of knowledge relating to the failure of
pressure liquefied gas (PLG) transport and storage vessels. A literature search and review has
been carried out to assess the state of knowledge with regard to PLG vessel failure modes and
mechanisms, release severity, projectile hazards, and blast effects. Specific parameters of interest
were the effect of vessel initial conditions (fill level, initial temperature, etc.) on rupture severity,
and our ability to predict the occurrence of the boiling liquid expanding vapour explosion (BLEVE).
This literature review revealed there are several areas where our knowledge is weak and some
where there is a definite lack of knowledge. Areas where knowledge is weak include: the effects of
blast on structures and the understanding of the failure modes of PLG containers. Areas where
knowledge is lacking include: projectile modelling for PLG vessel failures and the effects of fill
level on the severity of an explosion or the likelihood of a BLEVE.

Introduction

Pressure liquefied gases (PLG’s) are substances, such as propane and chlo-
rine, that under atmospheric conditions are gases but for transportation and
storage are liquefied by pressurization. They are stored and transported in
many industries. Pressure liquefied gas containers of specific interest in this
study include rail tank cars, highway tank trucks and large stationary storage
vessels.

If for some reason a PLG containment vessel is punctured, the resulting drop
in pressure can result in a very large release of energy. This released energy
can cause significant damage to surrounding structures and personnel. The
degree of severity of a PLG release depends on a number of factors such as:

« the mass of the substance being released

» size of the puncture (i.e. how quickly is the substance released)

» properties of the substance at the time of release

« flammability or toxicity of the released contents

Some modes of failure are not severe, while others can be devastating. The
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most severe form of release has a special name — boiling liquid expanding
vapour explosion (BLEVE). The BLEVE is usually associated with a large
explosive release of a PLG. The explosive part of the release is caused by a very
rapid phase change from liquid to vapour. A BLEVE does not necessarily in-
volve a fire ball.

Figure 1 shows a chain of events from the beginning of an accident through
to its consequences. The entire event consists generally of three phases: the
accident phase, the release phase and finally the hazard phase. Over the years
there have been many studies that have looked at all three phases. However,
because of obvious practical needs, most of the work has focused on the acci-
dent phase with the objective of reducing the number and severity of accidents.
For example, in North America, work by the AAR (American Association of
Railroads), FRA (Federal Railroad Administration), DOT (Department of
Transport) and TC (Transport Canada) has addressed the accident phase and
as a result the number of severe accidents has been reduced significantly. How-
ever, accidents can and do occur and therefore there is a continuing need to
understand the release and hazard phases of a given accident.

The objective of the present study was to look at work that has been carried
out in recent years and to identify areas that need attention. Specific questions
of interest here include:

(i) What determines if a release causes a BLEVE or a slow boil off?

(ii) What determines the size and the number of missiles or projectiles that
are created and what are their properties?
(iil) What are the associated blast effects from any resulting release or
explosion?
Fire fighters need to know the projectile hazards generated by the explosions
of PLG containers to protect citizens and themselves. Storage facility design-
ers need to know how to stop the spread of accidental release from container
to container and to minimize the damage to surrounding plant buildings and
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Fig. 1. Chain of events for a pressure liquefied gas container accident.
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emergency water supplies. City planners need to know the projectile and the
blast wave hazards on private buildings so new storage, loading or processing
plants are located safely within cities. Clearly if the risk of loss of life and
property is to be reduced an understanding of the release and hazard phases
are required.

The following pages present an overview of some of the material that has
been found in the open literature. The material is summarized in tabular form
for easy reference. Readers that are interested in additional detail should ob-
tain the original publications. The material has been organized into the follow-
ing categories:

(i) Fire impingement tests
(i1) Fire impingement modelling
(iii) BLEVE theories
(iv) Modelling of projectiles
(v) Blast and missile effects
(vi) Case studies
A significant amount of time has been focused on fire impingement of PLG
containers because severe accidents and BLEVE’s are usually associated with
thermal ruptures (i.e. ruptures caused by fire impingement ). The authors be-
lieve that a better understanding of BLEVE’s and associated consequences will
probably come from a better understanding of thermal ruptures.

Fire impingement experiments (see Table 1)

In 1971 two U.S. agencies (AAR and FRA) joined together to form the Rail
Tank Car Safety Research and Test Project (RTCSRTP) [1-4]. The objective
of the work was to improve the safety of the transport of liquefied gases by rail.
This agency conducted fire tests in 1973, and 1975. The recommendations re-
sulting from the RTCSRTP (thermal insulation, head shields, shelf couplers)
resulted in a significant reduction in the number of serious accidents in the
rail transport of PLG’s in North America.

