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Abstract

A numerical model for boil-up of superheated liquid following loss of containment and expansion of two-phase mixture into the
atmosphere is proposed and applied to evaluation of blast effects of Boiling Liquid Expanding Vapor Explosions (BLEVEs). The
model assumes that the mixture in the two-phase cloud stays in thermodynamic equilibrium during expansion, whereas theair in the
atmosphere obeys the ideal gas law with constant ratio of specific heats. The boundary between the two-phase cloud and ambient
atmosphere is considered as a moving contact surface. The problem is solved numerically in the axisymmetric framework.Sample
calculations of expansion of a spherical volume of superheated liquid are carried out for pressure-liquefied propane. Pressure
profiles demonstrating propagation of depressurization wave into the cloud are presented together with mass fractionsof vapor
in the mixture. Solutions obtained for two-phase systems are compared with those for single-phase compressed gas. Scaling of
overpressures in physical explosions is discussed. Validation of the model is carried out by comparison of simulationscarried out
in a wide range of cloud masses with experimental data. Two-dimensional simulations demonstrating BLEVE blast waves from a
bursting near-surface vessel are presented.
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1. Introduction

Accidental releases of pressurized or pressure-liquefied sub-
stances are one of major hazards in process industries, trans-
portation or storage of flammable materials. Such releases can
be caused by bursts of high-pressure vessels, pipeline rupture,5

processing equipment malfunction etc [1]. Some striking ex-
amples of how destructive the explosions caused by accidental
releases of flammable substances into the atmosphere can be are
the accidents in Port Hudson (USA, 1970), Flixborough (UK,
1974), Mexico City (Mexico, 1984), Ufa (Russia, 1989), Xian10

(China, 1998), Nechapur (Iran, 2004), Buncefield (UK, 2005).
In the conventional explosions, rapid combustion or detona-

tion of fuel yields the energy causing expansion of combustion
products which act as a piston driving the ambient gas. How-
ever, there are different kinds of explosions, termed as “phys-15

ical” (rather than chemical), which are driven by the internal
energy accumulated in compressed gas or superheated liquid
[2]. A well-known example of such an explosion is the burst
of a vessel with pressure-liquefied substance, known as Boiling
Liquid Expanding Vapor Explosion (BLEVE) [3, 4]. BLEVE-20

type events, though occurring typically with pressure-liquefied
hydrocarbons, can also occur with non-flammable substances,
or even water, provided that preheating of vessel is high enough
to bring the substance to the superheated state with respectto
its thermodynamic equilibrium state at the ambient pressure.25
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It has been shown experimentally that parameters of shock
waves from physical explosions differ substantially from those
of TNT blasts [2, 5, 6]. Large and medium-scale tests on physi-
cal explosions and BLEVEs are quite rare [7, 8, 9, 10]; laboratory-
scale experiments [11, 12, 2, 5, 6] play an important role forun-30

derstanding the features of shock waves generated by expand-
ing superheated liquids, but there remains uncertainty on how
to scale the results up to real accidents, keeping in mind mul-
tiple length and time scales present in the problem. Therefore,
mathematical modeling is helpful in filling this gap.35

Several BLEVE blast models have been proposed so far,
differing in the assumptions and level of detail with which the
complicated transient multiphase processes involved are tack-
led [13, 14, 15, 16, 17, 18, 19, 20]. The approaches can be clas-
sified into the following broad categories: i) empirical correla-40

tions aiming at comparing the BLEVE blast wave characteris-
tics (overpressure, impulse) with those of high explosives(TNT
equivalence approach) [18, 19, 10, 20]; ii) models focusingon
the processes of liquid boil-up, superheat temperature limit, nu-
cleation in superheated liquid, bubble growth etc. [21, 22,23,45

24]; iii) gas-dynamical models focusing on blast wave prop-
agation in the atmosphere, while simplifying the description
of boil-up processes by the assumption of expansion-controlled
evaporation [16] or by approximating the expanding two-phase
mixture by an equivalent gas [19]. The purpose of this work is50

to develop and validate a model “balanced” with respect to the
details level of the “internal” or “external” problems.

The proposed model for expansion of a volume of super-
heated liquid is based upon the assumption that, as the pressure
decreases, the liquid boils up and evaporates, this processbe-55
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Figure 1: Sketch of a superheated liquid cloud expanding into the atmosphere:
1 — boiling front, 2 — outer boundary of expanding two-phase cloud,3 —
atmospheric blast wave,4 — reflected shock,5 — ground surface

ing fast enough in comparison with the characteristic expansion
time so that the vapor/liquid mixture reaches thermodynamic
equilibrium. A similar model was applied to depressurization
of ruptured pipes [25]; the difference is that an open atmosphere
is considered, and no interaction with walls or flow choking oc-60

cur. Another assumption is that no mixing occurs on the bound-
ary between the expanding superheated liquid and ambient gas.

