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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 (BLEVB ) . 
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: 
l the mass of the substance being released 
l size of the puncture (i.e. how quickly is the substance released) 
l properties of the substance at the time of release 
l 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? 
(iii) 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 

.Accfdsnt mass i Rstawa Phase 
I 
I Haslud Phase 
I 

Fig. 1. Chain of events for a pressure liquefied gas container accident. 



331 

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. 

Discussion of reviewed works 

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 
(ii) 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) [l-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 l/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) 16-81. 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. 

BLE VE Theories (see Table 4) 
Theories explaining the BLEVE are relatively new and very little data is 

available to fully support them. Reid [ 281 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 [ 291, Martinsen et al. [ 301, 
McDevitt et al. [ 311, Davenport [ 321 and Dunn [ 331 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. 

Projectile 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 [ 371, Central Electric [ 381, the UKAEA [ 39,401, 
the Health and Safety Executive [ 411, the Michigan Technological University 
[ 421, Southwest Research Institute (SRI) [ 43,441 and Berkeley Nuclear Lab- 
oratories [ 45-471. 

No fully validated model exists to predict the hazards from PLG container 



T
A

B
L

E
 4

 

B
L

E
V

E
 t

h
eo

ry
 

T
it

le
/d

at
e 

P
os

si
bl

e 

A
u

th
or

(s
) 

[r
ef

.]
 

R
.C

. 
R

ei
d 

S
po

n
so

r 

D
ep

ar
tm

en
t 

of
 

F
oc

u
s 

- 
P

ro
vi

de
s 

a 

F
in

di
n

gs
 

R
ec

om
m

en
de

d 
fu

rt
h

er
 

w
or

k
 

- 
W

el
l 

co
n

ce
iv

ed
 

C
om

m
en

ts
 

- 
T

h
e 

S
u

pe
r 

H
ea

t 
L

im
it

 
m

ec
h

an
is

m
 f

or
 

P8
1 

C
h

em
ic

al
 

th
eo

ry
 f

or
 t

h
e 

ex
pe

ri
m

en
ts

 a
re

 n
ee

d
ed

 
th

eo
ry

 
pr

es
su

ri
ze

d 
li

qu
id

 
E

n
gi

n
ee

ri
n

g,
 

m
ec

h
an

is
m

 o
f 

to
 p

ro
ve

 o
r 

di
sp

ro
ve

 
- 

S
ta

te
s 

th
at

 t
h

er
e 

is
 a

 li
m

it
 

ta
n

k
 e

xp
lo

si
on

s 
or

 
M

as
sa

ch
u

se
tt

s 
B

L
E

V
E

’s
 

th
is

 t
h

eo
ry

 
to

 t
h

e 
d

eg
re

e 
of

 s
u

pe
rh

ea
t 

B
L

E
V

E
’s

/1
97

9 
In

st
it

u
te

 o
f 

th
at

 i
s 

at
ta

in
ab

le
 i

n
 a

 
T

ec
h

n
ol

og
y 

li
qu

id
 

-1
fa

ga
st

h
at

is
pr

es
su

re
 

li
qu

if
ie

d 
is

 s
u

dd
en

ly
 

de
pr

es
sm

ix
ed

 t
h

en
 t

h
e 

su
pe

r 
h

ea
t 

li
m

it
 m

ay
 b

-s
 

re
ac

h
ed

 a
n

d 
su

dd
en

 
h

om
og

en
eo

u
s 

bo
il

in
g 

w
il

l 
oc

cu
r 

(t
h

e 
B

L
E

V
E

) 

T
h

e 
B

L
E

V
E

 P
ar

ta
 

I 
an

d 
II

/1
97

9 
W

.L
. 

W
al

ls
 

13
41

 

N
at

io
n

al
 F

ir
e 

P
ro

te
ct

io
n

 
A

ss
oc

ia
ti

on
 

- 
O

ff
er

s 
an

 
ex

pl
an

at
io

n
 o

f 
B

L
E

V
E

’s
 

V
ap

ou
r 

ex
pl

os
io

n
s 

re
su

lt
in

g 
fr

om
 

ra
pi

d 
de

pr
es

su
ri

sa
ti

on
 o

f 
in

it
ia

l 
te

m
pe

ra
tu

re
/l

98
4 

B
L

E
V

E
’s

: 
T

h
ei

r 
ca

u
se

s 
an

d 
ef

fe
ct

s 
an

d 
pr

ev
en

ti
on

/ 
19

86
 

M
.R

.O
. 

Jo
n

es
 

]9
91

 

W
.E

. 
M

ar
ti

n
se

n
 

D
.W

. 
Jo

h
n

so
n

 
W

.F
. 

T
er

re
1 

]3
61

 

B
P

 R
es

ea
rc

h
 

C
en

tr
e 

- 
P

re
se

n
ts

 a
 

th
eo

re
ti

ca
l 

ex
pl

an
at

io
n

 o
f 

th
e 

ef
fe

ct
 o

f 
ra

pi
d 

de
pr

es
su

ri
za

ti
on

 
of

 a
 li

qu
id

 
st

or
ed

 a
t 

it
s 

va
po

u
r 

pr
es

su
re

 

E
n

er
gy

 A
n

al
ys

is
 

- 
O

ff
er

s 
an

 
In

c.
 

ex
pl

an
at

io
n

 o
f 

B
L

E
V

E
’s

 

- 
N

ot
 a

ll
 o

f 
th

e 
li

qu
id

 
po

rt
io

n
 o

f 
a 

co
n

ta
in

er
 w

il
l 

fl
as

h
to

av
ap

ou
ri

n
a 

B
L

E
V

E
 

- 
H

om
og

en
eo

u
s 

bo
il

in
g 

le
ad

s 
to

 a
 m

or
e 

ex
pl

os
iv

e 
ev

en
t 

th
an

 h
et

er
og

en
eo

u
s,

 
al

th
ou

gh
 e

xp
lo

si
ve

 b
oi

li
n

g 
ca

n
 o

cc
u

r 
h

et
er

og
en

eo
u

sl
y 

- 
N

ee
d

 m
or

e 
da

ta
 

- 
T

h
eo

ry
 i

s 
as

 a
bo

ve
 t

h
e 

S
u

pe
r 

H
ea

t 
L

im
it

 t
h

eo
ry

 

- 
S

u
pe

r 
H

ea
t 

L
im

it
 t

h
eo

ry
 

h
as

 s
om

e 
ba

ck
in

g 
in

 
ex

pe
ri

m
en

ts
 

- 
E

xp
er

im
en

ts
 d

o 
sh

ow
 t

h
at

 
n

ot
 a

ll
 t

h
e 

li
qu

id
 S

as
h

es
 

- 
D

is
ag

re
em

en
t 

ov
er

 
w

h
et

h
er

 a
 B

L
E

V
E

 i
s 

an
y 

P
L

G
 e

xp
lo

si
on

 o
r 

on
ly

 t
h

e 
ve

ry
 v

io
le

n
t 

- 
S

u
pe

r 
H

ea
t 

L
im

it
 t

h
eo

ry
 

- 
U

n
ce

rt
ai

n
ti

es
 s

u
rr

ou
n

d 
fi

re
 b

al
l s

iz
e 

z 



T
A

B
L

E
 4

 (
co

n
ti

n
u

ed
) 

T
it

le
/d

at
e 

A
u

th
or

(s
) 

[r
ef

.]
 

S
po

n
so

r 
F

oc
u

s 
F

in
di

n
gs

 

cc
 

$ 

R
ec

om
m

en
de

d 
fu

rt
h

er
 

C
om

m
en

ts
 

w
or

k
 

W
h

at
is

a 
B

L
E

V
E

?/
19

87
 

H
az

ar
ds

 a
n

d 
pr

ot
ec

ti
on

 o
f 

pr
es

su
re

 st
or

ag
e 

an
d 

tr
an

sp
or

ta
ti

on
 

of
 L

P
-g

as
/1

98
8 

B
L

E
V

E
: 

T
h

e 
pr

op
an

e 
cy

li
n

de
r/

 
19

88
 

C
.A

. 
U

n
iv

er
si

ty
 o

f 
M

cD
ev

it
t 

N
ew

 B
ru

n
sw

ic
k

, 
F

.R
. 

