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Abstract Explosive evaporation of a superheated liquid is
a relevant hazard in the process industry. A vessel rupture
during storage, transport or handling may lead to devastat-
ing blast effects. In order to assess the risk associated with
this hazard or to design protective measures, an accurate
prediction model for the blast generated after vessel rup-
ture is needed. For this reason a fundamental understanding
of the effects of a boiling liquid expanding vapor explosion
(BLEVE) is essential. In this paper, we report on a number
of well-defined BLEVE experiments with 40-1 liquid CO,
bottles. The existing inertia-limited BLEVE model has been
validated by its application to these experiments. Good qual-
itative agreement between model and experiment was found,
while quantitatively the results provide a safe estimate. Possi-
ble model improvements taking into account the finite rate of
evaporation are described. These comprise phenomena such
as bubble nucleation and growth rate, and the two-phase flow
regime. Suggestions for improved experiments are given as
well.
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1 Introduction

Explosive evaporation of superheated liquids is a hazard
faced in many sectors of the process industry. The burst
of a pressure vessel containing liquefied gases such as, for
instance LPG, ammonia or carbon dioxide is a scenario con-
sidered in many industrial hazard evaluations. We use the
acronym BLEVE (boiling liquid expanding vapor explosion)
to denote the creation of a blast wave by the rapid evaporation
process. Note that the possible chemical explosion follow-
ing the mixing of the released vapor with air is left out of
consideration.

Traditionally, the strength of a BLEVE blast is obtained
from an energy estimate [1-3]. Underlying these energy esti-
mates is an assumption that the energy release in the source
area (the evaporation rate) is high. A loss factor represent-
ing how much of the energy is used for the acceleration of
projectiles rather than for the creation of a blast wave can be
taken into account. Such estimates represent idealized situa-
tions, with spherical symmetry, or hemi-spherical symmetry.
To be more general and flexible, the geometry of the specific
system and the equations for phase change and for blast wave
generation have to be taken into account.

Under normal conditions, liquid and vapor in the vessel
are in thermodynamic equilibrium with each other. When
the vessel ruptures, the pressure suddenly drops to ambient
pressure. In equilibrium at lower pressure a larger fraction is
vapor and the system will evolve in that direction by evapo-
ration. The quick phase change from liquid to vapor causes
a large volume increase. One cubic meter of liquid carbon
dioxide, for instance, gives rise to more than hundred cubic
meters vapor under atmospheric conditions. Before the evap-
oration starts, the superheated liquid is in a metastable state.
At this moment the temperature is above the boiling tempera-
ture at ambient pressure. Depending on the evaporation rate,
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the volume of the system will increase. Ambient air will be
pushed aside, with a blast wave as possible consequence.

At small overheating the evaporation will only start at
evaporation nuclei at walls and at impurities or ions in the
liquid. The evaporation rate is then far too low for the devel-
opment of any significant blast effect. Reid [4,5] observed,
however, that explosive evaporation occurs when the lig-
uid temperature is above some temperature level, namely
the superheat limit temperature (also called homogeneous
nucleation temperature). Only in this case evaporation occurs
simultaneously throughout the liquid. In the entire liquid vol-
ume, vapor develops and strongly expands, entraining the
remaining liquid. During this process, the liquid atomizes
into small droplets, which allows an efficient further phase
change. According to Reid [4,5], only such an evaporation
process can be fast enough to produce significant blast. As
a rule of thumb, Reid [4,5] found the superheat limit tem-
perature to be approximately equal to 90% of the critical
temperature.

Although the superheat limit theory of explosive evapora-
tion is widely accepted in the literature on explosions [1,2],
it has not been directly proven to be true, due to the impossi-
bility to do detailed measurements in the superheated liquid
during a realistic BLEVE experiment. In fact, Birk et al. [6]
have expressed doubt whether evaporation of superheated
liquids can occur sufficiently fast to produce significant blast
at all.

Direct measurements of the bubble growth process at the
superheat limit were made using high speed camera obser-
vations of single small bubbles in a small amount of liquid
[7-10]. It has become clear that vaporization close to the
superheat limit is fast, because of not only the ease of bub-
ble nuclei formation but also the properties of the surface of
the growing bubbles. In [7], it is reported that the
liquid—vapor interface in a vapor explosion process has a
large-amplitude small-scale roughening during most of the
evaporative stage in contrast to the smooth bubbles in con-
ventional boiling. To make progress on the understanding
and quantification of the blast generated by explosive evapo-
ration, a well-designed experiment at a larger scale is needed.
This experiment should show whether or not rapid evapora-
tion is able to produce a significant blast, and give an indi-
cation of the conservatism in the current modeling.