A series of 1/5 scale (rail tank car) fire tests were conducted in Canada by
TC [5] to evaluate a new concept in thermal protection. These tests provided
a large amount of high quality data on fire impingement of tanks.

Tests into insulation performance in an engulfing fire environment were
performed by the HSE (U.K. Health and Safety Executive) [6-8]. In these
tests various sizes of tanks were tested with and without insulation. The results
confirmed that insulated vessels survived fires longer than uninsulated ones.
The HSE [9] and the BAM (Federal Institute for Materials Research and
Testing) conducted tests to evaluate the use of water spraying systems (WSS)
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to protect PLG storage sites. They concluded that WSS do protect PLG vessels
from the effects of fire but insulation does as good a job for less money.

The data available from these various studies has proven to be very useful
for the development and validation of a number of computer models.

Thermal computer modelling (see Tables 2 and 3)

Table 2 contains highlights of early and recent thermal computer model de-
velopment work. Table 3 outlines the computer models currently available for
analysis of fire impingement on PLG containers.

The models typically assume full engulfing fire situations although some can
account for torch type fires or partially engulfing fires. These thermal models
vary in complexity from thermal network type models known as zone models,
to the more complex field models which solve the full 2-D or 3-D continuity,
momentum and energy equations. Both types of models have shown good
agreement with fire test data.

Thermal modelling is of interest because these models can predict the time
of thermal rupture, the tank fill, and the properties of the PLG contents at the
instant of failure. It is expected that all of these play a role in the severity of a
release. It is therefore reasonable to assume that models like these will be use-
ful in the analysis of consequences such as BLEVE's, blast and projectiles.

BLEVE Theories (see Table 4)

Theories explaining the BLEVE are relatively new and very little data is
available to fully support them. Reid [28] suggested that BLEVE’s are super-
heat explosions and therefore can be predicted by considering the superheat
limit for a given PLG. Subsequent work by Jones [29], Martinsen et al. [30],
McDevitt et al. [31], Davenport [32] and Dunn [33] also support the super-
heat limit explanation.

Other theories have been put forward for the causes of BLEVE’s and this is
an area of current research activity. The objectives of much of the work is to
develop techniques for predicting when a BLEVE will occur. A long term ob-
jective is to suppress or eliminate the occurrence of BLEVE'’s.

Prajectile modelling (see Table 5)

Much effort has been put into developing models to predict the behaviour of
projectiles generated from pressurized container failure. Most of this work has
been in developing models for the projectiles from pressurized gases. Work has
been sponsored by Lockheed Propulsion Company [35], the AAR [36], the
Insurance Technical Bureau [37], Central Electric [38], the UKAEA [39,40],
the Health and Safety Executive [41], the Michigan Technological University

[42], Southwest Research Institute (SRI) [43,44] and Berkeley Nuclear Lab-
oratories [45-47].
No fully validated model exists to predict the hazards from PLG container
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ruptures. Some validation of theory has been carried out by researchers study-

ing actual plant accidents as these are the only source of large scale data. Other

data is usually generated in small scale tests under idealized conditions.
The UKAEA (Holden and Reeves [40]) analyzed data gathered in an ac-

cident survey. This analysis revealed several interesting facts:

» 80% of fire events that cause ruptures result in missiles;

+ BLEVE events usually produce four or less missiles and non fire events usu-
ally produce more than four;

» 80% of fragments from LPG accidents travel less than 200 m;

» spheres produce more missiles than cylinders, spheres average 8.3 and cyl-
inders average < 4;

« end tubs travel further than other types of fragments;

» smaller vessels project fragments further than larger ones; and

o missiles tend to export fire with them.

Blast and missile effects on structures (see Table 6)

The bulk of recent work on modelling the effects of explosions on structures
has been done in the United Kingdom by the UKAEA (U.K. Atomic Energy
Authority), the HSE, the Explosion and Flame Laboratory of the HSE and
the Polytechnic of the South Bank. The SRI in the United States has also been
involved in researching explosion effects.

The prediction of the blast effects on structures has progressed from the
qualitative blast damage tables of the past to more vessel specific knowledge
such as the one fortieth scale cylinder blast tunnel experiments conducted by
Brown and Nolan [48]. These tests help further our understanding of the ef-
fects of PLG container explosions on neighbouring cylinders. The tests lead to
a model for blast effects on cylinders; however this model is based only on small
scale studies.