S
te

w
ar

d 
M

ec
h

an
ic

al
 

J.
E

. 
S

. V
en

ar
t 

E
n

gi
n

ee
ri

n
g 

[3
11

 
D

ep
ar

tm
en

t 

J.
A

. 
D

av
en

po
rt

 

13
31

 

V
. D

u
n

n
 

13
31

 

In
du

st
ri

al
 R

is
k 

In
su

re
rs

 

N
ew

 Y
or

k
 F

ir
e 

D
ep

ar
tm

en
t 

- 
O

ff
er

s 
tw

o 
ex

pl
an

at
io

n
s 

of
 

B
L

E
V

E
’s

 

- 
O

ff
er

s 

ex
pl

an
at

io
n

 o
f 

B
L

E
V

E
’s

 

- 
O

ff
er

s 
ex

pl
an

at
io

n
 o

f 
B

L
E

V
E

’s
 

- 
G

iv
es

 
in

fo
rm

at
io

n
 

ab
ou

t 
ti

m
e 

to
 

B
L

E
V

E
 

- 
B

L
E

V
E

 
is

 o
ft

en
 m

is
u

se
d 

in
st

ea
d 

of
 t

h
e 

w
or

d 
ex

pl
os

io
n

 e
ve

n
 t

h
ou

gh
 

th
ey

 a
re

 d
if

fe
re

n
t 

th
in

gs
 

(i
.e

. 
h

et
er

og
en

eo
u

s 
va

po
ri

za
ti

on
 i

s 
an

 
ex

pl
os

io
n

 a
n

d 
h

om
og

en
eo

u
s 

va
po

ri
za

ti
on

 
is

as
pe

ci
al

k
in

do
f 

- 
B

L
E

W
%

 
oc

cu
r 

m
or

e 
fr

eq
u

en
tl

y 
an

d 
fa

st
er

 w
h

en
 

fi
re

 i
m

pi
n

ge
s 

on
 t

h
e 

va
po

u
r 

sp
ac

e 
th

an
 w

h
en

 
fi

re
 i

m
pi

n
ge

s 
on

 t
h

e 
li

qu
id

 
sp

ac
e 

- 
D

u
e 

to
 w

ea
k

en
in

g 
of

 t
h

e 
m

et
al

 f
ro

m
 h

ig
h

 
te

m
pe

ra
tu

re
s 

B
L

E
V

E
’s

 
ca

n
 o

cc
u

r 
ev

en
 i

f 
th

e 
pr

es
su

re
 r

el
ie

f s
ys

te
m

 
op

er
at

es
 p

ro
pe

rl
y 

- 
S

in
ce

 a
cc

id
en

t 
re

po
rt

s 
h

av
e 

in
ad

eq
u

at
e 

_ 
in

fo
rm

at
io

n
 

ex
pe

ri
m

en
ts

 a
re

 n
ee

d
ed

 
to

 d
et

er
m

in
e 

w
h

ic
h

 
m

ec
h

an
is

m
 i

s 
re

sp
on

si
bl

e 
of

 
B

L
R

V
E

’s
 

O
ke

rs
 a

 s
ec

on
d 

th
eo

ry
 a

s 
- 

S
u

pe
r 

H
ea

t 
L

im
it

 t
h

eo
ry

 

w
el

l,
 t

h
is

 t
h

eo
ry

 i
s 

th
at

 
h

om
og

en
eo

u
s 

bo
il

in
g 

oc
cu

rs
 a

t 
th

e 
ru

pt
u

re
 

lo
ca

ti
on

 o
n

ly
 a

s 
th

e 
li

qu
id

 
su

ck
ed

 o
u

t 
of

 t
h

e 
br

ea
ch

 
m

ee
ts

 t
h

e 
at

m
os

ph
er

e 

T
h

eo
ry

 i
s 

as
 a

bo
ve

 t
h

e 
S

u
pe

r 
H

ea
t 

L
im

it
 t

h
eo

ry
 

- 
T

h
eo

ry
 i

s 
as

 a
bo

ve
 t

h
e 

S
u

pe
r 

H
ea

t 
L

im
it

 t
h

eo
ry

 



T
A

B
L

E
 

5 

M
od

el
h

n
g 

of
 p

ro
je

ct
il

es
 

T
it

le
/d

at
e 

A
u

th
or

(s
) 

[r
ef

.1
 

S
p

on
so

r 
Fo

cu
s 

Fi
n

d
in

gs
 

R
ec

om
m

en
d

ed
 f

u
rt

h
er

 
w

or
k

 
C

om
m

en
ts

 

V
el

oc
it

ie
s o

f 
fr

ag
m

en
ts

 f
ro

m
 

b
u

rs
ti

n
g 

ga
s 

re
se

N
O

il
s/

l9
71

 

D
.E

. 
T

ay
lo

r 
L

oc
k

h
ee

d
 

C
.F

. 
P

ri
ce

 
P

ro
p

u
ls

io
n

 

[3
51

 
C

om
p

an
y 

R
ed

la
n

d
s 

C
A

 

A
n

al
ys

is
 o

f 
ta

n
k

 c
ar

 
R

.H
. 

P
ra

u
ss

 
A

ss
oc

ia
ti

on
 o

f 
tu

b
 r

oc
k

et
in

g 
in

 
J.

W
. 

S
u

ll
iv

an
 

A
m

er
ic

an
 

ac
ci

d
en

ts
/l

97
2 

R
d

. 
E

ib
er

 
R

ai
lr

oa
d

s 

[3
91

 

- 
Im

p
ro

ve
s 

an
 o

ld
 

m
od

el
 f

or
 

b
u

rs
ti

n
g 

of
 a

 g
as

 
p

re
ss

u
ri

se
d

 
sp

h
er

e 
in

 a
 

va
cu

u
m

 

- 
P

re
li

m
in

ar
y 

m
od

el
 o

f 
ta

n
k

 c
ar

 
tu

b
 r

oc
k

et
in

g 

In
it

ia
l v

el
oc

it
ie

s 
G

. 
M

u
n

d
ay

 
In

su
ra

n
ce

 
at

ta
in

ed
 b

y 
p

la
n

t 
13

71
 

T
ec

h
n

ic
al

 B
u

re
au

 
ge

n
er

at
ed

 m
is

si
le

s/
 

19
30

 

- P
ro

vi
d

es
 a

 m
od

el
 

fo
r 

p
ro

je
ct

il
e 

- 
O

ld
 m

od
el

 h
ad

 s
er

io
u

s 
&

u
s 

- 
N

ew
 o

n
e 

is
 m

u
ch

 m
or

e 
ac

cu
ra

te
 

- 
O

n
ly

 f
or

 a
 s

p
ec

if
ic

 f
ai

lu
re

 
m

od
e 

an
d

 c
on

d
it

io
n

s 
(i

.e
. 

a 
sp

h
er

e 
th

at
 

N
p
tu

re
S
 

id
.0

 
tW

0
 

h
d
V

eS
 

in
av

ac
u

u
m

) 

- 
D

is
ta

n
ce

 t
ra

ve
ll

ed
 b

y 
tu

b
 i

s 
a 

fu
n

ct
io

n
 o

f 
th

e 
te

m
p

er
at

u
re

 a
n

d
 p

re
ss

u
re

 
of

 t
h

e 
la

d
in

g,
 le

n
gt

h
 o

f 
th

e 
tu

b
, l

au
n

ch
 a

n
gl

e 
an

d
 t

h
e 

ou
ta

ge
 o

f 
th

e 
ta

n
k

 a
t 

th
e 

ti
m

e 
O

f N
p

tI
lm

 
- 

T
an

k
 d

ia
m

et
er

 a
n

d
 l

ad
in

g 
ty

p
e 

w
er

e 
n

ot
 f

ac
to

rs
 

- 
T

h
e 

w
or

st
 c

om
b

in
at

io
n

s 
of

 
va

ri
ab

le
s 

ga
ve

 a
 d

is
ta

n
ce

 
tr

av
el

le
d

 o
f 

12
20

 t
o 

33
50

 m
 

- 
T

h
e 

ra
n

ge
 o

f 
ro

ck
et

in
g 

d
ec

re
as

ed
 r

ap
id

ly
 w

it
h

 t
h

e 
le

ve
l o

f 
th

e 
la

d
in

g 
in

 t
h

e 
ta

n
k

 
- 

T
h

e 
ra

n
ge

s 
ca

lc
u

la
te

d
 a

re
 

m
ax

im
u

m
 u

p
p

er
 b

ou
n

d
s 

- 
T

u
b

 r
oc

k
et

in
g 

m
od

el
 w

as
 

d
ev

el
op

ed
 b

as
ed

 o
n

 
is

en
tr

op
ic

 e
xp

an
si

on
 o

f 
th

e 
la

d
in

g 
- 

C
al

cu
la

ti
on

s 
as

su
m

ed
 

th
at

 1
00

%
 o

f 
th

e 
en

er
gy

 
re

le
as

ed
 g

oe
s 

in
to

 
ro

ck
et

in
g 

- 
R

ep
or

t 
sp

ec
u

la
te

d
 th

at
 

sh
or

t 
tu

h
s 

w
il

l b
e 

le
ss

 
li

k
el

y 
to

 t
ra

ve
l 

in
 a

 
st

ra
ig

h
t 

li
n

e 
- 

M
od

el
 v

al
id

at
io

n
 i

s 
d

if
fi

cu
lt

 s
in

ce
 a

cc
u

ra
te

 
d

at
ai

sh
ar

d
to

co
m

eb
y 

in
 a

cc
id

en
t 

re
p

or
ts

 

- 
M

od
el

 s
ta

te
s 

an
 i

n
it

ia
l 

E
xp

er
im

en
ts

 a
re

 
- 

N
o 

at
te

m
p

t 
sh

ou
ld

 b
e 

ac
ce

le
ra

ti
on

 s
h

ou
ld

 b
e 

n
ee

d
ed

 to
 v

al
id

at
e 

th
is

 
m

ad
e 

to
 p

re
se

n
t 

re
su

lt
a 

su
p

p
li

ed
 fo

r 
fr

ag
m

en
t.

