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ABSTRACT

small scale experimentar work involving the sudden and totar
failure of vessels containing pressurised riquids has red to the
generation of information and data concerning the two phase
releases produced. Vessel failure is simulaied using two
experinental techniques and the importance of "ãiluremode" observed. Experimental Data is presented, trends
within the rereases are described and some simpre empiricat
expressions are derived. The work has led to the development
of unique measurement systems that can be applied to Lrger
scale experiments with ease.

INTRODUCTION

The use of pressure ro sr,ore low boiling point materials as liquids is widespread
and common rhroughout modern industry- The materials ,toreá 

"an 
be flammable

or toxic (or boür); they are stored at ambient lemperaturgs, using tlei¡ own vapour
pressure to hold the material in the liquid phase. pressure is maintained by the
tensile snength of the vessel walls against the pressure exerted by the stored
material. Releases from such vessels have occurred with disastro* ,'*r"qurn"",
(e.g. [1], [2]).

This small scale work simulates catastrophic (sudden and otal) failu¡e of such
vessels whereby fhe surface of the stored maærial will be insurnuy reduced to
aunospheric pressure and the pressure decrease is transmitted nrougtr the material
at the speed of sound. As depressurisation occu¡s, tìe thermody*rñi. equilibrium
changes. In order to regain an equilibrium state some of ttre tiquio will "flash boil,,
to vapour. The cooling o.f ttre remaining liquid to its normal boiling point at
1r-nogneric pressure provides the latent heat of vaporisation necessary to achieve
this. The flashed vapour wilr continue úo expand until its pressure à."r.u.". to
aunospheric. This will cause violent motion within the remaining liquid, the
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expanding vapour bubbtæ causing it to break up. This action will result in some

of the remaining liquid forming droplets that are entrained ino the expanding

vapour and carried away ftrom the vessel.

As products of the two-phase release move âway f¡om the vessel three distinct
pafts can be discerned: the flashed and expanding vapour, the entrained droplets

and the remaining body of liquid that has not been broken up. Such releases of
flammable or toxic materiais into the surrounding environment would be hazardous

to life and, in the case of flammable releases, to pfoperty. The extent of this

hazad will de,pend upon the thermodynamic, flammable and/or toxic properties of
the material involved.

VESSEL FAILURE MODE

While it was not the inændon of the study team to perform a detailed analysis of
the mechanics of vessel failu¡e it was appreciated at an early stage in the work that

the range of possible scenarios is best envisaged as a spectrum with two extremes:

[1] Ductile Fracture - an example would be the "tear" occurring

as a vessel fails after long exposure o an impinging flame'
relatively few large pieces yielded (sometimes there may be only
one, much distorted, piece).

[2] Brittle Fracture - the type of failure exhibited by glass or
cast fuon, numerous fragments of varying size being evolved.

The two experimental rigs used to simulaæ vessel failu¡e in this work have been

desþed with the intendon of representing "ductile" and "brittle" failure modes

respectively.

Experimental Method #1.
This involved the use of aluminium spherical vessels of volume 6.8 x 10'a m3 and

8.5 x 1û5 m3, held together as two hemispheres under pneumatic pressure, [3].
The vessel was filled to various levels with Refrigerant 11 (R-11) or Refrigerant

ll4 (R-ll4) used as the model material. Caastrophic failure was simulated, at

various internal pressures and fill levels, by reversing the pneumatic cylinders, thus

pulling the hemispheres apart. This event was recorded using high speed cine film
(up to 1000 þs) and found, in summary, to consist of successive pulses of almost
planar, radially expanding toroidal jet, perpendicular to the direction of the

movement of the vessel halves.
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E:rperimental Method #2.
Vessel failure was simulated through the destruction of spherical glass vessels, [4],
conøining R-ll, R-114 and R-113. The model materials were again internally
heat€d with failure being effected by mechanical impact (the impingement of a
diamond tipped hammer) at a point along the horizontal axis of the vessel. This
resulted in an initial escape ftom the part of the vessel walls surrounding the
vapour phase (of a non-full vessel) suggesting crack propagation occurs more
rapidly over this a¡ea. This was put down to a damping effect of the induced
shockrpave by the liquid layer and filmed evidence was supported by the fact that
the ve.ssel fragments from the vapour layer were smaller than those from that of
the liquid. Another effect of this phenomenon \il¿¡s that at higher initial pressure,
as the vessel failed, a larger propotion of the release was directed upwards and the
cloud moved at higher speeds vertically than horizontally outwards.