Penetration of missiles has also been studied in the United Kingdom [49,50].
This work has established some equations for predicting penetration of both
pointed and flat headed missiles into concrete and steel. :

Case studies (see Table 7)

A variety of case studies have been compiled into Table 6. The RTCSRTP
of the AAR and the FRA compiled a report containing tank car accidents from
1958 to 1971 [54]. They also conducted individual investigations which con-
tain more detail of major accidents [55,56 ]. This table also includes the reports
of two special commissions of inquiry into accidents in Canada [57,58]. Also
included is an internal study of a PLG truck accident at Salmon Arm commis-
sioned by TC [59].

The UKAEA also compiled a list of accidents involving pressurized liquified
gases from 1958 to 1986. This compilation also contained some basic analysis
which was taken from a report by Holden and Reeves [40]. Table 7 also con-
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tains journal articles and internal reports that detail non-rail accidents; a
pneumatic burst [60], a storage site [61], a process cylinder [62] and a storage
site [63,64 ]. The Dutch TNO investigation of the LPG disaster in Mexico City
in cooperation with the Academy of Scientific Investigations of Michoacan
Mezxico is extremely useful and comprehensive [63].

The information gathered from case studies sheds some light on several top-
inc lnr‘tna failure modes, effects of fill conditions and projectiles.
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Failure modes

The information on PLG container failure modes that come from accident
reports indicate there are two common failure modes for PLG container
explosions.

The most common mode is where the rupture begins in the axial direction
(usually in wall next to the vapour space) and then branches in the circum-
ferential direction to form fragments. This common failure mode of PLG stor-
age vessels has been well documented. This mode can generate several differ-
ent specific failure patterns. Westin [54] categorizes seven different failure
patterns by the number and type of fragments generated.

The other common failure mode for PLG containers is where rupture begins
in the circumferential direction and remains that way generating one or two
large vessel fragments or tubs. Westin [54] categorizes two different failure
patterns for this mode. What parameters determine which of these failure modes
and patterns occur is still not fully understood.

Fill conditions

No references have been found that make a direct link between the severity
of an explosion and the fill level of a PLG vessel at rupture. Few accident
studies have enough information to establish fill conditions at the time of rup-
ture. However, two case studies have been found that do estimate fill level.

Fill level was calculated in one detailed study of a rail tank car accident [56].
In the accident sixteen cars were derailed and two cars of vinyl chloride were
punctured and started to burn. After 45 min the first car exploded followed
almost immediately by the second. The remains of the first car showed the
impact puncture hole to be 89 mm by 8 mm. Since the orientation of the tank
was known from photographs calculations were done to estimate the amount
of vinyl chloride that could escape in 45 min. The calculations showed the tank
had a fill level of approximately 70% when it ruptured and the temperature of
the lading was under 16°C. At rupture the tank formed two rocket tubs one
taking up the majority of the car (over 3/4). The largest tub was thrown 100
m. The smaller tub was thrown 68 m.

Another case study that refers to fill level is the 1985 Magee inquiry [58].
In this case rupture was induced by impact at a switching yard. The ruptured
tank blew its head off even though it was listed as “empty, last containing



359

butane”. The rail tank car had 380 kPa to 483 kPa of butane and natural gas
inside it (i.e. 364 kg to 545 kg). Upon impact from another car, during switch-
ing, the first car exploded and the head was blown 38 m.

Projectiles

All the case studies referenced contain information about the distances that
fragments were thrown. Most case studies do not include a detailed investiga-
tion of an accident scene where all the fragments are recovered and measure-
ments taken of the fragment distance thrown vs. fragment mass. In general,
accident data consists of eyewitness accounts and photographs, and the infor-
mation on fragments generally omits any mention of mass and probably only
accounts for the largest pieces.

There were a few studies that did go into detail about all the fragments and
where the rupture originated on the tank. These include the report on the
Salmon Arm by Charlton and Heslop [59], the report on a truck accident in
Nijmegen, The Netherlands by Van der Schaaf and Steunenberg [61] and the
analysis of the Mexico City disaster [63,64].

Case studies compared to experimental studies
The compiled accident summaries of Holden [65] and Westin [54] give
enough information to plot a histogram of fragment distance hurled. Some

& &

Range Missiles Thrown in Meters (D)
8

L] >

0

0 10 20 30 40 50 60 70 80 90 100

Percentage of Missiles Travelling Less Than D
Fig. 2. Cumulative histogram comparing data from case studies ([J) and experimental studies
(+) showing the distance fragments are hurled after catastrophic failure. Case studies compiled

by Holden [65] and by Westin [54] (total of 61 samples) is compared with experimental work
done by Anderson and Norris [3] and Schulz-Forberg et al. [12] (total of 27 samples).
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articles about fire engulfment tests where catastrophic ruptures occurred con-
tain enough information to plot similar histograms. The full scale rail tank car
fire engulfment test of the AAR and the FRA [3] and the three small station-
ary storage vessel engulfment tests done by Schulz-Forberg et al. [12] all con-
tain the necessary information to plot the histogram. Figure 2 is a comparison
of the cumulative histograms of the 61 fragments recorded in Holden’s [65]
and Westin’s [54] compiled accident reports and the 21 fragments from the
fire engulfment tests of Anderson and Norris [3] and Schulz-Forberg et al.
[12].