3 
m

od
el

 
fo

r 
th

is
 m

od
el

 b
ec

au
se

 
p

ro
je

ct
ed

 b
y 

fl
u

id
 je

ts
 a

n
d

 
C

om
p

u
te

r 
p

ro
gr

am
s 

ea
ch

 r
u
p
tu

re
 

ca
se

 
sh

ou
ld

 
n

o 
in

it
ia

l 
ac

ce
le

ra
ti

on
 

n
ee

d
to

b
ew

ri
tt

en
to

 
b

e 
co

n
si

d
er

ed
 s

ep
ar

at
el

y 
sh

ou
ld

 b
e 

p
ro

vi
d

ed
 f

or
 

h
an

d
le

 th
is

 m
od

el
li

n
g 

ot
h

er
 f

ra
gm

en
ts

 
ap

p
ro

ac
h

 
g 



T
A

B
L

E
 5

 (
co

n
ti

n
u

ed
) 

T
it

le
/d

at
e 

A
u

th
or

(s
) 

[r
ef

.1
 

S
po

n
so

r 
F

oc
u

s 
F

in
di

n
gs

 

w
 

b 

R
ec

om
m

en
de

d 
fu

rt
h

er
 

C
om

m
en

ts
 

w
or

k
 

A
ss

es
sm

en
t 

of
 

m
is

si
le

s 
ge

n
er

at
ed

 
by

 p
re

ss
u

re
 

co
m

po
n

en
t 

fa
il

u
re

 
an

d 
it

s 
ap

pl
ic

at
io

n
 

to
 r

ec
en

t 
ga

s 
co

ol
ed

 
n

u
cl

ea
r p

la
n

t 
de

si
gn

/l
93

9 

J.
 T

u
la

cz
 

R
.E

. 
S

m
it

h
 

[3
31

 

T
h

e 
ve

lo
ci

ty
 o

f 
m

is
si

le
s 

ge
n

er
at

ed
 

by
 t

h
e 

di
si

n
te

gr
at

io
n

 o
f 

ga
s 

pr
es

su
ri

ze
d 

ve
ss

el
s 

an
d 

pi
pe

s/
 

19
34

 

M
.R

. 
B

au
m

 

r4
51

 

C
en

tr
al

 E
le

ct
ri

c 
- 

D
er

iv
es

 s
ev

er
al

 
m

od
el

s 
to

 p
re

di
ct

 
th

e 
di

st
an

ce
 

fr
ag

m
en

ts
 a

re
 

h
u

rl
ed

 a
n

d 
th

e 
pe

n
et

ra
ti

on
 

da
m

ag
e 

th
ey

 
ca

u
se

 

B
er

k
el

ey
 N

u
cl

ea
r 

- 
P

ro
vi

de
s 

a 
m

od
el

 
L

ab
or

at
or

ie
s 

fo
r 

th
e 

ve
lo

ci
ty

 o
f 

fr
ag

m
en

ts
 

ge
n

er
at

ed
 b

y 
th

e 
di

si
n

te
gr

at
io

n
 o

f 
a 

ga
s 

pr
es

su
ri

ze
d 

co
n

ta
in

er
 t

h
at

 i
s 

va
li

da
te

d 

- 
S

to
re

d 
en

er
gy

 m
et

h
od

s 
ar

e 
n

ot
 a

 g
oo

d
 m

od
el

 t
o 

u
se

 
u

n
le

ss
 a

n
 u

pp
er

 li
m

it
 i

s 
de

si
re

d 

- 
T

o 
ev

al
u

at
e 

th
e 

pr
ot

ec
ti

on
 

gi
ve

n
 b

y 
a 

ba
rr

ie
r 

fr
om

 t
h

e 
fa

il
u

re
 o

f 
a 

pr
es

su
re

 v
es

se
l 

th
e 

pe
n

et
ra

ti
on

 m
od

el
s 

sh
ou

ld
 b

e 
u

se
d 

w
it

h
 a

 
m

od
e 

of
 f

ai
lu

re
 w

it
h

 o
n

e 
m

is
si

le
 o

cc
u

rr
in

g 
- 

M
od

el
 s

h
ou

ld
 b

e 
u

se
d 

to
 

gi
ve

 a
n

 u
pp

er
 b

ou
n

d 
to

 t
h

e 
di

st
an

ce
 a

 m
is

si
le

 w
il

l b
e 

pr
oj

ec
te

d 
fo

r 
m

is
si

le
s 

of
 

ty
pe

s 
(a

) 
an

d 
(b

) 
(t

yp
e 

(a
) 

is
 a

 t
la

t 
ro

u
n

d 
se

ct
io

n
 

of
av

es
se

l,
ty

pe
 

(b
) 

is
a 

va
lv

e 
fr

om
 t

h
e 

ve
ss

el
 a

n
d 

ty
pe

 (
c 

) 
is

 a
 r

oc
k

et
in

g 
tu

b)
 

- 
O

ld
 m

od
el

 o
ve

rp
re

di
ct

s 
ve

lo
ci

ti
es

 b
y 

a 
fa

ct
or

 o
f 

2 
fo

r 
fa

il
u

re
 a

t 
de

si
gn

 
pr

es
su

re
s 

- 
O

ld
 m

od
el

 u
n

de
rp

re
di

ct
s 

ve
lo

ci
ti

es
 f

or
 f

ai
lu

re
 b

y 
ov

er
pr

es
su

re
 

E
xp

er
im

en
ts

 a
re

 
n

ee
d

ed
 t

o 
va

li
da

te
 a

n
 

ac
ce

pt
ab

le
 v

el
oc

it
y 

m
od

el
 f

or
 t

yp
e 

(c
 ) 

m
is

si
le

s 
W

or
k

 i
s 

n
ee

d
ed

 t
o 

se
e 

h
ow

 t
h

e 
pe

n
et

ra
ti

on
 

m
od

el
 r

el
at

es
 t

o 
th

e 
ca

se
 o

f 
ir

re
gu

la
rl

y 
sh

ap
ed

 (
i.

e.
 n

at
u

ra
l)

 
m

is
si

le
s 

W
or

k
 i

s 
al

so
 n

ee
d

ed
 in

 
th

e 
ar

ea
 o

f 
pe

n
et

ra
ti

on
 

of
 m

il
d 

st
ee

ls
 

- 
R

ep
or

t 
id

en
ti

fi
es

 t
h

re
e 

di
ff

er
en

t 
ty

pe
s 

of
 

m
is

si
le

s 
to

 a
n

al
yz

e 
- 

P
ro

vi
de

s 
an

 e
qu

at
io

n
 f

or
 

th
e 

ve
lo

ci
ty

 o
f 

m
is

si
le

 

ty
pe

s 
(a

) 
an

d(
b)

 
- 

O
ff

er
s 

tw
o 

u
n

va
li

da
te

d 
m

et
h

od
s 

to
 e

st
im

at
e 

th
e 

ve
lo

ci
ty

 o
f 

a 
m

is
si

le
 f

or
 

ty
pe

(c
) 

- 
P

ro
vi

de
s 

eq
u

at
io

n
s 

to
 

pr
ed

ic
t 

m
is

si
le

 
pe

n
et

ra
ti

on
 a

n
d 

sc
ab

bi
n

g 
th

ic
k

n
es

s 
on

 a
 r

ei
n

fo
rc

ed
 

co
n

cr
et

e 
w

al
l w

it
h

 
cy

li
n

dr
ic

al
 m

is
si

le
s 

- 
P

ro
vi

de
s 

an
 u

n
va

li
da

te
d 

w
ay

 o
f 

re
la

ti
n

g 
n

at
u

ra
l 

m
is

si
le

s 
to

 c
yl

in
dr

ic
al

 
m

is
si

le
s 

- 
U

se
s 

ex
pe

ri
m

en
ta

l w
or

k
 

to
 v

al
id

at
e 

th
e 

n
ew

 
m

od
el

 a
n

d 
re

fu
te

 th
e 

ol
d 

- 
T

h
e 

n
ew

 m
od

el
 i

s 
al

so
 

fo
u

n
d 

to
 b

e 
a 

go
od

 o
n

e 
fo

r 
th

e 
fa

il
u

re
 o

f 
pr

es
su

re
 

pi
pe

s 
as

 w
el

l 



L
ar

ge
 m

is
si

le
s 

M
.R

. 
B

au
m

 
ge

ne
ra

te
d 

by
 t

he
 

[4
61
 

ru
pt

ur
e 

of
 g

as
 

pr
es

su
ri

x?
d 

ve
ss

el
s:

 
A

 s
um

m
ar

y 
of

 
cu

rr
en

t 
da

ta
 f

ro
m

 
ex

pe
ri

m
en

ts
 

at
 

C
E

G
B

, 
B

er
ke

le
y 

N
uc

le
ar

 
L

ab
or

at
or

ie
s/

l9
34

 

B
la

st
 a

nd
 

W
.E

. 
B

ak
er

 
fr

ag
m

en
ts

 
fr

om
 

14
31

 
bu

rs
ti

ng
 p

re
ss

ur
e 

ve
ss

el
s/

l9
94

 

P
os

t 
te

st
 

W
.E

. 
B

ak
er

 
as

se
ss

m
en

t 
of

 b
la

st
 

[4
4]

 
an

d 
fr

ag
m

en
t 

ef
fe

ct
s 

of
 e

xp
lo

si
ve

 
fa

ilu
re

 o
f 

a 
la

rg
e 

st
ee

l 
co

nt
ai

nm
en

t 
sh

el
l 

m
od

el
 d

ur
in

g 
pn

eu
m

at
ic

 
te

st
in

g/
 

19
84

 

B
er

ke
le

y 
N

uc
le

ar
 

L
ab

or
at

or
ie

s 

So
ut

hw
es

t 
R

es
ea

rc
h 

In
st

it
ut

e,
 

Sa
n 

A
nt

on
io

, 
T

ex
as

 

So
ut

hw
es

t 
R

es
ea

rc
h 

In
st

it
ut

e,
 

Sa
n 

A
nt

on
io

, 
T

ex
as

 