In what follows, mathematical model and its numerical im-
plementation are presented, then spherical cloud expansion is
considered, focusing on scaling of BLEVE overpressures with65

liquid mass and initial pressure. Finally, results of near-ground
BLEVE simulations are validated against the experimental data.

2. Mathematical model

The assumed structure of superheated liquid expansion in
the atmosphere is presented in Fig. 1. Two distinct zones are70

considered: i) inner zone which includes the superheated liquid
and thermodynamically equilibrium two-phase mixture emerg-
ing upon its boil-up, and ii) ambient atmosphere in which shock
waves can be generated by piston action of the expanding cloud.

The mathematical model describing the inner zone includes75

the continuity and momentum equations for boiling liquid-vapor
mixture:

∂ρm

∂t
+ ∇ρmUm = 0, (1)

∂ρmUm

∂t
+ ∇ρmUm ⊗ Um = −∇P. (2)

The mixture density,ρm, is obtained from specific volumes
of liquid (subscriptl) and vapor (subscriptv), and mass fraction
of vaporxv:

ρm =
1

(1− xv) v0
l + xvv0

v
(3)

The specific volumes of both phases,v0
l,v, are taken on the sat-

uration line at the local pressureP, while xv is evaluated from
the isoentropic relation

s0
l (P0) = (1− xv) s0

l (P) + xvs0
v (P) , (4)

with the liquid and vapor entropies,s0
l,v, also taken on the satu-

ration line. The mixture equation of state (3) is barotropic(ρm

is a unique function ofP). However, sinces0
l depends on the

initial pressureP0 (see Eq. (4)), the mass fraction of vapor de-
pends on bothP andP0:

xv(P,P0) =
s0

l (P0) − s0
l (P)

s0
v (P) − s0

l (P)
. (5)

Therefore, the mixture density also depends onP0 parametri-
cally: ρm = ρm(P,P0).

The equation of state for two-phase mixture, Eqs. (3) and (4),
is only valid for P ≤ P0, which is generally sufficient for the
description of the initial stage of two-phase mixture expansion
into lower-pressure atmosphere. However, it will be shown later
on that converging shock waves can be formed in the mixture
leading to implosion causing short-duration peak pressures at
the cloud center exceedingP0. Therefore, the equation of state
must be extended to pressuresP > P0 where the single-phase
liquid becomes subcooled with respect to its saturation temper-
ature at the local pressure. It was assumed that compressionof
single-phase liquid is isothermal (proceeding at the saturation
temperature corresponding toP0), and the pressure-density re-
lationship is described by the modified Tait equation [26]

P = P0 + B

((

ρm

ρ0

)n

− 1

)

(6)

whereρ0 is the density of saturated liquid atP = P0. In the
subcooled liquid, we setxv(P,P0) = 0, so that the mixture den-
sity and mass fraction of vapor are continuous on the saturation
line dividing the saturated mixture and subcooled compressed
liquid. However, the speed of sound is discontinuous; in the
subcooled liquid it is calculated from (6) as

Cs =

(

dP
dρm

)1/2

=



















nB
(

ρm

ρ0

)n

ρm



















1/2

(7)

Equation (6) is also barotropic, so that the same numerical pro-80

cedure can be applied for solving the mixture continuity and
momentum equations in the whole two-phase zone. The Tait
equation (6) describes compression of liquid from its saturated
state, i. e., the reference densityρ0 = ρsat(P0) and parameters
B, n depend onP0 (increase inP0 means increase in the sat-85

uration temperatureT0, decrease inρ0, and increase in liquid
compressibility).

In the ambient atmosphere, the Euler equations are solved,
with the air considered as an ideal gas with the ratio of specific
heatsγ = 1.4. The boundary between the zones is a contact90

surface moving with time. The pressure and normal velocity
component are continuous across the contact surface, whose
shape and position are obtained in the course of the solution.
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A similar model was applied earlier to spherically symmetric
expansion of superheated liquids [13, 14, 15]. Here, the model95

is extended to multidimensional problems, so that it is applica-
ble to near-ground vessel explosions.

3. Numerical method

The complex problem requiring solution of different equa-
tion sets in different domains divided by a sharp contact inter-
face is tackled by the Ghost Fluid Method (GFM) [27] in which
the cells neighboring the interface are alternatively filled with
“ghost” fluid of the same type as current, enabling solution of
equations across the boundary. The sharp interface is consid-
ered as a moving level-setφ = 0 of the distance function for
which the evolution equation is solved [28]:

∂φ

∂t
+ U · ∇φ = 0. (8)

To resolve the sharp gradients without smearing the solu-
tion due to numerical diffusion, high-order central difference100

scheme with the flux limiters maintaining non-oscillatory be-
havior [29] was applied in each subdomain to solve the govern-
ing equations.

