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Abstract

Series of experiments were conducted with Refrigerants-
114, -12, propane and butane (boiling points of 3.4, -30.1,
-42.4 and -0.6°C, respectively) to investigate the initial
phase of sudden releases of superheated liquids due to the
catastrophic failure of the vessels containing them. The
experiments were initiated by shattering spherical glass
flasks of 100 to 2000 ml containing the liquefied,
pressurized gases. The variable parameters were the initial
superheat, ihe filling level, the height of the flask above
ground, and the relative humidity of the surrounding air.

It was found that the initial flashing process is not
determined by homogeneous nucleation, but rather by
surface instabilities which lead to an evaporation wave
traveling from the initial surface towards the center of the
released mass.

Cloud shape and expansion velocity could be
determined from high speed recordings covering the initial
stage of the release during which gravity has no influence.
When the internal energy was sufficient, it was observed
that the expanding droplet/vapor cloud initially propagated
spherically with a constant expansion velocity, until
Rayleigh-Taylor type instabilities appeared at its surface.
Information about the pool which can be formed on the
ground, the pressure decay within the flask, the droplet
sizes, and the cloud temperature was collected.

The experimental findings for the expansion
velocity, as well as for the pool fraction, were the base for
a nondimensional analysis leading to correlations which
describe the initial phase of such releases and can be used
to define the "source term" for turbulent dispersion
models.

1 Introduction

Many substances (e.g. ammonia, chlorine, propane,
butane) are stored or processed in a liquefied state in
vessels under pressure. If a failure of the vessel occurs,
part of the released material will promptly evaporate, or
"flash", and entrain with if some of the liquid as fine
droplets (or aerosol). The remaining portion of the initial
liquid mass will impinge on the ground and form a pool
which will evaporate slowly compared to the aerosol.
Thus, the pool can become a second, delayed source of

T At present: ABB Power Generation Ltd., 5401 Baden

hazardous material.
These sudden releases are considered as one of the

major industrial hazards, since they can lead to serious
damage in their vicinity, as incidents that occured in the
past have shown (Flixborough (1974), Spanish campsite
disaster (1978), Mexico City (1978), etc.). Therefore,
experimental and theoretical efforts have been undertaken
in the past thirty years to predict the behaviour of such
releases. It has been found that the release history can be
divided into three overlapping stages: inertial expansion
driven by the released internal energy; gravitational
slumping of the vapor/droplet mixture, if it is denser than
the surrounding air (which is usually the case); and
subsequent turbulent dispersion due to wind and related
effects.

Based on large-scale experiments, a large number
of dispersion models for the last and partly for the second
stage are available. As Hannah et al. [1] have shown, the
largest differences in consequence prediction result from
the uncertainty in the "source term", i.e. the state of the
released materials at the end of the first stage, which
occurs very rapidly. Indeed, little information is available
about the flashing process in such releases and
consequently about their first stage. So far, only
estimations can be made of the fraction of the initial liquid
impinging on the ground, forming a pool, and acting as a
second delayed source for the toxic and/or flammable
substance. Little is also known about the initial expansion
of the droplet/vapor cloud that is formed. Therefore, the
main aim of this work was to understand the mechanisms
governing the first inertia-controlled expansion stage of
superheated liquid releases. In this paper, findings
resulting from catastrophic failures of vessels are reported.
Experiments with directed releases are being carried out at
present and findings will be presented at a later time.

One of the main reasons for the lack of information
about the initial stage of such releases is the rapidity of the
phenomena taking place. In the small-scale experiments
reported here, the duration of the first stage was of the
order of a hundredth of a second.

Notable amongst the few related experimental
studies carried out are the early investigations conducted
by Hess et al. [2], [3] and by Maurer [4] using propylene
and propane in cylindrical tanks. Their combined data
were used to develop models based on an isentropic
expansion velocity. This is essentially the base of the
widely used TNO [5], [6] and World Bank models [7]. In
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Fig. 1: Final Experimental Setup

both cases, pool formation is ignored; thus the released
mass is overpredicted. In addition, there is strong evidence
that the initial expansion velocity is also overpredicted [8],
[9], [10], [11], [12]. Because of these, and additional
uncertainties not explicitly mentioned here [11], an
extensive set of experiments was undertaken to study the
situation at the end of the initial stage and to provide the
physical understanding to model the source term needed
for the dispersion calculations.