The experiment described in this article concerns the
BLEVE generated after a sudden rupture of a bottle filled with
CO, at high pressure. It has the advantage that the conditions
in the vessel at the moment of rupture are well defined, and
is such that the superheat limit, in principle, can be reached
by depressurization. In the experiment, the rupture process
is nearly instantaneous and complete, and the depressuriza-
tion is not limited by a remaining containment. Therefore,
this experiment can be used to validate models coupling sub-
models for the phase change and blast generation.

@ Springer

10000

1000F €O, solid

100k CO;, liquid

E Sublimation point %

& qo} -785°Cat1am 2 ot 935'___.' i

§ i '\:,\ Criical point

2 | - & @ Linearestimate
o i B ofspinodal

a

Triple point

04 56.6°C at 5,11 atm
001f i CO, gas
0'001 L : L L L L L L L L
-140 <120 <100 80 60 40 20 O 20 40 60 80 100

Temperature (°C)

Fig. 1 P-T diagram of CO; (adapted from Shakashiri [31])

In the rest of this introduction we first describe some of the
complexity of the rapid evaporation of a superheated liquid
and then introduce the simple model that will be applied in
this article.

A distinction must be made between the thermodynamic
superheat limit (TSL) and the kinetic superheat limit (KSL).
The TSL temperature is a material property defined theoret-
ically by the vanishing of the partial derivative at constant
temperature of pressure to volume:

ap .
(%)U =0. )

Equation (1) holds on a region in phase space called the
spinodal. In Fig. 1, the approximate position of the liquid
spinodal line in the PT diagram of CO; is represented as
a straight line connecting the critical point C to the experi-
mentally determined superheat limit temperature at ambient
pressure [2]. The depressurization at constant temperature
would correspond to the line from A to B. This line crosses
the spinodal at the point indicated as X. Upon depressuriza-
tion the system then will not reach B, but split up in a liquid
and vapor phase, with the liquid phase remaining between the
saturation curve and the spinodal. The TSL can be computed
once an equation of state (EOS) describing the material is
known. Different choices for the EOS can lead to different
values [1,2]. De Sa et al. [11], Delale et al. [12] and Abbasi
and Abbasi [2] have investigated whether or not the TSL
derived from an EOS is in agreement with experiments. In
particular, the study of Abbasi and Abbasi gives a compre-
hensive set of results.

The TSL predicts where the metastable liquid becomes
intrinsically unstable, but it does not describe the kinetics
of the evaporation process. On the other hand, the KSL is
derived from kinetic theory formulae for the work of forma-
tion of critical bubbles, and is a model for phase change. The
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critical bubble size separates the cases of bubbles that will
grow or will collapse. The KSL is the location in thermo-
dynamic phase space where the critical bubble size becomes
very small, and limits to the formation of new bubbles cease to
exist. It contains as important quantities critical bubble size
and critical bubble nucleation rate. To calibrate its predic-
tion with experiments, KSL theory uses a presumed critical
bubble nucleation rate [13]. For a properly chosen EOS, the
experimentally determined KSL is quite close to the TSL.

To construct a complete theoretical model for rapid phase
change of a superheated liquid, detailed submodels are
needed for nucleation [14], bubble growth [10, 15], bubble—
bubble interaction [16] and more generally the time evolu-
tion of the area of the interface between vapor and liquid.
Pinhasi et al. [17] have formulated such a model. Their flow
model consists of a combination of the Euler equations for
the surrounding air and a two-phase model for the expand-
ing liquid—vapor mixture. The two-phase model calculates at
every position and time in the computational domain the rate
of the evaporation. The model for evaporation distinguishes
two regimes, one transport limited and one at the superheat
limit described by expressions taken from kinetic theory. It is
assumed that the liquid and the vapor have the same velocity
and pressure, but a different temperature. Pinhasi et al. [17]
report that the predictions of a 1D implementation of the
model are in agreement with the calculation of blast effects
using an energy estimate assuming irreversible expansion.
But the model has not been directly validated with experi-
ments. Recently, an application of the model to 2D cylindri-
cally symmetric or 3D spherically symmetric situations has
been made [18]. But applications in general geometries have
not been reported yet.