The program was implemented in FORTRAN-90, with the
possibility to switch between 2D (axially symmetric) and 1D105

(spherically symmetric) geometries. The latter case allowed
us to run simulations on fairly fine grids (104 cells in 1D),
while 2D simulations were run on 500×500 grids. In the one-
dimensional case, convergence of solutions with respect togrid
size was checked by running test cases with grid cell sizes in-110

creased by the factor of 2 and 5. The radial positions of shock
wave fronts and pressure profiles between shocks coincided well
within 1% for all three grids. The shocks fronts were smeared
by numerical scheme to about four grid cells on each grid; im-
portantly, this did not affect the predicted overpressures. In the115

two-dimensional case, simulations were repeated on the same
grid, but in larger computational domains, necessary to obtain
the overpressure-distance data. It was found that, despitelower
resolution in the two-phase cloud region, the shock wave over-
pressure was not very sensitive to the grid size.120

4. Properties of Two-phase Equilibrium Mixture

The model for thermodynamically equilibrium mixture re-
quires properties of each phase on the saturation line; these
were taken from the NIST data tables [30]. Before resorting
to the results obtained in numerical simulations, considerthe125

physical properties of two-phase mixture described by Eqs.(3)–
(5).

In Fig. 2, pressure dependencies of the vapor mass fraction
xv and mixture densityρm are plotted for propane at three differ-
ent initial pressuresP0 = 5, 10, and 20 bar. Evidently, the mix-130

ture density is a substantially non-linear function of pressure,
in sharp contrast to linear dependencies typical of isothermal
compression of each individual phase. Also, upon adiabatic
compression of an ideal gas with some ratio of specific heats
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Figure 2: Densityρm (solid lines) and mass fraction of vaporxv (dashed lines)
for equilibrium two-phase propane liquid-vapor mixture at different initial pres-
suresP0
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γ > 1, the curve describing the density as a function of pres-135

sure,ρ ∝ P1/γ, is convex upward, whereas the density curves
in Fig. 2 are convex downward. Therefore, it is very problem-
atic to approximate the two-phase mixture by some “equiva-
lent” ideal gas which would allow the well-known shock tube
relationships to be applied.140

Thermodynamically equilibrium two-phase mixture is char-
acterized by very high effective compressibility (until the limit
of single-phase liquid is reached) which exceeds by far com-
pressibility of each individual phase (vapor and liquid). Such
high compressibility is due to the fact that pressure changes145

lead mainly to evaporation or condensation of substance (vari-
ation of xv, see Eq. (5)), rather than to compression of each
phase. Note that the assumption of thermodynamic equilibrium
means instantaneous adjustment of mixture density to pressure,
i. e., evaporation/condensation rate is not a limiting factor. As a150

result, the equilibrium two-phase mixture possesses low isoen-
tropic speed of soundCs = (∂ρm/∂P)−1/2

s . The effective speed
of sound in the two-phase propane obtained by differentiating
Eqs. (3) and (5) is plotted against pressure in Fig. 3 at the same
three initial pressuresP0 = 5, 10, and 20 bar as in Fig. 2. Also,155

the speeds of sound in single-phase vapor and liquid are plotted.
One can see that sound of speed in two-phase mixture depends
strongly upon pressure, it is significantly lower that the typical
speed of sound in liquids (of the order of 1000 m/s) and gases
(of the order of 300 m/s).160

If follows from Figs. 2 and 3 that the boiling-up front sepa-
rates two substances with very different properties, a liquid and
two-phase mixture. The low speed of sound on the two-phase
side is a physical reason which limits the rate at which pressure
drop penetrates into the volume of superheated liquid. This, in165

turn, limits the internal energy release rate.
The energy yield per unit mass of pressure-liquefied gas is

obtained as the difference of specific enthalpies of the initial
(superheated) liquid and equilibrium two-phase mixture inits
final state (at the atmospheric pressure):

∆hlv = h0
l (P0) −

{

(1− xv) h0
l (Pa) + xvh

0
v (Pa)

}

. (9)

wherexv = xv(P0,Pa) is the mass fraction of vapor determined
by Eq. (5), the specific enthalpies of both phasesh0

l,v are taken
on the saturation curve at the corresponding pressures.

Equation (9) allows us to estimate the characteristic velocity
of the mixture:

U∗ = (2∆hlv)1/2. (10)

In Table 1, results are obtained for evaporation ofM =170

103 kg of pressure-liquefied propane at various initial pressures
and corresponding saturation temperatures. The total energy
released,E = M∆hlv, is given in the energy units, as well as
in TNT equivalent units (1 kg TNT is 4.184 MJ). Note that
this conversion to TNT units is performed only to demonstrate175

more clearly the significant amount of internal energy stored in
the superheated liquid, it is not assumed that pressure waves
generated in the atmosphere are comparable. Noteworthy, the
characteristic expansion velocitiesU∗ calculated from (10) are
close to the speed of sound in atmosphere, and with initial pre-180

heating even exceed it. This high expansion velocity is respon-

Table 1: Energy characteristics of explosive boil-up of 1 tonne of propane

P0, bar T0, K xv, % E, MJ TNT, kg U∗, m/s
5 275.3 22.4 9.8 2.3 138.7
10 300.6 34.8 23.8 5.7 216.4
15 317.1 42.9 36.4 8.7 269.8
20 330.4 49.8 49.5 11.8 312.5
25 341.4 55.2 61.0 14.6 349.3
30 351.5 60.8 74.3 17.8 382.8

sible for generation of atmospheric shock waves in the events
of BLEVE.