2 Experimental work

Three different experimental set-ups were used during this
work; a sketch of the last one is given in Fig. 1. Detailed
information can be found in the work of Schmidli [11].
The liquefied gases were held in spherical glass flasks that
could be suspended at different heights above ground, to
study ground as well as elevated releases. The initial
condition of the fluid (which was always at its saturated
state) was monitored and controlled by a thermocouple
within the vessel. A very fast responding strain-gauge
pressure transducer was mounted within the vessel to
gather information about the pressure history.
The propagation of the cloud formed was recorded with
standard video and with high speed systems at up to 6000

frames per second (fps). This high speed visualization was
necessary due to the rapidity of the processes involved.
From very fast responding thermocouples located at
various distances from the center of the release, additional
information about the cloud propagation was collected.
The thermocouples used had 50 micron thick wires and a
time constant of 5 microseconds.

A tray mounted on the ground gathered data on
pool formation.; the tray was mounted on load cells that
measured the mass collected. Some information about the
droplets was obtained using paper discs mounted
perpendicularly; the liquid was colored and thus the
droplets left marks on the paper discs giving an indication
about the droplet spectrum.

2.1 Experiments

More than 400 experiments were carried out and analyzed
using R-114, R-12, propane and butane. The test matrix is
summarized in Table 1. The parameter of primary interest
in this work is the initial superheat of the liquefied,
pressurized fluid. The superheat determines the isentropic
flash fraction x which is defined as

sig,f

where s is the entropy (J/ kg K) and 1 and g stand for liquid
and gas, respectively; i means initial state and f final
(atmospheric) state of the fluid.

Additionally, the flask sizes were varied to
investigate the influence of the volume; the filling level,
the release height and the relative ambient humidity were
also variable.

2.2 Experimental results and discussion

The results gathered by high speed recordings and other
means are presented; the focus here is mainly on elevated
releases. More detailed results can be found in the work of
Schmidli [11].

Fluid

R-114
Setup II

R-12
Setup II

Propane
Setup III

Butane
Setup III

Flask
size
[ml]
100
or
1000
100
or
1000
1000
or
2000
1000
or
2000

Height
of
release
Ground
or
5 diameters*
Ground
or
5 diameters*
Ground
or
1 meter*

1 meter*

Filling
level

full
or
half-filled
full
or
half-filled
full
or
half-filled
full
or
half-filled

Superheat
(release temperature) [°C]/
pressure [barL
26.6 (30.0)/2.5
36.6 (40.0)/ 3.4
46.6 (50.0)/4.5

52.1 (22.0)/6.0

47.4 (5.0)/ 5.5
54.4 (12.0)/ 6.7
60.4 (18.0)/7.9
42.6 (42.0)/4.1

52.6 (52.0)/5.3

Isentropic
flash
fraction

0.18
0.25
0.31

0.26

0.24
0.27
0.31
0.25

0.30
• distance between the center of the flask and the ground or tray, respectively

Table 1 Test matrix
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2.2.1 Flashing process

When a saturated liquid is suddenly depressurized, its
thermodynamic state becomes superheated. Phase change
lakes place by nucleation, i.e. by generation of nuclei of
vapor that develop into bubbles. Even with the recording
speed of 4000 fps for propane, no delay in nucleation
could be observed. Thus, it can be said that, under the
experimental conditions investigated, the onset of
nucleation occurs in less than 250 microseconds. As Fig. 2
shows, the first nuclei were formed at the cracks of the
glass flask. No nuclei were activated homogenously in the
bulk of the liquid. Boiling took place: apparently starting
from the surface of the liquid mass and moving towards its
center as an inward traveling wave. Thus, the flashing
process should be characterized by surface phenomena or
instabilities. More detailed studies of surface evaporation
are being carried out currently at PSI.