- 
D

is
cu

ss
es

 
ex

pe
ri

m
en

ta
l 

w
or

k 
an

d 
pr

el
im

in
ar

y 
m

od
el

s 
fo

r 
th

re
e 

ty
pe

s 
of

 m
is

si
le

s 

- 
S

ur
ve

y 
of

 
- 

D
es

cr
ib

es
 

th
e 

st
at

e 
of

 t
he

 
pr

ed
ic

ti
on

 
ar

t 
fo

r 
pr

ed
ic

ti
ng

 
th

e 
bl

as
t 

m
et

ho
ds

 
fo

r 
bl

as
t 

an
d 

fr
ag

m
en

t 
an

d 
fr

ag
m

en
t 

ch
ar

ac
te

ri
st

ic
s 

fo
r 

ch
ar

ac
te

ri
st

ic
s 

of
 

ex
pl

os
io

ns
 

in
vo

lv
in

g 
fl

as
h 

bu
rs

ti
ng

 
pr

es
su

re
 

ev
ap

or
at

in
g 

liq
ui

ds
 a

s 
fa

ir
 

ve
ss

el
s 

m
po

or
 

- 
D

es
cr

ib
es

 
th

e 
te

st
 

re
su

lt
s 

of
 a

 s
te

el
 

co
nt

ai
nm

en
t 

ve
ss

el
 

th
at

 w
as

 
ru

pt
ur

ed
 

ex
pl

os
iv

el
y 

an
d 

co
m

pa
re

s 
it

 t
o 

th
e 

pr
ed

ic
ti

on
s 

m
ad

e 
ba

se
d 

on
 a

 m
od

el
 

- 
E

xp
er

im
en

ta
l 

da
ta

 a
lr

ea
dy

 
ga

th
er

ed
 

su
gg

es
t 

th
at

 t
he

 
ex

is
ti

ng
 

m
od

el
s 

ar
e 

in
ad

eq
ua

te
 

(i
.e

. 
to

 
co

ns
er

va
ti

ve
) 

fo
r 

la
rg

e 
m

is
si

le
s 

- 
B

ri
tt

le
 

fa
ilu

re
s 

re
su

lt
 i

n 
m

an
y 

sm
al

l 
fr

ag
m

en
ts

: 
he

re
 n

on
e 

ha
ve

 a
 l

ar
ge

 
ki

ne
ti

c 
en

er
gy

 
- 

D
uc

ti
le

 
fa

ilu
re

s 
re

su
lt

 i
n 

fe
w

la
rg

e 
(l

or
2)

 
fr

ag
m

en
ts

 
w

hi
ch

 
ha

ve
 a

 
la

rg
e 

ki
ne

ti
c 

en
er

gy
 

- 
D

es
cr

ib
es

 
th

e 
st

at
e 

of
 t

he
 

ar
t 

fo
r 

pr
ed

ic
ti

ng
 

th
e 

bl
as

t 
an

d 
fr

ag
m

en
t 

ch
ar

ac
te

ri
st

ic
s 

fo
r 

ex
pl

os
io

ns
 

in
vo

lv
in

g 
co

m
pr

es
se

d 
liq

ui
ds

 
as

 z
er

o 

to
po

or
 

- 
F

ai
lu

re
 i

ni
ti

at
ed

 
ax

ia
lly

 
ne

ar
 a

 w
el

de
d 

jo
in

t 
w

it
h 

en
d 

st
if

fe
ne

r 
th

en
 

br
an

ch
ed

 
ci

rc
um

fe
re

nt
ia

lly
 

- 
P

re
di

ct
ed

 
pr

oj
ec

ti
le

 
di

st
an

ce
s 

hu
rl

ed
 w

er
e 

to
 

lo
w

 
- 

R
ev

is
ed

 
ca

lc
ul

at
io

ns
 

(u
si

ng
 t

he
 s

am
e 

m
od

el
 

w
it

h 
ac

tu
al

 f
ra

gm
en

t 

- 
M

od
el

 d
ev

el
op

m
en

t 
is

 
ne

ce
ss

ar
y 

to
 h

el
p 

pr
ed

ic
t 

th
e 

re
su

lt
s 

of
 

ca
ta

st
ro

ph
ic

 
fa

ilu
re

 o
f 

pr
es

su
re

 
ve

ss
el

s 
- 

E
ne

rg
y 

is
 l

os
t 

to
 

le
ak

ag
e 

ar
ou

nd
 

fr
ag

m
en

ts
 

an
d 

m
od

el
s 

ne
ed

 t
o 

ta
nk

 t
hi

s 
in

to
 

ac
co

un
t 

- 
E

xp
er

im
en

ta
l 

w
or

k 
is

 
ne

ed
ed

 t
o 

fo
rm

 a
 b

as
is

 
fo

r 
un

de
rs

ta
nd

in
g 

bl
as

t 
an

d 
fr

ag
m

en
t 

ch
ar

ac
te

ri
st

ic
s 

fo
r 

bo
th

 
tl

as
h 

ev
ap

or
at

in
g 

an
d 

co
m

pr
es

se
d 

liq
ui

ds
 

- 
W

or
k 

is
 n

ee
de

d 
to

 
im

pr
ov

e 
th

e 
m

od
el

lin
g 

of
 p

ro
je

ct
ile

 
di

st
an

ce
 

hu
rl

ed
 

- 
P

ro
vi

de
s 

a 
gr

ap
h 

to
 

pr
ed

ic
t 

th
e 

m
ax

im
um

 
fr

ag
m

en
t 

ra
ng

e 
fo

r 
ga

s 
pr

es
su

ri
ze

d 
ve

ss
el

 
ru

pt
ur

es
 

- 
P

ro
vi

de
s 

a 
gr

ap
h 

to
 

pr
ed

ic
t 

th
e 

bl
as

t 
fr

om
 g

as
 

pr
es

su
ri

ze
d 

ve
ss

el
 

N
p
tU

IW
 

- 
E

xp
er

im
en

t 
co

ns
is

te
d 

of
 

pr
es

su
ri

zi
ng

 
a 

ve
rt

ic
al

 
cy

lin
de

r 
to

 1
95

 p
si

g 
th

at
 

w
as

 d
es

ig
ne

d 
fo

r 
40

 p
si

g 
- 

H
ea

d 
se

pa
ra

te
d 

in
to

 
2 

pi
ec

es
 

w
hi

ch
 

w
as

 n
ot

 
pr

ed
ic

te
d 

- 
G

iv
es

 a
 t

ab
le

 o
f 

m
as

s 
an

d 
w

 
di

st
an

ce
 

hu
rl

ed
 f

or
 

$ 

fr
ag

m
en

ts
 



T
A

B
L

E
 5

 (
co

n
ti

n
u

ed
) 

co
 

g 

T
it

le
/d

at
e 

A
u

th
or

(s
) 

[r
ef

.1
 

S
po

n
so

r 
F

oc
u

s 
F

in
di

n
gs

 
R

ec
om

m
en

de
d 

fu
rt

h
er

 
w

or
k

 
C

om
m

en
ts

 

F
ra

gm
en

t h
ax

ar
ds

 
P

.L
. 

H
ol

de
n

 
fr

om
 fa

il
u

re
 o

f 
A

.B
. 

R
ee

ve
s 

pr
es

su
ri

xe
d 

[4
01
 

li
qu

if
ie

d 
ga

s 
vs

ss
el

s/
19

85
 

D
is

ru
pt

iv
e 

fa
il

u
re

 
M

R
. 

B
au

m
 

of
 p

re
ss

u
re

 v
es

se
ls

z 
[4

7]
 

pr
el

im
in

ar
y 

de
si

gn
 

gu
id

el
in

es
 fo

r 
fr

ag
m

en
ts

 v
el

oc
it

y 
an

d 
ex

te
n

t 
of

 t
h

e 
h

ax
ar

d 
zo

n
e/

19
88

 

U
n

it
ed

 K
in

gd
om

 
A

to
m

ic
 E

n
er

gy
 

A
u

th
or

it
y,

 S
af

et
y 

an
d 

R
el

ia
bi

li
ty

 
E

xe
cu

ti
ve

 

B
er

k
el

ey
 N

u
cl

ea
r 

L
ab

or
at

or
ie

s 

-‘4
n&

s=
 

fr
ag

m
en

t 
th

ro
w

 

ra
n

ge
 fr

eq
u

en
cy

 
fo

r 
ac

ci
de

n
ts

 
in

vo
lv

in
g 

pr
es

su
re

 li
qu

if
ie

d 

ga
se

s 

- 
P

ro
vi

da
s 

a 
m

od
el

 
- 

M
os

t 
m

od
el

s 
fo

r 
fo

r 
th

e 
u

pp
er

 
pr

es
sm

ix
ed

 g
as

 c
on

ta
in

er
 

li
m

it
s 

of
 

fa
il

u
re

 a
re

 v
al

id
at

ed
 

pr
oj

ec
ti

le
 h

ax
ar

ds
 

-C
an

be
u

se
dt

oi
n

di
ca

te
an

 
fo

r 
a 

va
ri

et
y 

of
 

u
pp

er
 li

m
it

 o
f 

th
e 

ra
n

ge
s 

ve
ss

el
 g

eo
m

et
ri

es
 

an
d 

ve
lo

ci
ti

es
 o

f 
pr

oj
ec

ti
le

s 
an

d 
co

n
te

n
ts

 
fr

om
 t

h
os

e 
m

od
es

 o
f 

fa
il

u
re

 