No ready-to-use relationships for the parametersB andn of
Tait equation (6) were found in the literature for the substances185

of interest in the current study (note that these parametersmust
describe compressibility in the wide range of pressures starting
from the saturated state, whereas most values found were rel-
evant to liquids well below their saturation point). Therefore,
data from the NIST tables [30] (based on the model [31]) were190

used for several initial pressuresP0; the dependencies of liquid
density on pressure were processed in the range fromP0 to the
maximum pressure of 500 bar, and best fit parametersB andn
were found in each case. It was found that it is possible to ap-
proximate all data with a single value of power exponentn, and195

B can be approximated by the power-law function of saturation
densityρ0 (which is a function of saturation pressureP0). For
propane in the range ofP0 = 5− 30 bar the best fit is achieved
for n = 9 andB = 264.4(ρ0/100)7 Pa.

5. Results200

5.1. Structure of expanding spherical cloud of superheatedliq-
uid

Consider first the results obtained for spherically symmetric
expansion of pressure-liquefied propane, focusing on the struc-
ture of the cloud and pressure profiles in the two-phase zone205

and in the atmosphere. To this end, three cases are consid-
ered below, with the vessel diameter of 1 m and initial pres-
sureP0 = 5, 15, and 25 bar (corresponding to the initial tem-
peratures ofT0 = 274.9, 317.1, 341.4 K and initial densities
of ρ0 = 526.3, 460.3, and 408.3 kg/m3). Note that higher210

initial pressures correspond to lower densities of saturated liq-
uid due to higher saturation temperatures. At these conditions,
the masses of propane for the volume ofV = 0.524 m3 are
M = 275.6, 241.2, and 213.8 kg, whereas the total internal ener-
gies stored in superheated liquid are 2.65, 8.78, and 13.0 MJ, re-215

spectively, the energy-based characteristic velocities evaluated
according to (10) are 138.7, 269.8, and 349.3 m/s.

Numerical simulations were carried out in spherical sym-
metry on a grid spanning the radius 0–50 m, with 104 cells, so
that the cell size was as little as 5 mm.220

In Fig. 4, the pressure profiles (top row) and mass fraction
of vapor (bottom) are shown at different times, demonstrating
the expansion process at the initial pressureP0 = 5 bar. The
open dot symbol on each pressure profile denotes the position
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of contact surface between the two-phase liquid/vapor mixture225

and air, corresponding to the rightmost boundary of non-zero
mass fraction of vapor on thexv(r) graphs.

Cloud expansion proceeds in two distinct stages. The first
one, lasting for the specified initial conditions up tot = 25 ms,
is presented in the left column of Fig. 4. This stage is featured230

by layer-by-layer boil-up of superheated cloud and expansion
of the two-phase mixture, giving rise to the shock wave propa-
gating in the atmosphere. This rapidly propagating blast wave
is visible in Fig. 4 only on the pressure profiles corresponding
to the times up tot = 5 ms, then the shock leaves the domain235

plotted. Properties of this air shock (including the overpressure
decay with distance) will be considered in Section 5.3; herewe
focus on the analysis of two-phase cloud size and structure.

A distinct feature of the pressure profiles is the develop-
ment of low pressures in the two-phase zone behind the con-240

tact surface. By the timet = 10 ms a backward-facing sec-
ondary shock is formed in the cloud; up to the timet = 25 ms
this shock moves outwards, together with the contact surface.
These results agree qualitatively with observations [19] where
overexpansion to sub-atmospheric pressures behind the contact245

surface was observed experimentally.
At time t = 25 ms, cloud expansion rapidly slows down,

the two-phase cloud reaches its maximum size of about 2 m
(in radius), after which the second stage (cloud contraction) be-
gins. As can be seen in the right column of Fig. 4, the inward-250

facing shock propagates towards the cloud center, converging
and causing implosion at aboutt = 48 ms. The pressure surge
due to implosion results in vapor condensation in the cloud
center (it is at this stage the single-phase equation of state (6)
becomes necessary in the model), and the reflected secondary255

blast wave starts to propagate outwards. This wave is much
weaker than the primary atmospheric shock, however, it can
explain the double-peak pressure records obtained experimen-
tally.