2.2.2 Cloud shape and expansion

All the fluids behaved in a similar way (except R-114 at
the two lowest superheats) and initially expanded
spherically with a constant expansion velocity independent
of the filling level. This constant expansion velocity can
be understood as follows: as long as the liquid flashes, a
driving force exists and acts against the surrounding air. At
a certain cloud expansion velocity, the driving force and
the resistance are in equilibrium and the cloud propagates
with constant expansion velocity. At the end of the
flashing process the driving force vanishes and the cloud
slows down.

The period of constant expansion velocity, which is
given in Table 2, depended on the flask volume; the larger
the flask, the longer the flashing period. This is further
proof that the flashing process can be described by an
inward traveling wave. The period with constant
expansion velocity depended also on the initial superheat;
the higher the superheat, the shorter this period, in
agreement with the increasing "violence" of the flashing
process with temperature. The constant expansion velocity
could also be measured with the fast acting TC's, by
considering their spacing and the relative time lag in their
signals.
The duration of the flashing process could be measured
with the pressure transducer mounted inside the vessel. As
long as the liquid was flashing, the pressure stayed at an
intermediate level between ambient and initial pressure.

At the end of the period with constant expansion
velocity, which appears to be essentially the duration of
the flashing process, fingers were formed at the cloud/air
interface due to Rayleigh-Taylor type instabilities. The
shape of the cloud thereafter depended on the filling level
of the vessel. Releases from full vessels retained their
spherical shape with growing fingers at the surface,
whereas releases from half-full vessels changed shape
showing both an upward and a denser, downward directed
jet. Releases from R-114 at the two lowest superheats did
not evolve spherically; slumping of the cloud could be
observed, even though up to 25 % of the initial mass

Fig: 2 Close-up recording of a Propane release showing
bubble formation and the growth at the cracks:
successive frames about 0.2 ms apart (4800 jps); 2
liter flask, full, 18° C initial temperature, elevated
release
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Fluid

R-12

R-114

Propane

Butane

Superheat

ra
52.1

46.6

47.4
54.4
60.4

42.6

52.6

Flask

Filling

100

Full

12 (3/2)

10 (2/1)

*

*

ml

Half

9(4/2)

7 (2/0)

*

*

1000 ml

Full

20(4/1)

21(2/2)

15 (4/2)
12 (4/1)
10(11/1)

10 (4/3)

7 (3/1)

Half

19 (4/2)

19 (4/3)

15(2/2)
9(4/2)
6(3/2)

*

2000 ml

Full

4c

*

20(2/2)
14 (5/1)
13 (3/2)

*

Half

*

11 (5/4)
8(3/1)
7(65/2

*

* no experiments carried out under these conditions

Table 2: Average length of period [ms] after release with constant radial expansion velocity;
in parenthees: number of experiments on which the average is based/ standard deviation

should have immediately evaporated. As other fluids
expanded spherically at even lower isentropic flash
fractions, this parameter can not be assumed to uniquely
control the process.

The initial constant expansion velocity depended
mainly on the initial superheat and not on the flask size or
the initial filling level. Comparison of the experimental
velocities with the isentropic expansion velocity,
calculated by assuming that all the energy available after
flashing is converted to kinetic energy (the basis of the
TNO and World Bank models), shows that these
theoretical values % largely overpredict the experimental
ones (Fig. 3) and can be fitted best with

"experimental = 0.28Uf -14 .8 01/S

J a _ c p J A T Pi

lit U
while the Capillary number is C a = ^ — .

o
The Ja > 55 threshold criterion resulted from the R-114
experiments which did not expand spherically. These two
experiments produced the lowest values for the Jakob
number.