In this article, we follow a simpler approach, still based
on solution of the Euler equations. Two key aspects are taken
into account in the model: the heat balance (first law of ther-
modynamics) and the momentum balance (Euler equation).
It should first be pointed out that the rapid evaporation of
the liquid, in general, does not lead to complete evapora-
tion. Indeed, the heat of evaporation is extracted from the
liquid, causing a decrease of the temperature and also of
the vapor pressure of the liquid. The evaporation then stops
when the liquid temperature has fallen to the boiling tempera-
ture at ambient pressure and consequently the vapor pressure
has fallen to ambient pressure. From a calculated amount of
evaporated mass, the involved amount of energy can then
be calculated. The CCPS [19] and PGS 2 [20], for instance,
recommend a TNT-equivalency based on the full quantity of
work done by the vapor pressure-driven expansion over the
entire temperature fall. van den Berg et al. [21,22] and van
den Berg [23] go a step further and explicitly compute the
gas dynamics of an explosive evaporation process numer-
ically, starting from the assumption that the expansion is
vapor pressure-driven and there are no limitations to the

evaporation rate. This means that thermodynamic equilib-
rium at the interface between liquid and vapor is assumed.
As a result there are negligible limitations on the transfer of
heat and mass to the surface. The evaporation rate and the
consequent expansion process are then fully determined by
the inertia of the developing vapor and the surrounding atmo-
sphere being pushed away. The heat needed for the evapora-
tion is extracted uniformly from the liquid. The flow model is
a homogeneous two-phase flow model in which a single set
of Euler equations is solved. The fact that the evaporation,
in general, is incomplete is taken into account in the form of
an effective density of the liquid/vapor mixture represented
as a single phase. This inertia-limited approach is obviously
safe and conservative in its starting points. van den Berg et al.
[21-23] have applied it to the experiments of Giesbrecht et
al. [24] and have indeed found all predicted overpressure to
be above the experimental overpressures.

The rest of this article is organized as follows: in Sect. 2
we report the experiments. Three 40-1 bottles of liquid car-
bon dioxide have been ruptured and the consequent blasts
have been recorded. Section 3 subsequently presents results
of numerical simulations using the inertia-limited modeling
approach and an analysis of the agreement with the experi-
mental observations. In Sect. 4, the conclusions are given.

2 Experiments
2.1 Experimental set-up

Proper experimental observation of the blast potential of
superheated liquids requires a minimization of obscuring fac-
tors.

e The rupture of a pressure vessel should be fast and com-
plete. If the rupture is caused by prolonged heating this
is not the case, and the release rate of the liquid from the
vessel will partly determine the blast effects.

e The vapor space in the vessel should be minimized.
A substantial vapor space will act as an additional blast
source, obscuring the blast from the explosive evapora-
tion.

e A subsequent chemical explosion (combustion) of the
vapor with air should be absent, to be able to focus on
the blast from evaporation only.

Proper experimental observation of the blast potential of
superheated liquids requires, therefore, a near-instantaneous
and complete rupture of the vessel, a negligible vapor space,
and the material should be non-combustible. In earlier exper-
iments by Birk et al. [6], Giesbrecht et al. [24] and Johnson
et al. [25], not all of these requirements were met, and are
therefore less applicable to the objectives of this paper.
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Fig. 2 Schematic A
representations of the positions
of bottle, pressure gauges and
camera

3m 2m 1m

Cutting charges

12m

A

Fig. 3 Left 40-1 carbon dioxide
bottle equipped with cutting
charges on either side. Right
Pressure transducer Endevco
8530B mounted in a skimmer
plate

For the experiments described in this section, carbon diox-
ide (CO,) was selected. The critical pressure and tempera-
ture of CO; are 7.3 MPa and 304 K. Based on the information
given in the previous section, the superheat limit temperature
at ambient pressure can be estimated at 270 K. This means
that liquid CO; stored under saturation pressure and at stan-
dard indoor laboratory temperatures (around 290K) is well
above the superheat limit temperature. Furthermore, CO; is
readily available, and not combustible. Liquid CO; is typ-
ically stored in heavy steel 401 cylindrical bottles. In our
experiments, the bottles had a diameter of 0.23 m, a height of
1.37 m and a wall thickness of about 8 mm. The bottles were
filled with liquid CO; for more than 95%.

The experiments have been performed at the Laboratory
for Ballistic Research (TNO Defence, Security and Safety)
in a test bunker with an internal volume of 6 x 12 x 4m>.
An overview of the experimental set-up is given in Fig. 2.
The bottle was placed in a vertical position on the floor in
the centre of the room (Fig. 3, left). In order to have a fast
and complete rupture of the bottles, the rupture was initiated
by cutting charges. Linear-shaped charges with a length of
1 m were installed at two opposite sides of the bottle. They
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were mounted at 1.5cm distance from the bottle wall. The
cutting charges consist of appropriately shaped copper tube
filled with 90 g/m RDX (detonation velocity 8,750 m/s). On
detonation of the high-explosive, the shaped side of the tube
produces a high-velocity jet of liquid copper that cuts through
the steel wall of the bottle. Simultaneous detonation of the
charges opened the bottles near-instantaneously over their
full length at both sides. The aim was that in this way the
cylindrical wall of the bottles ruptures in two halves.