Further evolution of the two-phase cloud exhibits weaker260

pressure waves, it is not considered here mostly because at
large times turbulent mixing of the cloud and ambient air must
become the primary mechanism governing the growth of two-
phase cloud and further evaporation of droplets. Effects of tur-
bulence mixing, though, were not taken into account in the265

BLEVE model developed in this work (see [14] for a model of
fuel cloud turbulent growth following pressure vessel bursts).

In Figs. 5 and 6, results obtained for higher initial pressures
P0 = 15 and 25 bar are plotted. Comparison of these figures
with Fig. 4 shows that the two-stage process of superheated270

cloud expansion is also observed for higher superheat. How-
ever, there are several distinct features in each case. The higher
the initial pressure, the more rapid is expansion process. In the
two cases under consideration, the time at which the inward-
facing shock and contact surface turn from expansion to com-275

pression is equal tot = 18 ms andt = 15 ms, as opposed to
t = 25 ms in Fig. 4. By this time, the boil-up front travels only
half the initial cloud radius in the case ofP0 = 5 bar, whereas
it just reaches the cloud center in the case ofP0 = 15 bar. In
the case ofP0 = 25 bar, total boil-up of all superheated liquid280

occurs att = 11 ms, i. e., earlier than cloud expansion stops.
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Figure 7: Time profiles of pressure at different distances from the cloud center,
P0 = 15 bar
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Figure 8: Time profiles of pressure at different distances from the cloud center,
P0 = 25 bar

The maximum radius reached by the two-phase cloud is 2.0,
2.9, and 3.25 m, respectively.

The shape of pressure pulse at several distances from the
burst point can be seen in Figures 7 (forP0 = 15 bar) and 8 (for285

P0 = 25 bar), where pressure time histories are presented at the
distances of 5, 10, and 20 m from the explosion point (cloud
center). Two to three pressure peaks are clearly seen, corre-
sponding to the arrival of the primary, as well as reflected pres-
sure waves. These results agree with experimental observations290

where multiple shocks were recorded in BLEVE blasts [19].

5.2. Boiling wave properties

Figures 4–6 show the boiling wave propagating in the super-
heated liquid towards the center. It is of interest to obtainsome
quantitative properties of this wave, providing insight into the295

complex processes involved in BLEVEs. To this end, results of
simulations carried out for vessel of 1 m diameter and different
initial pressures were processed: positionrb of the boiling front
was determined from the profiles of vapor mass fractionxv(r),
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Figure 9: Distance traveled by boiling frontLb vs time t; dashed lines show
data fit by linear functions

and the distance traveled by the boiling waveLb = r0 − rb was300

plotted as a function of time, see Fig. 9. At all initial pressures
the boiling front propagates with constant velocityUb which
was found by fitting the data by linear functions. The veloci-
ties obtained numerically coincide within 3% accuracy withthe
speed of sound in the two-phase mixtureCs at the initial pres-305

sureP0, evaluated as was described in Section 4. Numerical
values for both velocities are presented in Table 2 for the range
of initial pressures in question. Since the boiling front isprop-
agating through non-moving saturated liquid, it is possible to
evaluate the mass fluxGb = ρ

0
l Ub, i. e., mass of liquid passing310

through a unit area of the boiling front per unit time (here,ρ0
l

is the saturated liquid density atP0, also listed in Table 2. Note
that liquid crossing the boiling front evaporates not immedi-
ately, but gradually, as its pressure is diminished due to cloud
expansion.315

Table 2: Boiling wave properties

P0, bar ρ0
l , kg/m3 Cs, m/s Ub, m/s Gb, kg/m2s

5 526.3 9.54 9.88 5.20·103

10 489.3 17.29 17.82 8.72·103

15 460.3 24.77 25.70 11.83·103

20 434.1 32.33 33.48 14.53·103

25 408.3 40.26 41.79 17.06·103

30 381.2 48.88 51.00 19.44·103

5.3. Scaling of BLEVE blast wave overpressures

A common approach to generalization of blast wave re-
sults (theoretical or experimental) is Sachs’s scaling in which
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non-dimensional overpressure∆P = (Pmax − Pa)/Pa is plot-
ted against the reduced distancer = r/r∗, with the length scale320

r∗ = (E/Pa)1/3 based on the explosion energy yieldE.
This approach proves successful for high explosives because

the source sizes are very small and the energy is release is nearly
instantaneous, so that no intrinsic length and time scales except
those based on the total energy appear in the problem. For phys-325

ical explosions, neither of these factors is strictly true.In this
section, we apply the energy-based scaling approach to the (nu-
merically generated) BLEVE blast waves, considering the ef-
fects of superheated liquid mass and initial pressure, all affect-
ing the explosion yieldE = M · ∆hlv (see Eq. (9). We consider330

here spherically symmetric expansion of superheated propane
in an unbounded atmosphere, paying particular attention tothe
properties of blast waves propagating in the air. The simulation
results are processed in Sachs’s coordinates and compared with
well-known overpressure-distance dependencies for TNT.335