ge
om

et
ry

) 
w

er
e 

2 
to

 4
 

ti
m

es
 t

o 
gr

ea
t 

- 
M

od
ek

r f
or

 p
re

ss
u

re
 

li
qu

ef
ie

d 
ga

se
s 

ar
e 

n
ot

 
de

ve
lo

pe
d 

en
ou

gh
 

- 
89

%
 o

f 
fi

re
 e

ve
n

ts
 t

h
at

 
~
p
t
u
m
r
e
d
t
i
n
g
 

in
 

m
is

si
le

s 
- 

B
L

E
V

E
 e

ve
n

ts
 u

su
al

ly
 

pr
oj

ec
t 

4 
or

 le
ss

 m
is

si
le

s 
- 

N
on

 f
ir

e 
ev

en
ts

 u
su

al
ly

 
pr

oj
ec

t 
m

or
e 

th
an

 4
 

m
is

si
le

s 
- 

89
%

 o
f 

fr
ag

m
en

ts
 f

ro
m

 
L

P
G

 a
cc

id
en

ts
 t

ra
ve

l l
es

s 
th

an
29

9m
 

- 
S

ph
er

es
 p

ro
du

ce
 m

or
e 

m
is

si
le

s 
th

at
 c

yl
in

de
rs

 
(a

ve
ra

ge
 8

.3
 v

s.
 4

) 
- 

E
n

d 
tu

bs
 t

ra
ve

l f
u

rt
h

er
 

th
an

 o
th

er
 f

ra
gm

en
ts

 
- 

S
m

al
le

r 
ve

ss
el

s 
pr

oj
ec

t 
m

is
si

le
s 

fu
rt

h
er

 
M

is
si

le
s 

te
n

d 
to

 e
xp

or
t 

fu
e 

w
it

h
 t

h
em

 

E
xp

er
im

en
ts

 a
re

 
n

ee
d

ed
 t

o 
in

ve
st

ig
at

e 
th

e 
ef

fe
ct

 o
f 

ve
ss

el
 s

ix
-e

 
on

 m
is

si
le

 r
an

ge
 

W
or

k
 i

s 
n

ee
d

ed
 to

 
de

ve
lo

p 
a 

m
od

el
 

sp
ec

if
ic

al
ly

 f
or

 
fr

ag
m

en
ts

 fr
om

 
pr

es
su

re
 li

qu
it

ie
d 

ve
ss

el
 

fa
il

u
re

 

- 
S

om
e 

co
n

fu
si

on
 o

ve
r 

u
se

 
of

 t
h

e 
te

rm
 B

L
E

V
E

 
- 

E
va

cu
at

io
n

 r
an

ga
s a

re
 

ba
se

d 
on

 m
is

si
le

 
di

st
an

ce
s 

re
co

m
m

en
de

d 
in

 a
 1

97
2 

re
po

rt
 s

in
ce

 
19

72
 c

iv
il

ia
n

s 
an

d 
fi

re
 

fi
gh

te
rs

 h
av

e 
be

en
 k

il
le

d 
by

 m
is

si
le

s 



- 
M

od
el

s 
fo

r 
pr

es
su

ri
ze

d 
li

qu
ef

ie
d 

ga
s 

co
n

ta
in

er
 

fa
il

u
re

 a
re

 n
ot

 v
al

id
at

ed
 

M
is

si
le

 e
ff

ec
ts

 
re

su
lt

in
g 

fr
om

 a
 

su
dd

en
 lo

ss
 o

f 
co

n
ta

in
m

en
t/

l9
88

 

D
yn

am
ic

 l
au

n
ch

 
pr

oc
es

s 
of

 
pr

ef
or

m
ed

 
fr

ag
m

en
ts

/l
98

8 

K
. 

M
oo

di
e 

[4
11

 

D
.E

. 
C

’D
on

og
h

u
e 

W
.W

. 
P

re
de

do
n

 
C

.E
. 

A
n

de
rs

on
 

[4
21

 

H
ea

lt
h

 a
n

d 
S

af
et

y 
E

xe
cu

ti
ve

, 
E

xp
lo

si
on

 a
n

d 
F

la
m

e 
L

ab
or

at
or

y 

R
ev

ie
w

 o
f 

m
od

el
li

n
g 

an
d 

ex
pe

ri
m

en
ta

l 
w

or
k

 f
or

 a
ss

es
si

n
g 

m
is

si
le

 e
ff

ec
ts

 
re

su
lt

in
g 

fr
om

 
ca

ta
st

ro
ph

ic
 

re
le

as
e 

- 
V

al
id

at
ed

 m
od

el
s 

ex
is

t 
to

 
pr

ed
ic

t 
th

e 
m

is
si

le
 e

ff
ec

ts
 

fr
om

 p
re

ss
u

ri
ze

d 
ga

s 
ve

ss
el

s 
an

d 
pi

pe
li

n
es

 
- 

M
od

if
ic

at
io

n
 

of
 t

h
e 

ab
ov

e 
to

 m
od

el
 m

is
si

le
 e

ff
ec

ts
 

fr
om

 p
re

ss
u

re
 li

qu
ef

ie
d 

ga
s 

ve
ss

el
 m

is
si

le
s 

ar
e 

n
ot

 
ve

ri
fi

ed
 

- 
C

on
se

rv
at

iv
e 

es
ti

m
at

es
 d

o 
ex

is
t 

fo
r 

m
is

si
le

 t
h

ro
w

 
di

st
an

ce
 f

ro
m

 p
re

ss
u

re
 

li
qu

ef
ie

d 
ga

s 
ve

ss
el

s 

N
ee

d
 m

or
e 

da
ta

 t
o 

h
el

p 
- 

P
ap

er
 d

is
cu

ss
es

 t
h

e 
va

li
da

te
 p

re
ss

u
re

 
m

et
h

od
ol

og
y 

of
 v

ar
io

u
s 

li
qu

ef
ie

d 
ga

s 
ve

ss
el

 
pr

oj
ec

ti
le

 m
od

el
li

n
g 

m
is

si
le

 g
en

er
at

io
n

 
te

ch
n

iq
u

es
 

- 
S

h
oc

k
 i

n
 c

ir
cu

m
fe

re
n

ti
al

 
di

re
ct

io
n

 c
au

se
s 

ex
pa

n
si

on
 

of
 v

es
se

l 
- 

L
ar

ge
r 

ex
pa

n
si

on
 r

at
io

s 
m

ea
n

 l
ar

ge
r f

or
ce

s 
si

n
ce

 
ga

ss
es

 a
re

 c
on

ta
in

ed
 l

on
ge

r 

M
ic

h
ig

an
 

T
ec

h
n

ol
og

ic
al

 
U

n
iv

er
si

ty
 a

n
d 

S
ou

th
w

es
t 

Fb
S

W
IC

h 

In
st

it
u

te
 

P
ro

vi
de

s 
a 

m
od

el
 

fo
r 

de
te

rm
in

in
g 

th
e 

st
re

ss
es

 in
 

cy
li

n
de

r 
u

n
de

r 
ex

pl
os

iv
e 

fo
rc

es
 

- 
R

eq
u

ir
es

 e
xp

er
im

en
ta

l 
m

ea
su

re
m

en
t o

f 
ex

pa
n

si
on

 r
at

io
 

- 
E

xp
an

si
on

 r
at

io
 i

s 
th

e 
ra

ti
o 

of
 i

n
it

ia
l 

di
am

et
er

 
to

 t
h

e 
di

am
et

er
 a

t 
th

e 
ti

m
e 

w
h

en
 g

as
 b

eg
in

s 
to

 
le

ak
 b

et
w

ee
n

 t
h

e 
fr

ag
m

en
ts

 (
be

tw
ee

n
 1

.6
- 

2.
1)

 
- 

A
cq

u
ir

ed
 a

 v
al

u
e 

fo
r 

ex
pa

n
si

on
 r

at
io

 f
ro

m
 

ot
h

er
 e

xp
er

im
en

ts
 a

n
d 

th
ei

r 
ow

n
 

- 
M

od
el

 i
s 

va
li

da
te

d 
w

it
h

 
th

es
e 

ex
pe

ri
m

en
ts

 





T
h

e 
ef

fe
ct

 o
f 

ex
te

rn
al

 b
la

st
 o

n
 

cy
li

n
dr

ic
al

 
st

ru
ct

u
re

s/
l9

85
 

D
.M

. 
B

ro
w

n
 

P
.F

. 
N

ol
an

 

]4
31

 

E
m

pi
ri

ca
l 

A
.J

. 
N

ei
ls

on
 

eq
u

at
io

n
s 

fo
r 

th
e 

L
b9

1 
pe

rf
or

at
io

n
 o

f 
m

il
d 

st
ee

l p
la

te
s/

l9
35

 