It is not possible, or indeed desirable, to present all the results genemted here.
Therefore, unless othenvise stated, the results quoted will be fhose recorded using
R-l l, with a 507o fill in the relevant vessel with initial vessel pressure being the
pafameter focussed upon.

Similarly a detailed description of the measurement systems used will not be
provided, this can be obtained from the âuthors' previous work ([3], t4l, t5l, t6l).

VESSEL OPENING CHARACTERISTICS

Information regarding vessel opening was obtained through filming for both pieces
of apparatus but, because of the experimental differences, is expressed differently.

Experimental Method #1.
The area (A) available to ttre maærial in the vessel was found to be a linear
function of time such that:

Large Vessel (6.8 x 104 m3)

Small Vessel (8.5 x l0s m3)
$-= 0.122¡
As = 0.051 t

Where t is in seconds and A in m2

Experimental Method #2.
opening time, the time at which the vessel is considered fully failed and not ro
hinder the release further, was observed to be a function of pressure and, to a
iesser extent, fill level (see the above discussion on failure mode for Exp. #2).
Table I pr€sents the resul¡s from a series of experiments where only initial preEsure
was varied.
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Table 1.

The development of expressions to define opening time from the above results is

hampered by the somewhat arbirary determination of the point at which the vessel

is to be considered "fully open".

In summary the filmed overall release durations from both experiments can be

expressed:

Experimental Method #1:
Experimental Method #2:

Duration 0.2 - 0.3 s

Duration 0.1 - 0.2 s

It becomes apparent that the slower vessel opening raæ of Experimental Method

#l has a considerable effect on the release formed subsequent to failure.

RELEASE VELOCITY MEASUREMENTS

The velocity of the overall release (aerosol) has been measured for both

experimental rigs using high speed cine film. Here, again the different techniques

for failing the experimental vessel strongly characterise the results, consider figure
1 of mean exit velocity with initial pressure:
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The exit velocity was recorded with time over the entire release "circumference"
over a range of pressures and a characterisric decay emerged, see figure 2 below:

Fieufe 2. Release hom 512 kPa

o
o.0o o. l0 

time (s) 0.20 0.30

Curves of this type cr¡n be explained if it is assumed that, for this experimental rig,
there is a slight delay in rhe onser of flashing @. The flashing is preceded byi
high velocity vapour expansion, (x - y), which, while entraining some liquid
droplets, originates from the vapour layer of the vessel.

There are complex effects involved here and a full appreciation of events must
incorporate an understanding of the variæion of the number and size of droplets
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generated with time. Re,sults subsequently presented show that þoth the number and
size of droplets around point Y on figure 2 is cha¡acæristically low, a small
fraction of the initial mass of liquid held in the vessel. This has enabled
deveþment of a simple empirical expression o describe exit velocity (u) witt¡
time (t) as a function of initial pressure @):

¡ = (0.014P - 14.35) - ¡(56.44 - 0.148P - 7.15x104tt)

ïVhere: u is in m/s
tisins
P is in kPa

This produces results: Theoretical Release Velocity with Time.

Fiqure 3.
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This relationship applies only to droplet velocities and vapour is likely to be
moving more rapidly.

Experimental Method #2
Aerosol cloud front velocity mea.surements for this âpparatus, by necessity,
concentrated on the decay of velocity with distance, see figure 4.
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Figuf€ 4' Acrud cloüd Frunt speed v¡ Dict¡ncc Frbm vcssel

131

f'fcú Spod(E/l)
Sir¿of Ye¡
}lodcl M¡sial
ModôdF¡ilEc
Fül-lcvÊl

I litrr
R-ll
¡Dú
5mnl

é0

0
0.r 02 03

Diflæ&uVcrsd(n)
0.4

o 570tI| a ¡1?l lÙt¡t 2ó.aPt r ãbkP¡
e 410 kh. lZ¡kIà

+ 3{5 lhr l¡()tP¡
x 29ólP¡

Extapolation of this data back [o r = 0 (vessel wall location) has led to the
following rclationship to describe mean exit velocity (u) with internal pressure (p):

u = 40.28 + 4.08x10'tp - 3.55xl0aP

rilhere u is in m/s and P in kPa.