5.3.1. Effect of cloud mass at a fixed initial pressure
In the idealized case of spherically symmetric expansion of

superheated liquid in an infinite atmosphere, it can be shown
that for the same substance and fixed initial pressure the so-
lutions obtained for different masses must coincide in relevant340

non-dimensional coordinates. Indeed, the specific energy yield,
∆hlv, and, therefore, the characteristic velocityU∗ =

√
2∆hlv

are constant, while the energy-based length scaler∗ = (E/Pa)1/3 =

(M ·∆hlv/Pa)1/3 and the initial radius of superheated volume of
liquid r0 = (3M/4πρ0)1/3 are proportional to a constant fac-345

tor. Therefore, the problem can be reduced to non-dimensional
variables in which the equations, together with the initialand
boundary conditions, are scaled exactly and are independent of
the liquid massM.

To elucidate this similarity, in Fig. 10a the pressure pro-350

files calculated for propane explosions at the initial pressure
P0 = 10 bar are shown; the solid lines are obtained for the
vessel diameter ofD = 1 m, while dots represent the solutions
obtained forD = 0.2 and 4 m. For each set of initial conditions,
pressure profiles are shown at three instants correspondingto355

non-dimensional timest = tU∗/r∗ = 5.55 · 10−2, 2.78 · 10−1,
and 5.55 · 10−1. For P0 = 10 bar, the characteristic expansion
velocity isU∗ = 216.4 m/s; for the small vessel (D = 0.2 m) we
have the energy-based radius isr∗ = 0.78 m, the dimensional
times on the graphs aret = 0.2, 1, and 2 ms; for the medium-360

size vessel (D = 1 m) r∗ = 3.90 m, the dimensional times are
t = 1, 5, and 10 ms; whereas for the large vessel (D = 4 m)
r∗ = 15.6 m andt = 4, 20, and 40 ms.

Similar results obtained forP0 = 20 bar are plotted in Fig. 10b
at three non-dimensional timest = tU∗/r∗ = 6.53 · 10−2, 3.27 ·365

10−1, and 6.53 · 10−1. For this initial conditions, the character-
istic expansion velocity isU∗ = 312.4 m/s; for the small vessel
(D = 0.2 m) r∗ = 0.96 m, the dimensional times aret = 0.2, 1,
and 2 ms; for the medium-size vessel (D = 1 m) r∗ = 4.78 m,
t = 1, 5, and 10 ms; whereas for the large vessel (D = 4 m)370

r∗ = 19.1 m, t = 4, 20, and 40 ms.
One can see that all corresponding pressure profiles coin-

cide, which confirms the similarity of solutions. Due to this
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Figure 10: Pressure profiles from expansion of superheated propane clouds with
different initial masses: (a) P0 = 10 bar; (b) P0 = 20 bar.
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similarity, it is sufficient to carry on further studies just for one
fixed mass of substance.375

5.3.2. Effect of initial pressure
We consider here explosions of pressure-liquefied propane

contained in the vessel of diameterD = 1 m, with the initial
pressure varied in the rangeP0 = 5− 30 bar. The lower bound-
ary corresponds toT0 = 275.3 K (subcooled with respect to380

the ambient temperatureTa = 298 K), at the upper boundary
T0 = 351.5 K (preheated substance), the density decreasing
from ρ0 = 526.3 to 381.1 kg/m3; the initial mass in the fixed-
volume vessel decreasing from 276 to 200 kg. The specific
energy yields range from 9.61 to 73.3 kJ/kg which givesr∗ be-385

tween 3.0 and 5.3 m; the ratio of initial radius of the cloud
and the energy-based radius ranges betweenr0/r∗ = 0.167 and
0.094. Variation of initial pressure leads to variation in thepres-
sure ratioP0/Pa, density ratioρ0/ρa, and affects the sound of
speed in the two-phase mixture, see Fig. 3. As a result, no full390

similarity of the solutions can be expected. The task is, there-
fore, to evaluate the maximum overpressure as a function of
initial state of the cloud for different initial states.

When comparing the overpressure-distance curves from BLEVEs
with those of TNT explosions, it should be taken into account
that TNT curves are normally given for near-surface explosions,
while simulations were carried out for spherically symmetric
physical explosions in an unbounded atmosphere. A common
approach is to double the energy yields when calculating the
energy-based radius because the blast wave propagates intohalf-
space. Therefore, we consider here the energy-based radius
r̂∗ = (2E/Pa)1/3, whereE is the energy yield. The results are
presented in Fig. 11, together with the TNT curve [32]:

∆P
Pa
=

808
[

1+
(

Z
4.5

)2
]

√

1+
(

Z
0.048

)2
√

1+
(

Z
0.32

)2
√

1+
(

Z
1.35

)2
(11)

Here, Z = r/m1/3
T NT is the normalized distance converted to

non-dimensional radius byr/r̂∗ = Z(Pa/WT NT)1/3, with W =395

4.184 MJ/kg.
The results presented in Fig. 11 confirm that blast waves

from BLEVEs are weaker than those of high explosives. The
difference is especially notable for low initial pressures (5 and
10 bar), when the characteristic expansion velocities are below400

the speed of sound in air (see Table 1).