P
ol

yt
ec

h
n

ic
 o

f 
th

e 
S

ou
th

 B
an

k
, 

D
ep

ar
tm

en
t 

of
 

C
h

em
ic

al
 

E
n

gi
n

ee
ri

n
g 

U
n

it
ed

 K
in

gd
om

 
A

to
m

ic
 E

n
er

gy
 

A
u

th
or

it
y 

- 
S

ca
le

 c
yl

in
dr

ic
al

 
st

or
ag

e 
ve

ss
el

s 
w

er
e 

su
bj

ec
te

d 
to

 
si

m
u

la
te

d 
va

po
u

r 
ex

pl
os

io
n

s 
an

d 
th

e 
de

fo
rm

at
io

n
 

ef
fe

ct
s 

w
er

e 
m

ea
su

re
d 

- 
P

en
et

ra
ti

on
 

ex
pe

ri
m

en
ts

 f
or

 
tl

at
 e

n
d

ed
 

cy
li

n
de

rs
 i

n
to

 
m

il
d 

st
ee

l p
la

te
s 

- 
R

es
u

lt
s 

an
al

yx
ed

 
di

m
en

si
on

le
ss

ly
 

- 
T

h
e 

dr
ag

 lo
ad

in
g 

ph
as

e 
of

 
th

e 
pr

es
su

re
 w

av
e 

ca
u

se
d 

th
e 

da
m

ag
e 

- 
T

h
e 

m
od

el
 d

ev
el

op
ed

 
sh

ow
ed

 g
oo

d
 a

gr
ee

m
en

t 
w

it
h

 t
h

e 
ex

pe
ri

m
en

ts
 a

n
d 

an
 a

ct
u

al
 a

cc
id

en
t 

- 
In

cr
ea

se
d 

as
pe

ct
 (

L
/D

 )
 

ra
ti

os
 m

ea
n

t 
gr

ea
te

r 

- 
S

ti
ff

en
in

g 
ri

n
gs

 i
n

cr
ea

se
d 

re
si

st
an

ce
 t

o 
da

m
ag

e 
- 

W
in

d 
sp

oi
le

rs
 d

ec
re

as
ed

 
re

si
st

an
ce

 t
o 

da
m

ag
e 

- 
E

qu
at

io
n

s 
de

ri
ve

d 
fr

om
 

ex
pe

ri
m

en
ts

 f
or

 m
is

si
le

s 
w

it
h

 L
/

D
 r

at
io

s 
of

 >
 1

3 
gi

ve
 a

 g
oo

d
 c

or
re

la
ti

on
 t

o 
th

e 
te

st
s 

- 
F

or
 s

h
or

t 
m

is
si

le
s 

(L
/

D
 

ra
ti

os
 <

 1
3)

 n
ot

 e
n

ou
gh

 
da

ta
 e

xi
st

s 
fo

r 
co

n
fi

de
n

ce
 

in
 t

h
e 

de
ri

ve
d 

eq
u

at
io

n
 

- 
M

is
si

le
s 

w
it

h
 L

/
D

 r
at

io
s 

>
 1

3 
sh

ow
ed

 n
o 

de
pe

n
de

n
ce

 o
n

 l
en

gt
h

 

sh
ou

ld
 b

e 
ca

rr
ie

d 
ou

t 
to

 
re

pr
es

en
ta

ti
ve

 o
f 

va
po

u
r 

pr
ov

id
e 

m
or

e 
da

ta
 o

n
 a

 
cl

ou
d 

ex
pl

os
io

n
s 

w
id

er
 v

ar
ie

ty
 o

f 
- 

A
lu

m
in

u
m

 a
n

d 
m

il
d 

st
ee

l 
lo

ad
in

gs
 a

n
d 

re
ct

an
gu

la
r,

 m
il

d 
st

ee
l 

di
m

en
si

on
s 

tu
bu

la
r 

ca
n

ti
le

ve
rs

 w
er

e 
te

st
ed

 
- 

E
qu

at
io

n
s 

of
 

de
fo

rm
at

io
n

 w
er

e 
th

en
 

de
ve

lo
pe

d 
ba

se
d 

on
 t

h
e 

re
su

lt
s 

an
d 

el
as

ti
c 

pl
as

ti
c 

th
eo

ry
 

- 
1:

 4
0 

sc
al

e 
m

od
el

s 
w

er
e 

U
se

d 

- 
T

es
t 

ca
rr

ie
d 

ou
t 

in
 t

h
e 

sa
m

e 
te

st
 t

u
n

n
el

 a
s 

th
e 

P
ri

tc
h

ar
d 

[5
2]

 
ex

pe
ri

m
en

t 
- 

29
0 

E
xp

lo
si

on
 t

es
ts

 w
er

e 
ca

rr
ie

d 
ou

t 

A
dd

it
io

n
al

 d
at

a 
fo

r 
sh

or
t 

m
is

si
le

s 
is

 
re

qu
ir

ed
 

- 
N

on
-d

ef
or

m
in

g 
cy

li
n

de
rs

 
w

er
e 

pr
oj

ec
te

d 
at

 p
la

te
s 

to
 f

in
d 

th
e 

m
ax

im
u

m
 

en
er

gy
 n

ot
 g

iv
in

g 
pe

rf
or

at
io

n
 a

n
d 

th
e 

m
in

im
u

m
 e

n
er

gy
 g

iv
in

g 
pe

rf
or

at
io

n
 

- 
B

es
u

lt
a 

fr
om

 o
th

er
 

ex
pe

ri
m

en
ta

l 
st

u
di

es
 a

re
 

di
sc

u
ss

ed
 



T
A

B
L

E
 6

 (
co

n
ti

n
u

ed
) 

T
it

le
/d

at
e 

A
u

th
or

(s
) 

Im
f.

1 
S

po
n

so
r 

F
oc

u
s 

F
in

di
n

gs
 

z 
R

ec
om

m
en

de
d 

fu
rt

h
er

 
C

om
m

en
ts

 
w

or
k

 

T
h

e 
ef

fe
ct

s 
of

 
J.

 J
ow

et
t 

U
n

it
ed

 K
in

gd
om

 
- 

R
ev

ie
w

 o
f 

m
is

si
le

 im
pa

ct
 o

n
 

15
01

 
A

to
m

ic
 E

n
er

gy
 

pr
ev

io
u

s 
w

or
k

 o
n

 
th

in
 m

et
al

 
A

u
th

or
it

y 
pr

oj
ec

ti
le

 
st

ru
ct

u
re

s/
19

66
 

pe
n

et
ra

ti
on

 i
s 

u
se

d 
to

 d
ev

el
op

 a
 

m
od

el
 t

o 
fo

r 
pr

ed
ic

t 
pe

n
et

ra
ti

on
 o

f 
m

il
d 

st
ee

l p
la

te
s 

by
 S

at
 e

n
d

ed
 

cy
li

n
de

rs
 a

n
d 

po
in

te
d 

n
os

ed
 

m
is

si
le

s 

T
h

e 
bl

as
t 

ef
fe

ct
 o

f 
N

.F
. 

S
ti

ll
y 

H
ea

th
 a

n
d 

S
af

et
y 

- 
D

is
cu

ss
io

n
 o

f 
ex

pl
os

io
n

s/
l9

66
 

W
.G

. 
H

ig
h

 
E

xe
cu

ti
ve

 
se

ve
ra

l m
et

h
od

s 

(5
31

 
fo

r 
es

ti
m

at
in

g 
bl

as
t 

da
m

ag
e 

an
d 

th
ei

r 
dr

aw
 b

ac
k

s 

- 
P

oi
n

te
d 

m
is

si
le

 m
od

el
 

ag
re

es
 w

el
l w

it
h

 p
u

bl
is

h
ed

 
da

ta
 

S
h

or
t 

m
is

si
le

 m
od

el
 a

gr
ee

s 
w

el
l w

it
h

 p
u

bl
is

h
ed

 d
at

a 
- 

N
on

-p
er

fo
ra

ti
n

g 
im

pa
ct

s 
ca

n
 b

e 
pr

ed
ic

te
d 

an
al

yt
ic

al
ly

 b
u

t 
pe

rf
or

at
in

g 
im

pa
ct

s 
ca

n
 

n
ot

 

- 
T

o 
pr

ed
ic

t 
th

e 
ef

fe
ct

s 
of

 
ex

pl
os

io
n

s 
on

 s
tr

u
ct

u
re

s 
ei

th
er

 P
-I

, 
R

-W
 

cu
rv

es
 o

r 
th

e 
im

pu
ls

e/
cr

it
ic

al
 

m
et

h
od

 s
h

ou
ld

 b
e 

u
se

d 
- 

T
h

e 
ta

bl
e 

m
et

h
od

 s
h

ou
ld

 
on

ly
 b

e 
u

se
d 

as
 a

 la
st

 r
es

or
t 

w
h

en
 d

at
a 

is
 n

ot
 a

va
il

ab
le

 

- 
W

or
k

 i
s 

n
ee

d
ed

 t
o 

de
te

rm
in

e 
th

e 
in

fl
u

en
ce

 o
f 

ta
rg

et
 

w
el

ds
, t

h
e 

ef
fe

ct
 o

f 
n

on
-n

or
m

al
 i

m
pa

ct
s 

an
d 

th
e 

be
h

av
io

u
r 

of
 

th
in

 c
u

rv
ed

 s
h

el
l 

ta
rg

et
s 

- 
H

ar
d 

m
is

si
le

s 
ar

e 
co

n
si

de
re

d 
w

it
h

 s
pe

ed
s 

of
 

25
 t

o 
30

0 
m

/s
 a

n
d 

ta
rg

et
s 

w
it

h
 w

id
th

/D
 

>
 2

 a
n

d 
th

ic
k

n
es

s/
D

 
>

 1
0 

- 
P

ro
vi

de
s 

eq
u

at
io

n
 o

f 
pe

n
et

ra
ti

on
 f

or
 f

la
t 

h
ea

d 
sh

or
t 

an
d 

lo
n

g 
m

is
si

le
s 

(l
on

g 
is

 L
/
D
 >
 1

0)
 

- 
N

o 
pe

rf
or

at
io

n
 m

od
el

 
ex

is
ta

 fo
r 

ro
u

n
d 

n
os

ed
 

m
is

si
le

s 
- 

P
ro

vi
de

s 
an

 e
qu

at
io

n
 f

or
 

po
in

te
d 

n
os

ed
 m

is
si

le
 

pe
n

et
ra

ti
on

 