The initial, constant spherical expansion velocity
can be derived from the correlation given above as

u = 0.16510-;

7

~ = ( x i h g . i + ( 1 - x i )hu ) - ( x fh i . f+ ( l -x f )h l f) with all the thermophysical properties taken at the

for uf =53m/s

2.3 Analysis of the results

2.3.1 Spherical expansion velocity

A nondimensional analysis involving all variables (initial
superheat, expansion velocity) and thermophysical
properties of interest produced the following
nondimensional correlation fitung the experimental results
better than the correlation given above

Ca = 0.165-10-3Ja177

for Ja > 55

where the Jakob number is defined as

Fig.
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iMntropic velocity [m/»]

3: Experimental versus theoretical expansion
velocities (isentropic velocity) assuming
isentropic expansion and full conversion of the
released internal energy to kinetic energy
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Fig: 4 Predictions from new correlation versus
experimental velocities

saturation state at ambient pressure, except the viscosity
which has to be taken at the initial state of the liquid. It
has 10 be mentioned that this correlation results from two
groups of fluids, hydrocarbons and refrigerants, each
having a narrow range of fluid properties and a Jakob
number between 36 and 78. Thus, extrapolation to other
fluids requires caution.

Results from this correlation show good agreement
with the experimental observations, including one for an
independent data set by Tickle et al. [13] who used a
different fluid, namely R-ll (Fig. 4). By carrying out
additional experiments with other fluids, e.g. water, it
should be possible to test which correlation, if any, can be
used to cover a wide range of conditions and fluids.

2.3.2 Pool formation

Under all experimental conditions, a significant pool
fraction could be detected. The pool fraction depended on
the initial superheat and on the initial filling level. The
higher the superheat, the smaller the pool fraction.
Releases from initially half-full flasks led to higher pool
fraction, suggesting that the bottom part was denser than
the upper part. This can be understood by assuming that
the initial vapor acted with a downward thrust on the
liquid. The measured pool fractions are shown in Figure 5,
in addition to data from other authors. Lees [14])
suggested that one to three times the initial isentropic flash
fraction is entrained as fine droplets into the cloud; the

• Refrigerant*. 0.1 liter. Ground,
a Rifrigeraste. 0.1 liter, Elevated
• Propane. 1 Uter. Derated
» Propane. 2 liter. Derated
o Eaeegawa et al.

— leee prediction
— Beat Fit Schmidli'a Data

Fig. 5
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Flash Fraction

.Pool fraction as function of the isentropic flash
fraction for initially full vessels

limits given by this suggestion are also plotted in Fig. 5.
The pool fraction data, fp, of Figure 5 were linearly

fitted as function of the initial flash fraction x which leads
to the following correlation for releases of initially full
vessels:

fp =1-2.69 X

fp=O

x<0.37

x>0.37
A similar correlation for half-full vessels was found; it
expresses the previously mentioned denser bottom part of
releases from initially half-full vessels:

fp = 1-2.18 x

fP =

x<0.46

x>0.46

These correlations can be used to predict, to a first
approximation, the state of the fluid at the beginning of the
turbulent dispersion phase (the "source term" needed for
the existing dispersion models).

3 Conclusions and Recommendations

Experimental information needed to characterize and to
model the source term for dispersion models from
suddenly released superheated liquids was gathered. The
experiments showed that the fluid initially expanded with
a spherical, constant, expansion velocity which depended
on the initial superheat but not on the filling level.
Significant pool formation could be detected under all
experimental conditions. The pool fraction depended
linearly on the initial flash fraction.
The correlations that resulted can be used in existing
dispersion models for a description of the source term, but
should be further verified with other fluids. Furthermore,
large-scale experiments should be carried out to test the
similarity laws developed for the flashing process.
Although the details of the flashing process are not fully
understood at present, the experiments have shown that it
is determined by effects taking place at the surface of the
fluid and not by homogeneous nucleation.
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Nomenclature

Ca
Ja
T
CP
f
P
h

K
s
u
X

p
a

= Capillary number
= Jacobs number
= Temperature
= Specific heat at constant pressure
= Pool fraction
= Specific enthalpy
= Specific latent heat
= Specific entropy
= Velocity
= Isentropic quality
= Dynamic viscosity
= Density
= Surface tension

Subscripts
g
1

lg
1
2

= Gas
= Liquid
= Liquid/Gas
= Initial state
= Final state

[-]
[-]
[K]
[JAgK]
[-]
[J/kg]
[J/kg]
[J/kgK]
[m/s]
[-]
[kg/ms]
[kg/m3]
[N/m]