To monitor the blast waves, pressure transducers (Endevco
8530B) were installed at several distances from the bottle
in a plane defined by the axis of the bottle and the cutting
charges. The pressure transducers were mounted in skimmer
plates positioned flush to the anticipated flow (Fig. 3, right).
Grease has been applied to the transducers to limit heat trans-
fer during the experiment. Gauges B1, B2, B3, and B4 were
positioned at 1, 2, 3, and 1 m distance from the bottle, respec-
tively, at a height of 0.7 m above the floor.

The pressure signals have been obtained using the SCA-
DAS III system with a sampling rate of 202kHz. Before
the experiments, the total measurement chain of transduc-
ers, cables, amplifier and ADC was calibrated. To do this,
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Fig. 4 High speed camera
frames recorded during
experiment 2

1ms

2.5ms

the transducers were connected to a static pressure calibrator
and loaded with different pressure values. With this calibra-
tion method the pressure can be measured with an accuracy of
about 1%. Because the opening of the bottles is not perfectly
repeatable, stochastic variations were a dominant factor in
the overall measurement error. The magnitude of this error
could not be properly quantified due to the limited amount of
performed experiments. Other sources of error are reflected
blast waves from the walls and roof of the test bunker disturb-
ing the events under interest. This phenomena starts to play
a significant role after about 20ms. The measured pressure
signals have been processed in the signal analysis program
FAMOS. The colors used in Fig. 2 (black, red, and blue) cor-
respond to the colors used for the pressure—time signals that
are presented in the remainder of the article.

With this experimental set-up the large fragments of the
bottle did not strike the pressure gauges. The fragmentation
of the cutting charges and subsequent impacts at the equip-
ment, however, formed a serious problem that could not be
completely evaded. As a result the first experiment failed,
while in experiments 2 and 3 not all of the pressure gauges
worked properly. To eliminate the high frequency noise of
the impacts, a low pass filter at 10kHz had to be applied.

2ms

3 ms 3.5 ms

2.2 Experimental results
2.2.1 General observations

Figure 4 shows a number of high speed camera frames rec-
orded during the detonation of the cutting charges and sub-
sequent evaporation in experiment 2. The images provide a
qualitative insight in the timing of the events, but unfortu-
nately the blast wave cannot be clearly distinguished.

Figure 5 gives a typical example of the remains of the CO;
bottle. The bottle breaks up into two larger pieces and one
or two smaller pieces (base plate and cap). In experiment 1,
only one small piece was recovered, namely the cap.

2.2.2 Overpressure—time records

Figures 6 and 7 show overpressure—time records observed at
1, 2 and 3 m standoff in experiments 2 and 3, respectively.
All six records in Figs. 6 and 7 show an initial pulse at time
zero, which is related to the triggering of the measurement
equipment. The initial blast wave is caused by the cutting
charges and its duration is about 1ms. It is followed by a
blast wave of longer duration originating from the explosive

@ Springer



134

M. M. van der Voort et al.

Fig. 5 Typical remains of the CO, bottle (experiment 1)
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Fig. 6 Overpressure—time records observed at 1, 2 and 3 m distance in
experiment 2
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Fig. 7 Overpressure—time records observed at 1, 2 and 3 m distance in
experiment 3

evaporation process. Although initially higher in overpres-
sure, the cutting charge blast is less energetic than the evap-
oration blast and has therefore a higher decay rate. With
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increasing distance, the evaporation blast is therefore gaining
on the cutting charge blast and will overtake it in the far field.

The repeatability of the overpressure—time records in
Figs. 6 and 7 is satisfactory. Deviation from perfect repeat-
ability can be attributed to differences in energy absorbed
by debris from the bottles and fragmentation of the cutting
charges. We note that a fully controlled and symmetric open-
ing of the bottles through the cutting charges is not certain
and any asymmetries in the subsequent gas dynamics will be
most prominent at short distance.