5.4. Comparison with shock tube flows and compressed gas ex-
plosions

Bursts of vessels containing pressurized non-condensable
gases also fall into the category of “physical” explosions,there-405

fore, it is interesting to compare the predicted characteristics of
BLEVE blast waves with those of compressed gas explosions.
Blast waves from compressed gas explosions were studied ex-
perimentally [33, 12] and numerically [34, 13].

From the gas dynamics point of view, flows at the initial
stage of explosions of both types are described by the classi-
cal Riemann problem on the flows generated by an initial dis-
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Figure 11: Scaled overpressure-distance curves for liquified propane explo-
sions, in comparison with TNT curve [32]

continuity separating two gas domains of high and low pres-
sure with zero initial velocities. Breaking of a diaphragm (in
a shock tube) or pressurized vessel failure initiates propagation
of a shock wave into the low-pressure domain followed by the
moving contact surface, while a rarefaction wave propagates
into the high-pressure gas causing gradual pressure equaliza-
tion in the system. In the planar one-dimensional case, the
pressure and velocity between the leading shock and trailing
contact surface are constant, they are described by the well-
known shock tube formulas relating the initial pressure ratio
P0/Pa to the shock Mach number,MS, and relative shock am-
plitude, PS T/Pa. In the case of compressed air with the same
initial temperature as the ambient atmosphere (i. e., the ratios
of specific heatsγ and speeds of sound are the same in the low
and high-pressure domains), the shock tube formulas take the
form

PS T

Pa
= 1+

2γ
γ + 1

(

M2
S − 1

)

P0

Pa
=

PS T

Pa

[

1−
γ − 1
γ + 1

(

MS −
1

MS

)]− 2γ
γ−1

US T = MScs0













1−
2+ (γ − 1)M2

S

(γ + 1)M2
S













(12)

where US T is the absolute gas velocity behind the traveling410

shock,cs0 =
√

γPa/ρa is the sound speed in atmospheric air.
In the case of compressed gas explosions, as opposed to

shock tube flow, blast wave amplitude decreases with distance.
However, at small distances the geometry effects are still weak,
and the initial amplitude of shock wave near the discontinu-415

ity can be evaluated from the shock tube relations (12). Evi-
dently, these formulas are not applicable to BLEVEs due to the
substance on high-pressure side of discontinuity being differ-
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Table 3: Initial blast wave pressurePS and contact surface velocityUC for
shock tube, compressed gas explosions, and BLEVEs

P0
Shock tube Compressed air Propane BLEVE

MS PS T US T PS UC r0 PS UC r0

5 1.40 2.14 216.7 2.11 194 0.375 1.53 117 0.168
10 1.60 2.87 280.0 2.82 278 0.272 2.01 186 0.128
15 1.73 3.37 329.4 3.25 329 0.229 2.36 233 0.113
20 1.82 3.76 364.2 3.65 358 0.203 2.70 280 0.104
25 1.90 4.08 391.1 3.95 385 0.186 3.05 314 0.099
30 1.96 4.36 413.1 4.23 408 0.173 3.35 344 0.095
50 2.13 5.19 474.2 5.10 467 0.142 — — —
100 2.37 6.54 555.5 6.40 550 0.110 — — —

ent from compressed air. Therefore, it is of interest to compare
in more detail the Riemann problem solutions for shock tube420

(1D linear geometry), compressed gas (spherical geometry),
and BLEVE. To this end, a set of simulations was run for bursts
of a spherical vessel of 1 m diameter, filled with air compressed
to pressureP0 = 5–100 bar, as well as for propane BLEVEs.
In order to provide detailed data on blast waves straight after425

vessel burst, these simulations were run on a grid spanning the
radius 0–5 m, with 104 cells (i. e., the cell size was 0.5 mm, ten
times smaller than in Section 5.1).

In Fig. 12 and 13, pressure and velocity profiles obtained
during the first 0.2 ms of compressed gas explosion and propane430

BLEVE are plotted; in both cases the initial pressure in the ves-
sel wasP0 = 20 bar. The round symbols on each graph denote
the position of contact surface, the shock tube solutions ob-
tained from Eq. (12) are shown by the horizontal dashed lines.
One can see that on the initial interval, lasting approximately435

for 0.05 ms, the pressure and velocity of the contact surface
are nearly constant, after which both decay with time gradu-
ally. The initial contact surface velocity,UC, and pressure,PC,
were estimated as average values over the first four time instants
shown; the corresponding levels are shown by the dotted lines.440

The data presented in Fig. 12 and 13 clearly show that the
blast wave generated by compressed gas explosion is very well
reproduced by the shock tube formulas, which is expected, or
course. Comparing the compressed gas explosion with BLEVE,
we see that in the latter case the shock wave amplitude and ve-445

locity are lower. It is also evident that the rarefaction wave
propagates into the two-phase mixture much slower, traveling
the distance of just 1 cm over the time 0.2 ms, as opposed to
7.5 cm traveled by the rarefaction wave in compressed air. This
result confirms the reasoning of the low speed of sound in two-450

phase mixture being the limiting factor for energy release rate
in BLEVEs (see Section 4).