- 
S

m
al

le
r 

ex
pl

os
io

n
s 

n
ee

d
 

la
rg

er
 o

ve
rp

re
ss

u
re

s 
to

 
d

o 
th

e 
sa

m
e 

am
ou

n
t 

of
 

da
m

ag
e 

as
 la

rg
er

 
ex

pl
os

io
n

s 
be

ca
u

se
 o

f 
th

e 
sh

or
te

r 
bl

as
t 

w
av

e 
du

ra
ti

on
 

- 
O

u
tl

in
es

 s
ev

er
al

 m
et

h
od

s 
of

 d
et

er
m

in
in

g 
th

e 
bl

as
t 

ef
fe

ct
s 

on
 s

tr
u

ct
u

re
s:

 
T

ab
le

s 
re

la
ti

n
g 

ov
er

pr
es

au
re

 to
 d

am
ag

e,
 

P
-I

 c
u

rv
es

 (
pr

es
su

re
- 

im
pu

ls
e)

, 
R

-W
 

cu
rv

es
 

(s
ta

n
d 

of
f 

di
st

an
ce

- 
ex

pl
os

iv
e 

yi
el

d)
 a

n
d 

an
 

al
te

rn
at

iv
e 

m
et

h
od

 b
as

ed
 

on
 o

bs
er

va
ti

on
s 

of
 

ex
pl

os
io

n
s 



353 

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 3 ) analyzed data gathered in an ac- 
cident survey. This analysis revealed several interesting facts: 
l 80% of fire events that cause ruptures result in missiles; 
l BLEVE events usually produce four or less missiles and non fire events usu- 

ally produce more than four; 
l 80% of fragments from LPG accidents travel less than 200 m; 
l spheres produce more missiles than cylinders, spheres average 8.3 and cyl- 

inders average < 4; 
l end tubs travel further than other types of fragments; 
l smaller vessels project fragments further than larger ones; and 
l 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 [ 481. 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 [ 49,501. 
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 [ 541. They also conducted individual investigations which con- 
tain more detail of major accidents [ 55,561. This table also includes the reports 
of two special commissions of inquiry into accidents in Canada [ 57,581. Also 
included is an internal study of a PLG truck accident at Salmon Arm commis- 
sioned by TC [ 591. 

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 [ 401. Table 7 also con- 
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tains journal articles and internal reports that detail non-rail accidents; a 
pneumatic burst [ 601, a storage site [ 611, a process cylinder [ 621 and a storage 
site [63,64]. The DutchTNO investigation of the LPG disaster in Mexico City 
in cooperation with the Academy of Scientific Investigations of Michoacan 
Mexico is extremely useful and comprehensive [ 631. 

The information gathered from case studies sheds some light on several top- 
ics of interest including failure modes, effects of fill conditions and projectiles. 

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 till 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 [ 561. 
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 [ 581. 
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 [ 591, the report on a truck accident in 
Nijmegen, The Netherlands by Van der Schaaf and Steunenberg [ 611 and the 
analysis of the Mexico City disaster [ 63,641. 

Case studies compared to experimental studies 
The compiled accident summaries of Holden [65] and Westin [ 541 give 

enough information to plot a histogram of fragment distance hurled. Some 

0 

Porcmtage of Yissiles Tmvrlllng Less Than D 

Fig. 2. Cumulative histogram comparing data from case studies ( IJ ) 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. [ 121 (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 [ 31 and the three small station- 
ary storage vessel engulfment tests done by Schulz-Forberg et al. [ 121 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. 

1121. 
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 experimentalstudies 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. 

BLE VE’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 [ 541, Anderson and Norris [ 31, Early 
and Interrante [ 41, Christ [ 601, Charlton and Heslop [ 591, Baker [ 441, Baum 
[45], Schulz-Forberg et al. [ 121 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 [ 521 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 
[ 471 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 [ 471 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. 

References 

1 L.J. Manda, Phase 11 Report on Analysis of l/5 scale Fire Tests, Report No. RA-11-5-26, 
Railroad Tank Car Safety Research and Test Project, Chicago, IL, 1973. 

2 W. Townsend, C. Anderson, J. Zook and G. Cowgill, Comparison of Thermally Coated and 
Uninsulated Rail Tank Cars Filled with LPG Subjected to a Fire Environment, Report No. 
FRA OR&D 75-32, Federal Railroad Administration, Washington, DC, 1974. 

3 C.E. Anderson and E.B. Norris, Fragmentation and Metallurgical Analysis of Tank Car RAK 
201, Report No. FRA-OR&D 75-30, Federal Railroad Administration, Washington, DC, 1974. 

4 J.G. Early and C.G. Interrante, A Metallurgical Investigation of a Full Scale Insulated Rail 
Tank Car Filled with LPG Subjected to a Fire Environment, Report No. FRA OR&D75-32, 
Federal Railroad Administration, Washington, DC, 1975. 

5 R.D. Appleyard, Testing and Evaluation of the Explosafe System as a Method of Controlling 
the BLEVE, Report No. TP 2740, Transport Canada, Ottawa, Ont., 1980. 

6 A.F. Roberts, D.P. Cutler and K. Billinge, Fire engulfment trials with LPG tanks with a range 
of fire protection methods, In: Proc. 4th Int. Symp. on Loss Prevention and Safety Promotion 
in the Process Industries, Inst. Chem. Eng. Symp. Series, No. 82, Pergamon, Manchester, 
1983, pp. Dl-DlO. 

7 K. Moodie, K. Billinge and D.P. Cutler, The fire engulfment of LPG storage tanks, In: The 
Assessment and Control of Major Hazards, Inst. Chem. Eng. Symp. Series No. 93, Pergamon, 
Manchester, 1985, pp. 87-106. 

8 K. Moodie, L.T. Cowley, R.B. Denny, L.M. Small and I. Williams, Fire engulfment tests on 
a 5 tonne LPG tank, J. Hazardous Mater., 20 (1988) 55-71. 

9 K. Billinge, K. Moodie and H. Beckett, The use of water sprays to protect fire engulfed LPG 
storage tanks, In: 4th Int. Symp. on Loss Prevention, 1986, pp. 47-1-47-21. 

10 W. Schoen and B. Droste, Investigation of water spraying systems for LPG storage tanks by 
full scale fire tests, J. Hazardous Mater., 20 (1988) 73-82. 

11 G. Qureshi, Experimental Determination of the Heat Transfer in the Vapour Space of a 
Partially Filled Horizontal Cylinder, Report No. UNB-ME-TF-27, University of New Bruns- 
wick, Mechnical Engineering Department, Fredericton, NB, 1984. 

12 B. Schulz-Forberg, B. Droste and H. Charlett, Failure mechanisms of propane tanks under 
thermal stresses including fire engulfment, In: Int. Conf. on Storage and Transport of LPG 
and LNG, 1984. 

13 A.M. Birk, An experimental investigation of a cylindrical vessel engulfed in fire with a burn- 
ing relief valve flare present, In: Am. Sot. Mech. Eng. Proc. of the 1988 Natl. Heat Transfer 
Conf., 1988, pp. 125-135. 

14 J.E.S. Venart, Tank Car Thermal Response Analysis: Executive Summary: Vol. 1, Report 
No. TP 68093, Transport Canada, Ottawa, Ont., 1985. 



363 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 
34 

35 

36 

L.J. Manda, Effects of Fire on LPG Tank Cars, Report No. RA-11-l-5, Railroad Tank Car 
Safety Research and Test Project, Chicago, IL, 1971. 
K.W. Graves, Development of a Computer Program for Modeling the Heat Effects on a Rail- 
road Tank Car, Report No. FRA OR&D 75-33, Federal Railroad Administration, Washing- 
ton, DC, 1973. 
J.E.S. Venart, Modelling techniques and small-scale experiments, In: 1988 European Semi- 
nar on the Pressurised Storage of Flammable Liquids, London, 1988,27P. 
N.U. Audemir, U.K. Magapu, A.C.M. Sousa and J.E.S. Venart, Thermal response analysis of 
LPG tanks exposed to fire, J. Hazardous Mater., 20 (1988) 239-262. 
K. Moodie, Experiments and modeling: An overview with particular reference to fire engulf- 
ment, J. Hazardous Mater., 20 (1988) 149-175. 
W.P. Cracker and S.H. Napier, Assessment of mathematical models for fire and explosion 
hazards of liquefied petroleum gases, J. Hazardous Mater., 20 (1988) 109-135. 
A.M. Birk, Development and Validation of a Mathematical Model of a Rail Tank-Car En- 
gulfed in Fire, Ph.D. Thesis Queen’s University at Kingston, Kingston, Ont., 1983. 
P.K. Ramskill, A description of ENGULF (and ENGULF II) in a computer code to model 
the thermal response of tank partially or totally engulfed in fire, UKAEA Reports Nos. SRD/ 
HSE/R 354, SRD/NSE/070 WPI, Safety and Reliability Directorate, Health and Safety 
Executive, United Kingdom Atomic Energy Authority, Warrington, 1987. 
J.E.S. Venart, Experiments on the physical modelling of LPG tank cars under accident con- 
ditions, Int. Conf. Storage and Transport of LPG and LNG, Brugge, 1984. 
H.G. Fisher, DIERS - An overview of the programme, 19th Int. Loss Prevention Symp., 
AIChE, Houston, TX, 1986. 
P.K. Ramskill, A description of the ENGULF compuur codes-Codes to model the thermal 
response of an LPG tank either fully or partially engulfed by fire, J. Hazardous Mater., 20 
(1988) 177-196. 
G.V. Beiyon, L.T. Cowley, L.M. Small and I. Williams, Fire engulfment of LPG tanks. Hea- 
tup, a predictive model, J. Hazardous Mater., 20 (1988) 227-238. 
A.C.M. Sousa, Thermal modelling of LPG tanks engulfed in flames, Heat Technol., 3 (3/4) 
(1985). 
R.C. Reid, Possible mechanism for pressurized-Liquid tank explosion or BLEVE’s, Science, 
203 (1979)1263-1265. 
M.R.O. Jones, Vapour Explosions Resulting from Rapid Depressurization of Liquids-The 
Importance of Initial Temperature, Inst. Chem. Eng. Symp. Series No. 93, Pergamon, 
Manchester, 1985, pp. 357-362. 
W.E. Martinsen, D.W. Johnson and W.F. Terrel, BLEVE’s: Their causes effects andpreven- 
tion, Hydrocarbon Proces., 5 (11) (1986) 141-148. 
C.A. McDevitt, F.R. Steward and J.E.S. Venart, What is a BLEVE?, In: The 4th Technical 
Seminar on Chemical Spills Proceedings, February 1987, Toronto, Canadian Transport 
Commission, Ottawa, Ont., 1987, pp. 137-147. 
J.A. Davenport, Hazards and protection of pressure storage and transportation of LP-gas, J. 
Hazardous Mater., 20 (1988) 3-19. 
V. Dunn, BLEVE: The propane cylinder, Fire Eng., 131 (1988) 63-70. 
W.L. Walls, The BLEVE Parts I and II, Fire Command, 46(5) (1979) 22-24; and 46(6) 
(1979) 35-37. 
D.E. Taylor and C.F. Price, Velocities of fragments from bursting gas reservoirs, J. Eng. Ind., 
93(4) (1971) 981-985. 
R.H. Prause, J.W. Sullivan and R.J. Eiber, Analysis of Tank Car Tub Rocketing in Accidents, 
Report No. RA-12-2-23, Railroad Tank Car Safety Research and Test Project, Chicago, IL, 
1972. 