A characteristic development is observed in the overpres-
sure—time signals recorded at 1 m distance from the bottles.
This is a location inside the expanding carbon dioxide vapor.
A positive overpressure phase of about 3 ms duration is fol-
lowed by an abrupt fall to a long phase of substantial under
pressure. The duration of the negative phase is about 10ms.
The abrupt fall of the pressure indicates the passage of a
shock that forms in the supersonic spatially diverging flow
field of the expanding mixture of vapor and liquid carbon
dioxide. Numerical modeling in Sect. 3 enables the simula-
tion of these phenomena in detail and further analysis.

3 Modeling
3.1 Introduction

Physically realistic numerical modeling of the gas dynamic
effects of an explosive evaporation event requires an adva-
nced description of two-phase flow, modeling the mass,
momentum and energy transfer between the vapor and the
liquid phase for a void fraction that develops from 0% ini-
tially to near 100% in the end. Such an approach, which
also considers the highly transient non-equilibrium thermo-
dynamics of explosive evaporation, is still a big challenge.

A good first estimate of the strength of the resulting blast
wave, however, can be obtained through a less sophisticated
approach, using a single phase flow concept, described in
van den Berg et al. [21,22] and van den Berg [23]. In this
approach, the gas dynamics of the developing vapor in the
ambient air is numerically modeled by a time step-wise inte-
gration of the Euler conservation equations for mass,
momentum and energy. The Euler equations, using the Ein-
stein summation convention, read:

% =0 (2.2)
- —(u; — .a
or  ax;

3 9 ap

Lou) + - uipu)+ L —o 2b
at(pul)+ 3Xj (“]pu1)+ 9% (2.b)
8( E)+ 0 (ujpE) + 0 (puj)=0 (2.0
_ —(u; —(pu;) =20, .C
o P T gy PR T gy
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where p is the density, u; the gas velocity in the x; direc-
tion, p the pressure, E the total specific energy, given by
E = e + 1/2u;u;, e the specific internal energy, given by
e = ﬁ, y the ratio of specific heats, x;—1 2 3 the coordi-
nates in three spatial dimensions and ¢ is the time.

The basic concept of the modeling consists of a source
area covering the initial liquid volume, from which a mix of
vapor and liquid expands into the surroundings. The com-
putational domain extends from the source boundary as far
as necessary into the surroundings. The mass flow entering
the computational domain via the boundary follows from
the local conditions (pressure and density) in the source.
The pressure prevailing at the boundary of the computational
domain is determined from the assumption that the heat that
has been extracted from the exploding system by the outflow
of mixture has led to a simultaneous decrease of tempera-
ture and pressure in the liquid in the source area. The tem-
perature decrease is determined from a heat balance and the
pressure from the thermodynamic equilibrium condition (see
Sect. 3.2).

The material that flows from the source into the computa-
tional domain behaves as a gas of high density. The density
is higher than that of pure vapor, to take into account that
in reality it is a mixture of vapor and atomized liquid. By
assuming that the mixture can be treated as a gas, effects of
surface tension and other two-phase effects are neglected (see
Sect. 3.3). By letting the outflow velocities develop freely,
the evaporation is always just as fast as the gas dynamics
of expansion allows. Intrinsic thermodynamic limitations to
the evaporation rate are not taken into account as factor that
may possibly limit the strength of the explosion. The numer-
ical method used for integration of the Euler equations is
based on flux-corrected transport [26]. The model can be
solved on a computational domain and numerical mesh of any
dimensionality.

3.2 Simple thermodynamics of explosive evaporation
in the source area

In the model of van den Berg et al. [21-23], evaporation
is assumed to occur with the liquid and vapor at spatially
uniform temperature and pressure, decreasing in time, fol-
lowing the saturation curve of the evaporating substance. For
the application to CO;, the model of van den Berg et al.
[21-23] has been generalized to the case of a system where
the triple point (7)) is at higher than ambient conditions, the
situation occurring in the P-T diagram of CO» (see Fig. 1).
In this case the system is supposed to evolve from the initial
state A following the liquid—gas coexistence curve until the
triple point 7 and then following the solid—gas coexistence
curve until the sublimation point S. While following this line
the carbon dioxide evaporates (before T) or sublimates (after
T). Possible mixing with surrounding air is not taken into

Table 1 Values of fitting constants

Model parameters Ca Cp Cc A
Unit kikg"'K~'  kIkg 'K~! K -
Value 1.85 481 x 10710 1297 038

account. To describe the thermodynamics of a carbon diox-
ide—air mixture a different P-T-diagram would be needed.