Results from this expression were compared with those from the general expression
for an isenüopic expansion [7]. For an expansion from initial condition, l, to some
final condition,2, (which may be atmospheric or greater) the initial front velocity
is given by:

15 rf = hn - lxhrs2 + hJ - V,(p, - p) + Vr@, -p)

lVhere: u = Expansion Velocity
h = Enrhalpy
X = Quality
V = Specific Volume
P = Pressu¡e

r ild , refer to liquid and vapour phases

r, z ârìd . refer to initial, final and ambient conditions.

Table 2 below shows a comparison benveen the exit speeds, i.e. at the beginning
of the expansion, established from both experiment and theory for various internal
pressures using a 507o fill-level of Refrigerant-l1 in a lx10'3 m3 vessel. The results
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indicate that the theoretical calculations overestimate ttre exit speed found by
experiment by a value of approximately 30 m/s. In their experimenß, Schmidli et
al., [7], also found that the actual experimental values of expansion speed were
overestimated by the theoretical model. They suggested that this is probably
because the expansion speed is lowered due ûo conductioty'convection processes

during bubble growth.

Table 2 Exit Speed vs Internal Pressure

INTERNAL PRESSURE DECAY

The delay in the onset of flashing predicted after observation of the records of
velocity decay recorded for experimental method #1 is supported by examination
of the internal pressure hisories recorded by an inærnally mounted transducer in
one vessel "hemisphere" mounted on that dg; r"e figure 5, over:

140 11 42.0

s0.6172 19

60.6206 26

264 44 71.8

296 51 78.9

86.7345 60

410 66 96.7

471 72 r04.3

570 78 ttr.2
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Fisure 5.
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Release pressure, moment of simulated failure.

Rapid pressure decay due to vapour expansion.

Sudden transition to the "slower" flashing process which
dominates recorded pressure.
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To aid explanation of the observed phenomena figure 5 has been labelled A, B and
C, the decay is discussed below:

-i0 o

B - C A slower pressure decay during the flashing process,
gradually settling down to arnospheric pressure.

This inærp'reation of results provides a likely explanation to the irregularities in
figure 5 and similar traces - til rhe spikes during the initial, nupo* teluted, decay
are due to the pressure wave reverberation within the vesìel disturbing an
othenvise relatively smooth decay (expansion); [ü] The flashing process is recorded
as more turbulent because the nature of the process involves the,úansducer gering
"bomba¡ded" with liquid, this continues, with declining vigour, until equalisation.
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MODE OF NUCLEATION

It was appreciated that there are two possible boiling rcgrmes for the above
experiments:

[] Heterogeneous Nucleation or nucleate boiling, where bubble
formation occurs at the liquid / solid (e.9. vessel wall) interface,
at "nucleation sites".

[2] Homogeneous Nucleation occurs in the absence of, or
wiúrout, nucleation sites such that normal flashing is suppressed
and a metastable superheated liquid results. A depressurisation of
this type could not be continued indefinitely - eventually the
reduced thermodynamic limit of superheat would be reached and
vapour formed in the bulk liquid. This "nucleation" occurs over
a very short period (-¡rs) and results in a violent shock wave.

The shock wave mentioned in [2] above would manifest itself as a sharp increase
in pressure on pressure records of the type presented above. That a "spike" does
not app€ar supports tle case for assuming a heterogeneous mode of nucleation in
the described experiments.

Evidence of the occurrence of homogeneous nucleation in accident investigations
is rare and some workers (e.g. t8l) have had difficulty generaring resulrs ro supporr
its occurring experimentally. Thermodynamic arguments to further support the
nucleate boiling scenario have been advanced in previous work by one of the
authors of this paper [3].