The differences between the two graphs may be caused by the sample sizes
for the two histograms. Another difference that should be noted is the number
of fragments from each rupture. The accident report data recorded 61 frag-
ments from 60 ruptures. The experimental data recorded 27 fragments from 4
ruptures. Reports on experimental studies record all vessel fragments includ-
ing the smaller ones. While, as indicated previously, accident reports tend to
neglect these less noticeable projectiles. Because of this, accident reports may
give a misleading representation of the projectile hazards from PLG container
explosions.

Research needs

Based on the findings of the literature search a number of research needs
have been identified.

Fire impingement

Fire impingement studies (both experiments and modelling) has advanced
our understanding of thermal ruptures considerably. However, we are not yet
able to predict the resulting release severity with confidence. In addition, many
of the current models are limited in that they are empirically based and there-
fore are only reliable for certain vessel scales. Further research is necessary to
extend the applicability of these models to larger scale facilities.

BLEVE’s

BLEVE’s are widely accepted as being the worst kind of PLG release and
yet we still do not have accurate methods of predicting when and where they
will occur. This is clearly an area requiring research.

Vessel failure modes

Many articles or reports have been written on the failure modes of PLG
vessels. These reports include: Westin [54], Anderson and Norris [3], Early
and Interrante [4], Christ [60], Charlton and Heslop [59], Baker [44], Baum
[45], Schulz-Forberg et al. [12] and McHenry et al. {62]. All these reports,
except for McHenry [62] deal with tanks where rupture began in an axial
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direction and then at some point or points the cracks branched in the circum-
ferential direction generating fragments. The report by McHenry et al. [62]
deals with a process cylinder where rupture began in a circumferential direc-
tion and remained that way (i.e. a head blew off). While no recommendations
were made to conduct research into failure modes, the determining factors that
govern which failure mode occurs in an explosion are not well understood.

It is believed by the authors that failure modes and projectile distances are
strongly related. For example, rocket type failures of vessels can lead to large
projectile distances and extreme projectile hazards. A better understanding of
failure modes and mechanisms could possibly lead to the elimination of rocket
type failure modes and the associated hazards.

Blast and projectile effects on structures

Pritchard [52] recommends that the aerodynamic characteristics of deform-
ing structures be investigated and that more explosion tunnel tests be con-
ducted on a wider variety of dimensions and loads. Jowett [50] recommends
that some areas of projectile penetration into concrete and metal barriers needs
further work. These areas include: the influence of target welds; the effect of
non normal impact and; the difference between thin flat targets and thin curved
targets. A better understanding of these factors could lead to better design of
safety containment structures.

Projectile hazards

Authors of reports reviewed in this study have made the recommendation
that more data on projectile hazards is needed. Holden and Reeves [40] no-
ticed that the size of PLG vessels seems to have an effect on the distance that
fragments are hurled. They state that more data is required to determine the
relationship between vessel size and fragment distance hurled. Holden [65]
recommends that more parameters need to be investigated than are presently
possible through the use of official accident reports. He stated that more data
is needed on the following parameters; angle of launch, distance thrown until
first bounce and the direction of launch with respect to the tank axis. Baum
[47] also observed a lack of data on PLG container failure.

Short comings in the ability of models to predict missile behaviour from PLG
tank explosions exist. Baum [45,47] notes that current models make the as-
sumption that no fluid leakage between fragments occurs in the launch stage.
This means that these models give absolute upper limit estimates of launch
velocities which can not be obtained. Baum [47] has found that many possible
missile generation patterns for PLG vessels do not even have crude models for
prediction. He states that model development is needed in this area. Baker
[43] also recommends modelling studies be conducted to improve the state of
knowledge for the prediction of projectile behaviour.
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Conclusions

This literature review has investigated the state of knowledge relating to the
failure of PLG vessels and the associated hazards. It is clear from the literature
available that many investigators have been actively studying this area and
continue to do so.

As a result of this study a number of research needs have been summarized.
It is clear that much work is still needed before we fully understand the hazards
associated with the accidental release of PLG’s.
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