The evaporation/sublimation process requires heat, which
is extracted from the remaining liquid/solid. The decrease of
the liquid/solid mass and the fall of the liquid/solid temper-
ature are related through:

M\C\dT = LdM,, (3)

where M; is the liquid/solid mass (kg), C) the specific heat
of the liquid/solid (Jkg~' K~1), L the heat of evaporation or
sublimation (Jkg—!), dT the liquid/solid temperature change
(K) and dM; is the liquid/solid mass change (kg).

Both the specific heat of the liquid/solid (C}) and the heat
of evaporation/sublimation (L) are dependent on the temper-
ature, which has been approximated through curve fitting by
the following relations [20,27]:

C; = C4 + CREXP [l} 4
Cc

LTy = L(Ty. | =T ! 5

(T) = (O)'[TC—TJ , ©)

where C| is the specific heat (kT kg ™! K1), T'the temperature
(K), Tp the reference temperature, having the value 195K,
T the critical temperature, having the value 305K, L(7p)
the heat of sublimation at Ty, having the value 571 kJkg ™",
Ca, Cp, Cc and A are fitting constants (Table 1).

3.3 Coupling of source area and gas dynamics

The important transient properties in the source area, used as
boundary conditions for the gas dynamics in the computa-
tional domain, are the temperature, the corresponding vapor
pressure and the density of the vapor. The value of these
quantities follows from the heat balance over the total source
area. The vapor release rate (from evaporation or sublima-
tion) is fully determined by the rate at which the developing
vapor can expand in the surrounding air. The gas dynamics
is computed by the (numerical) integration in time of the
Euler equations under the continuously changing boundary
conditions in the source.

The mass fraction that evaporates/sublimates (the flash
fraction F) follows from the integration of relation (3) over
the temperature drop, AT, between the initial and a final
liquid temperature. The specific heat and the heat of evap-
oration/sublimation of the remaining liquid/solid both are
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temperature-dependent along the trajectory. When the initial
temperature is 290K and the final temperature is the sub-
limation temperature (195 K), the value of the flash fraction
can be obtained by numerical integration, and approximately
equals 40%.

Entrainment of atomized liquid/solid will of course slow
the expansion process. In the present single-phase approach
the entrainment has been accounted for by setting the den-
sity at the inflow boundary equal to the density of a mixture
of vapor and entrained liquid. In the literature this is also
known as a homogeneous flow model for a two-phase mix-
ture. The density of the two-phase mixture after the flash
fraction has evaporated is approximated equal to the vapor
density divided by the flash fraction F. Inside the compu-
tational domain the fluid is considered a compressible ideal
gas.

3.4 Simulation of the experiment

The model representation of the initial state of the experiment
consists of a source area covering the initial liquid volume
and a surrounding with stagnant air. The conditions (pres-
sure and temperature) inside the source area are computed
using global thermodynamic equilibrium as described above.
The computational domain consists of the region outside the
source area and inflow boundary conditions are specified at
the edge of the source area.

We start with the further simplification to a one-dimen-
sional spherical symmetry in Sect. 3.4.1. This simulation is
less representative for the actual experimental configuration
of course, but facilitates detailed analysis of the observed
spatial and temporal flow field characteristics. A more real-
istic simulation of the experiment is presented in Sect. 3.4.2,
where we present results for cylinder symmetry. The influ-
ence of the launched bottle halves on the gas dynamics can
however not be considered.

3.4.1 Simulation assuming spherical symmetry

The explosive evaporation of 40liters of carbon dioxide in
the experimental setup described above has been modeled
through the specification of a hemispherical source area of
0.267 m radius on a horizontal surface in a one-dimensional
mesh of spherical symmetry, i.e. with radius r as only inde-
pendent spatial coordinate. The resolution was chosen as 50
nodes per source area radius, i.e. a cell size of 5.3 mm. The
initial temperature and pressure of the liquid CO, was 290K
and 5.2MPa. The transient evolution of the overpressure at
1, 2 and 3 m distance from the origin has been recorded. The
records are represented in Fig. 8.

Comparing the computed overpressure—time records with
the experimentally observed ones (Figs. 6, 7), we note that
this one-dimensional computation leads to an overestima-
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Fig. 8 Overpressure—time developments recorded at 1, 2 and 3 m dis-
tance calculated in a one-dimensional mesh of spherical symmetry
around a source area initially containing 40-1 liquid CO; at 290K

tion of the overpressures in terms of both the positive and the
negative phases. This may not be very surprising because
all starting points in the physical modeling have been safe
and conservative. The overpressure—time records at 1 m show
a striking qualitative resemblance. A positive overpressure
phase is followed by an abrupt fall to a long phase of sub-
stantial under pressure as described in Sect. 2.2.