DROPLET CHARACTERISTICS

The recording of droplet cha¡acteristics was achieved using two separate pieces of
equipment

[] The use of a high speed camera, capable of fihning ar nltes
of up to 10,000 þs (40,000 withVr framing) in conjuncrion witl
a 10 Watt pulsed (synchronised) copper vapour laser and an
industrial borescope.

[2] A laser difftaction unit with operating range 0 - 1800 ¡rm and
dedicated particle sizing software.

The high speed cine work provided more detailed information about the releases,
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but tmk longer to set up and analyse; the laser diffraction unit proved reliable for
illustrating overall rends.

Droplet diameters reported, unless otherwise stated, are Sauter mean values, this
is de.scribed as follows:

d = Enod
' E no¿Í

i.e. it is the ratio of the total volume to the total surface area. Hence, it is more
representative of the total volume of liquid with respect to the number of droples.
For example, if lhere are two droplets of vastly different diameter, the arithmetic
mean diameter will simply be the average diameter of the two droplets. The toal
volume based on this diameter and the number of droplets will be less tt¡an the
actual volume. However, the Sauær mean diametpr will be closer to the diameter
of the larger droplet and generate the correct lotal volume, with respect to the
number of droplets.

It is important to appreciaæ the complexity of such releases - for insønce the
combinedeffects of gravity (both rajectory "skew" and "rainout"), evaporation, and
recording window location conspire to make the resuls more qualitative than
quantitative. It becomes apparent that any droplet size distribution has both spatial
(location specific) and temporal (time specific) componenfs. The releases generated
by the two experimental set-ups are effectively two and th¡ee dimensional
respectively.

Analysis of the complete daa set is ongoing.

Experimental Method #1
The tends illustrated by a series of experiments using both measu¡ement systems
a¡e described below:

tll Figure 6, over, is a typical plot of showing the number of droplets
recorded with time at a point 0.65m away from the vessel cenEe.
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Fiqure 6. Frton I I Relcucd r¡ ¡t54 kPr Ræorúcd er O-65m
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The tlvo $,aves of drqlets demonstate agreement with ea¡lier results (exit velocity
measur€ment and pressurÞ histories) in that the vapour expansion is followed by
a distinct flashing process.

Í2'l The number of droplets observed decreased with distance away from the
vessel due to evaporative, rainout and gravity skew effects (all results were taken
horizonally away from the vessel) and the smaller relative size of the recording
window.

t3l Size Distribution - detailed analysis of one run is presented (figures 7 &
8) and the disfibution of droplet size for both phases has been characærised as log
normal.
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t41 Dr,oplet size increases with time - this was expected, exit velocity has been
shown o decay and the weber No. [9] which is used to determine the søbility of
liquid jets, contains a velocity term:

Where:

N - oru2d
^.Wo - O

p¡ = External gas density
u = Velocity of jet with respect ûo gas
d = Critical length dimension
o = Surface tension

There a¡e accepted "critical values" for the \ileber No. and for a liquid jet of the
type examined here arange is defined (12 - 30) above which "break-up "will occu¡.
There is difficulty associaæd with determining critical rrl/eber No. values for the
experiments conducted because much of the data was obøined after the release had
"broken-up"; and that gathered during "brealc-up" was not easily quantifiable. It
was prefened to back calculaæ ftnowing the mean exit velocity / pressure
relationship, values for the density of air, and the surface tension / pressure
relationship for R-11) enabling the calculation of the "maximum stable droplet
diameter", see figure 9.
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Fieure 9.
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Comparison of these calculaæd values with mean droplet diameter daø indicates
that the Nw. critical range can be reduced in the conæxt of this $,ork ûo between
20 and 30.

t5l Using üe laser diff¡action unit a decrease in droplet size was found wittr
increased int€nial pressure, see figure 10.
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Experimentat Method #2
The copper vapour laser photographic sysæm proved extremely effective in the
determination of droplet sizes, velocities, Eajectories and concentrations and only
results from this system will be presented for tl¡is experimental apparatus. Again
a variety of fends become apparent:
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tll Figure l1 illusrates the droplet number changes with time. The droplet
concentration ræidly increases !o iß peak value at 15 ms and then decays ûo zefo
with the exception of a second peak at about 26ms. This could be as a result of the
phenomenon prreviously described for experimenûal rig #l though the effect is less
distincr