364 

31 

38 

39 

40 

41 

42 

43 

44 

45 

46 

41 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

G. Munday, Initial velocities attained by plant generated missiles, Nucl. Energy, 19 (3) (1980) 
165-169. 
J. Tulacz and R.E. Smith, Assessment of missiles generated by pressure component failure 
and its application to recent gas cooled nuclear plant design, Nucl. Energy, 19(3) (1980) 
151-164. 
W.H.L. Porter, Generation of missiles and destructive shock fronts and their consequences, 
Nucl. Energy, 19(3) (1980) 171-177. 
P.L. Holden and A.B. Reeves, Fragment hazards from failures of pressurized liquefied gas 
vessels, In: The Assessment and Control of Major Hazards, Inst. Chem. Eng. Symp. Series 
No. 93, Pergamon, Manchester, 1985, pp. 205-220. 
K. Moodie, Missile effects resulting from a sudden loss of containment, In: 1988 European 
Seminar on the Pressurised Storage of Flammable Liquids, London, 1988,24P. 
D.E. O’Donoghue, W.W. Predebon and C.E. Anderson, Dynamic launch process of preformed 
fragments, J. Appl. Phys., 63 (1988) 337-348. 
W.E. Baker, Blast and fragments from bursting pressure vessels, Am. Sot. Mech. Eng. Pres- 
sure Vessel and Piping Division, Vol. 82,1984, pp. 51-66. 
W.E. Baker, Post test assessment of blast and fragment effects of explosive failure of a large 
steel containment shell model duringpneumatic testing, Am. Sot. Mech. Eng. Pressure Vessel 
and Piping Division, Vol. 82,1984, pp. 289-296. 
M.R. Baum, The velocity of missiles generated by the disintegration of gas pressurized vessels 
and pipes, Am. Sot. Mech. Eng. Pressure Vessel and Piping Division, Vol. 82, 1984, pp. 67- 
83. 
M.R. Baum, Large missiles generated by the rupture of gas pressurized vessels: A summary 
of current data from experiments at CEGB, Berkeley Nuclear Laboratories, Am. Sot. Mech. 
Eng. Pressure Vessel and Piping Division, Vol. 82,1984, pp. 39-50. 
M.R. Baum, Disruptive failure of pressure vessels: preliminary design guidelines for fragment 
velocity and extent of the hazard zone, J. Pressure Vessel Technol., 110 (1988) 168-176. 
D.M. Brown and P.F. Nolan, The effect of external blast on cylindrical structures, In: The 
Assessment and Control of Major Hazards, Inst. Chem. Eng. Symp. Series No. 93, Pergamon, 
Manchester, 1985, pp. 229-245. 
A.J. Neilson, Empirical equations for the perforation of mild steel plates, Int. J. Impact Eng., 
3(2) (1985) 137-142. 
J. Jowett, The Effects of Missile Impact on Thin Metal Structures, Report No. SRD R 378, 
United Kingdom Atomic Energy Authority, Warrington, 1986. 
W.E. Baker, P.S. Westin and P.A. Cox, Methods for prediction of damage to structures from 
accidental explosions, Int. Conf. on the Transportation and Storage of LPG and LNG, Brugge, 
1978, pp. 339-346. 
D.K. Pritchard, An experimental and theoretical study of blast effects on simple structures 
(cantilevers), In: Proc. 4th Int. Symp. on Loss Prevention and Safety Promotion in the 
Process Industries, Inst. Chem. Eng. Symp. Series No. 82, Pergamon, Manchester, 1983, pp. 
D23-D32. 
N.F. Stilly and W.G. High, The blast effects of explosions, In: 4th Int. Symp. on Loss Pre- 
vention, 1986, pp. 39-1-39-15. 
W.E. Westin, Summary of Ruptured Tank Cars Involved in Past Accidents, Report No. RA- 
01-2-7, Railroad Tank Car Safety Research and Test Project, Chicago, IL, 1971. 
C.E. Reedy, Sequence of Events Followillrg Crescent City Derailment, Report No. RA-Ol-l- 
1, Railroad Tank Car Safety Research and Test Project, Chicago, IL, 1970. 
C.E. Reedy, Sequence of Events Following Houston Texas Derailment, Report No. RA-03- 
3-9, Railroad Tank Car Safety Research and Test Project, Chicago, IL, 1971. 
G.M. Grange, Report of the Mississauga Railway Accident Inquiry, Report No. T22-501 
1981E, Canadian Transport Commission, Ottawa, Ont., 1980. 



58 

59 

60 

61 

62 

63 

64 

65 

66 

365 

J. Magee, Report of the Inquiry into the Failure of UTLX 9846 on Feb. 28 1984 in the CN 
Company’s MacMillan Yard in the Township of Vaughan, Ont., File No. D. C. 15.7.13, Ca- 
nadian Transport Commission, Ottawa, Ont., 1985. 
R.S. Charlton and I.M. Heslop, Summary Report on Propane Bulk Rupture near Salmon 
Arm, B.C. June 13, 1984, Report No. TP6523E, Transport Canada Transport Dangerous 
Good Directorate, Ottawa, Ont., 1984. 
B.W. Christ, Analysis of the Pneumatic Burst of a Large Seamless Steel Pressure Vessel in 
Natural Gas Service, Report No. DOT/RSPA/MTB - 78/4, U.S. Department of Transport, 
Washington, DC, 1979. 
J.B.R. van der Schaaf and C.F. Steunenberg, Investigation into the circumstances surround- 
ing an accident in Nijmegen involving a tanker, Inst. Chem. Eng. Symp. Series No. 80, 
Manchester, 1983, pp. N14-N23. 
H.I. McHenry, D.T. Read and T.R. Shives, Failure analysis of an amine-absorber pressure 
vessel, Mater. Perform., 26 (1987) 18-24. 
C.M. Pietersen and S. Cendejas Huerta, Analysis of the LPG Incident in San Juan Ixhuate- 
pet, Mexico City, 19 November 1984, TN0 Report No. 85-0222 8727-13325, The Hague. 
C.M. Pietersen, Analysis of the LPG disaster in Mexico City, J. Hazardous Mater., 20 (1988) 
85-107. 
P.L. Holden, Assessment of Missile Hazards: Review of Incident Experience Relevant to 
Major Hazard Plant, Report No. SRD R 477, United Kingdom Atomic Energy Authority, 
Warrington, 1986. 
G.R. Collins, BLEVE in an LPG storage yard, Fire Command, 53 (9) (1986) 18-21. 

Bibliography 

K.W. Blything and K.C. O’Donnell, Storage hazards and risk, In: 1988 European Seminar on the 
Pressurised Storage of Flammable Liquids, London, 1988,15P. 

L.J. Manda, 1975, Full Scale Fire Tests Railroad Tank Car Safety, Report No. RA-11-6-31 Re- 
search and Test Project, Chicago, IL. 

E.A. Phillips, Effectivenessof ShelfCouplers, Head Shields andThermal Shields on DOT 112 (114) 
and 105 Tank Cars, Report No. RA-02-5-51, Railroad Tank Car Safety Research and Test 
Project, Chicago, IL, 1985. 

H.A. Pohto, Energy release from rupturing high pressure vessels: A possible code consideration, 
J. Pressure Vessel Technol., lOl(5) (1979) 165-170. 

A.M. Skogsberg, Review of Literature and Related Experience, Report No. RA-04-1-8, Railroad 
Tank Car Safety Research and Test Project, Chicago, IL, 1971. 