This phenomenon is very characteristic for the near field
gas dynamics of any explosion of large expansion ratio and
can be further studied by analyzing the plots of the flow
parameter distributions at a few consecutive points in time in
Fig. 9. Figure 9 represents full density (black), overpressure
(red) and velocity fields (blue) due to the explosive evapora-
tion of 401 of carbon dioxide at a few consecutive points in
time. Both density and overpressure have been non-dimen-
sionalized with the density and pressure of ambient air. The
source area has been indicated and extends up to a radius
of 0.267 m. The vapor conditions in terms of vapor pressure
and density in the source area are the boundary conditions
for the gas dynamics in the region outside the source area.
The mixture of liquid and gaseous CO; that starts flowing out
of the source area pushes aside and thereby compresses the
ambient air like an expanding piston. The air is compressed
in a shock that precedes the flow field. Outside the flow field
the ambient air is quiescent.

Successively from right to left in all of the distributions in
Fig. 9, the following phenomena are visible:

e A lead shock of the flow field that compresses the ambi-
ent air.

e A contact surface between the compressed ambient air
and the mixture of gaseous and liquid carbon dioxide,
which is characterized by a substantial density jump.
The density of the carbon dioxide mixture at the contact
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Fig. 9 Density, pressure and velocity fields at a few consecutive points in time, calculated in a spherical mesh around a source area initially
containing 401 liquid CO; at 290K

surface is quite high because it contains atomized liquid
and it has expanded from the initial vapor pressure of
5.2MPa down to almost ambient.

A shock, which spontaneously forms just inside the
expanding bubble of carbon dioxide. This shock is the
consequence of the supersonic velocities that develop in
the spatially expanding outflow of carbon dioxide from

the source. In the spatially diverging supersonic flow field
pressure fall goes hand in hand with velocity increase.
The shock recompresses the flow to subsonic, which pro-
vides compatibility with the flow behind the decaying
lead shock. Initially the shock inside the carbon diox-
ide bubble is driven outward by the swelling outflow.
Within the shock radius, the carbon dioxide expands
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down to near-vacuum, while flow velocities decrease.
Lower velocities in the flow field allow the shock to prop-
agate upstream back to the origin where it focuses and
subsequently reflects. Focusing and reflection go hand
in hand with recompression and secondary expansion,
which induces a secondary wave propagating after the
primary.

All of the here simulated phenomena are found back in
the experimentally observed overpressure records at 1 m dis-
tance in the Figs. 6 and 7. The passage of the lead shock
that compresses the ambient air is observed at about 2ms
followed by the passage of the shock that formed inside the
expanding CO; bubble at about 5ms. Behind this shock the
bubble expands down to almost vacuum. The experimental
observation of the passage of the same shock subsequently
propagating backward to the origin is less clear. Finally, the
secondary blast wave appears, which may be of substantial
strength.

3.4.2 Simulation assuming cylindrical symmetry

The explosive evaporation of 401 of CO; in the experimental
set-up has also been modeled through the specification of a
vertical cylindrical source area of 11 cm radius and 110cm
height on the earth’s surface. The volume of the source area
and the surrounding space was meshed using a two-dimen-
sional mesh of cylindrical symmetry of 400 x 800 cells of
1 x 1cm? cell size.

Some snapshots of the development of the pressure distri-
bution around the evaporating CO, are represented in Fig. 10.
The left side of the pictures is the cylinder axis of the mesh,
which is positioned through the centre line of the source area.
Figure 10 shows the pressure distributions using color shad-
ing and a set of isobar lines. Colors correspond to pressure
levels through a color bar. Where isobar lines accumulate,
shock phenomena are visible. The pictures show how a blast
flow field expands preceded by a shock. Around the source,
an area of substantial under pressure develops. The over-
pressure in the blast wave and the under pressure around
the source are connected in a shock. This shock propagates
up the spatially diverging supersonic expansion flow of CO,
from the source. Because initially the swelling flow veloc-
ity is higher than the propagation velocity of the shock,
the shock is driven outward. When the outflow velocities
decrease because the source runs out of CO;, the shock is
able to move upstream back to the source where it focuses
and reflects and becomes the origin of a secondary blast wave
running after the primary.