Droplct Numbcr Cone¡¡tr¡tion v¡ Tlmc

lL21 Fig¡¡r€ 12 illusraæs a rypical example of droplet size disribution.

when the corpleæ data set is examined the results indicaæ that droplets are
disributed over a greater size range in releases at lower internal pressures
(superheats) and higher fill-levels and rhat a log normal distribudòn again
characterises results.
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l3l Figure 13 indicarcs the variation of mean drorplet diameter with distance,
as the droplets a¡e driven away from tl¡e vessel. The graph indicates that, fø
constant initial conditions, tho mean droplet size dec¡eases as the droplets move
away from the vessel, quantification is again complicated by effects described
earlier (expr #l). In addition, at distances close to the vessel, (i.e. 0.16 and 0.22m),
dropleb arr secn to break-up.

Fieure 13.
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t4l Figure 14 shows that vessel fill-level influences the droplet size. The graph

shows how the mean droplet size increases with fill-level.
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t5l Figures 15, 16 and 17 indicate how droplet size is also influenced by the
inærnal pressure. All the graphs show that by increasing the intemal pressure and
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keeping all ttþ other væiables constant, the mean droplet size will dec¡ease.
Figures 15 and 17 also show that there is similarity between the results using
Refrigerant-lI and Refrigerant-l14 for similar initial conditions.
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Figure 17.
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t6l Figurcs 18, 19 and 20 show how ttre graphs of droplet speed against time
vary $¡ittr int€rnal pressurer fill-level and distarice from the vessel rcspectively.
Figure t8 indicates that droplet speeds increase with greater intÊrnal prcssures.

Figure 19 shows thæ the mean úoplet speed decreasas less rapidly as the fill-level
is increased- Figure 20 indicates that droplets decelerate as they move away from
the vesssl.

Fieure 18.
r'hSFd(o/l)

x

Sirof Vc-¡ .l lire}lút Èl¡ai¡l ¡ R-lIModrofFåilurc ¡lMct
Filt-þvc¡ - 500r¡¡
Dir¡EhG YG.!c¡ .O32m

oorf,ooo-:'::::::i::i 
r:

30

o
o?o'? o

ltú(E!)

x
Xx

x
5

ml00

o 5?0LPr ¡:MIP¡ô fnlPr t ¡mlP¡ +



Physical Modelling oJ Two Phase Releases follæaing Failure of Pressurised Vessels

Fiet¡re 19.
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Results of individual aprosol droplets have also shown that some distance ouq as
the velocitie's of ttre droplets decrease, the speed of any given droplet becomes a
function of its size at any point in time and space, i.e. the larger the droplet, the
$eater its spe€d. Figure 21 plots droplet velocity against droplet diameter.

o 9q)d À 7ü)nl v JODI + 3mD¡
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Fieure 21.
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I7l High speed cine films of the droplet fronts provide an indication of their
rajecories. At the beginning of a release, the droplets are source-driven and are
propelled radially away from their original position. rJVith increased time after
failure tlrc droplets begin to lose speed, n¡rbulent effects cause the droplets to move
in other directions and the effect of gravity gmdually becomes more pronounced.

DISCUSSION

Both experimental rigs have been shown to generate repeatable results which
char¿cærise the two-phase releases generated. The "failure mode" is shown to
snongly cha¡acærise the releases and comparison of the two daø sets illustrates
considerable differences.

It is generally appreciated ttrat the value of work of this type hinges on the
requirement of the experimental technique to have all the significant cha¡acæristics
of a real system reproduced to scale (geomerically similar) and to satisfy material
and dasign rcsrictions ftinematic and dynamic similitude). lilork is being
conducted using simple dimensional analysis and the Buckingham Pi Theorem o
both inroduce physical properties to the empirical equations generated by
experiment and to assess the degree of similarity exhibited by sysæms of this type
in terms of relevant dimensionless gloups (eg. Reynolds No., Weber No.). Initial
results are encouraging but the situation is complicated by the lack of relevant data
at larger scales.

The measurement systems evolved furing the course of ttris work have proved
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successft¡l and have applicæions both at larger experimenalscales and or¡tside this
field.
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