The evolution of overpressure has been recorded at 1, 2
and 3 m distance from the bottle axis at a vertical position of
0.7 m above the earth’s surface. The records are presented in
Fig. 11.
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Fig. 10 Pressure distributions produced by the explosive evaporation
of 401 of liquid CO» at a temperature of 290 K
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Fig. 11 Overpressure—time developments recorded at 1, 2 and 3 m dis-
tance from the axis of the cylinder and at height 0.7 m, calculated in a
two-dimensional mesh of cylindrical symmetry around a source area
initially containing 401 liquid CO; at 290K

The records computed in the two-dimensional cylindri-
cal mesh show a development only slightly different from
the records compiled in the one-dimensional spherical mesh.
The blast overpressures are now higher because at short dis-
tances from the cylindrical source the spatial expansion of the
gas dynamics is fully two-dimensional. The computed blast
peak overpressures are roughly a factor 1.5-2 higher than
experimentally observed. The duration of the overpressure is
slightly too short. The duration of the negative phase of the
record observed at 1 m distance is more or less reproduced.
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3.4.3 Assessment

So far, the modeling of the gas dynamics of an explosive evap-
oration process in this paper has been conservative in all start-
ing points and assumptions. By letting the outflow velocities
from the source area develop freely, the implicit assumption
was that there are no intrinsic thermodynamic limitations to
the evaporation rate. The evaporation rate becomes then as
fast as the inertia in the expansion process of carbon diox-
ide into the surrounding atmosphere allows. Possible intrin-
sic thermodynamic limitations to the evaporation process are
fully neglected in this way. If sufficient experimental data are
available, the fact that the model does not take into account
a possible limitation due to finite evaporation rate can be
simply remedied by artificially reducing the outflow veloci-
ties from the source domain. In this way, the blast computed
by the modeling can simply be made to fully correspond
to the experimental observations. In the absence of sufficient
experimental data, such tuning is impossible and applying the
model as such in hazardous materials safety investigations or
comprehensive industrial risk analyses could lead to an over-
estimation of blast effects and consequently to an overestima-
tion of risk and thereby to undesirable higher cost. To avoid
this, there is a need for more precise modeling approaches.

4 Conclusions

We have carried out well-defined experiments on the explo-
sive evaporation of the contents of 40-1bottles of liquid CO5.
The measured blast wave can be used for the validation of
BLEVE blast prediction models.

The inertia-limited modeling and simulation approach to
BLEVE [21-23] has been validated by its application to
these experiments. This has been done firstly in a spherically
symmetric one-dimensional approximation and secondly in
a two-dimensional cylindrically symmetric approximation.
Good qualitative agreement between model and experiment
was found, in particular concerning the strength and duration
of overpressure and rarefaction waves. Quantitatively, the
inertia-limited model provides a safe estimate of the BLEVE
blast due to its conservative assumptions.

More realistic prediction of BLEVE blast is desirable in
the field of risk assessment for the process industry.
In order to clarify the limitations of the inertia-limited model-
ing approach, the physics of the rapid evaporation of
superheated liquids has been reviewed. It is expected that
further development of the approach pioneered by Pinhasi et
al [17,18] can potentially lead to a better quantitative agree-
ment between modeling and experiment. This will make it
possible to quantify the relative importance of the different
physical phenomena that are not explicitly taken into account
in the inertia-limited model, such as bubble nucleation and
growth rate, and two-phase flow regime.

In order to apply the type of modeling proposed by Pinh-
asi et al. [17,18] to the experiments described above, the
following submodels have to be developed

e The thermodynamic model has to be elaborated. Care is
to be taken that it is predicting not only the properties
at equilibrium but also the properties in the metastable
state (density, sound speed, etc.).

e The mass and heat transfer at fast evaporation is to be
described accurately. Non-equilibrium thermodynamics
[28] provides the most accurate formulation. Molecu-
lar dynamics simulations can be used to related interface
properties to bulk phase properties of the metastable state
[30]. In a first approach simple relaxation models, using
a characteristic time scale for the transfer process can
be used. The latter allows studying the dependence of
the results on the assumed relaxation time, which is a
measure for the rate of evaporation.

e The initial rapid decrease of pressure at first contact of
the superheated liquid with the surrounding air has to be
described in detail.

The Eulerian—Eulerian BLEVE model described above
has been implemented and first results reported in reference
(Xie and Roekaerts [30]). The results of the application to the
experiment described in Sect. 2 will be reported elsewhere.

For future experimentation it is recommended to choose a
free field test site instead of a test bunker, in order to exclude
disturbances from blast wave reflections. This becomes espe-
cially relevant when experiments at a larger scale (i.e. bottle
volume) are carried out. Another recommendation is to mea-
sure the blast in multiple directions to capture the directional
dependence caused by the fact that the opening of the bottles
is not perfectly repeatable. Besides experiments at a larger
scale, also the dependency of blast on variations in tempera-
ture would be of interest for validation purposes.
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