To further elucidate the differences between the compressed
gas explosions and BLEVEs, in Table 3 the shock tube param-
eters (exact Riemann problem solution forMS, PS T, US T) are455

listed in the wide range of initial pressures, together withthe
contact surface pressurePC and velocityUC obtained numeri-
cally for compressed gas explosions and BLEVEs (all pressures
are given in bars, velocities in meters per second). Evidently,
in the two-phase case the shock waves generated by the same460

pressure ratio are weaker than those of compressed air explo-
sions.

Compare now the properties of shock waves from com-
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Figure 12: Shock wave formation in physical explosions atP0 = 20 bar: (a)
compressed air; (b) propane BLEVE.
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Figure 13: Velocity profiles in physical explosions atP0 = 20 bar: (a) com-
pressed air; (b) propane BLEVE.

pressed gas explosions and BLEVEs at larger distances from
the source. A known feature of Riemann problem solutions is465

that the shock wave pressurePS T is significantly lower than the
driving pressureP0 (see the first and third columns in Table 3),
which limits the maximum attainable blast wave overpressures.
For example, compressed gas explosion with the initial pressure
as high as 100 bar generates a blast wave with initial relative470

overpressure∆P = (PS − Pa)/Pa = 5.45; for propane BLEVEs
with vessel pressure of 30 bar the blast wave overpressure isas
low as 2.31. However, when comparing the blast wave proper-
ties with those of high explosives, one need to take into account
not only the overpressureper se, but also the scaled distances at475

which these overpressures are attained. It is only the “distance–
overpressure” combination that provides meaningful compari-
son and evaluation of blast wave hazards.

The energy released in pressurized gas explosion can be
evaluated from the adiabatic expansion work [35]:

E =
P0V
γ − 1

















1−
(

P0

Pa

)
γ−1
γ

















(13)

whereV = 4πr3
0/3 is the vessel volume. The non-dimensional

distance at which the shock wave is formed just after the ves-480

sel burst can be evaluated asr0 = r0 (Pa/E)1/3. For BLEVEs,
the same procedure can be applied, with the energy yield eval-
uated from isoentropic relations, see Section 5.3.1. The result-
ing values ofr0 are shown in Table 3 (note thatr0 does not
depend on vessel size, it is determined by the energy density485

normalized by the ambient pressure). Comparison shows that
for any initial vessel pressure, two-phase explosions are char-
acterized by lower initial overpressures attained at shorter non-
dimensional distances. This shows that efficiency of energy re-
lease in BLEVEs is inferior to that in pressurized gas explo-490

sions.
Finally, compare the overpressure-scaled distance curves

for pressurized gas explosions with TNT curves. In Fig. 14,
results of numerical simulations are presented. Also shownare
two approximations for TNT (see [32, 34]): i) Eq. (11), and495

ii) Warren’s formula∆P = 0.6(r∗/r)4/3; note that their predic-
tions are quite consistent at in the far zone, but deviate in the
near zone. By points in Fig. 14 the experimental data [12] are
plotted. An important reservation must be made on the data in
Fig. 14: since the experiments [12] were performed for spheri-500

cal glass spheres raised above the ground, no shock wave reflec-
tion from the ground occurred, and, therefore, the length scale
was defined without doubling the energy yield (as opposed to
Fig. 11). For TNT approximation (11), this was achieved by re-
ducing the argument by a factor 21/3 = 1.26. Another important505

issue not to be overlooked is that in the original experimental
work [12], the yield of pressurized gas explosion was defined
asE = (P0 − Pa)V/(γ − 1), which gives higher values than the
isoentropic formula (13) adopted here. Also, the pressureP0

entering this definition is not the initial one, but some effective510

value evaluated by subtracting the kinetic energy of shattered
wall fragments. For consistency, when plotting the experimen-
tal points in Fig. 14, the energy-based radiusr∗ was recalculated
by the same procedure as described in [12], however, with en-
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Figure 14: Scaled overpressure-distance curves for pressurized air, in compari-
son with experiments [12] and TNT curves [32]

ergy E evaluated from (13). As a result, the non-dimensional515

radii given in [12] were multiplied by a factor of approximately
1.2.

It follows from Fig 14 that simulations predict somewhat
higher overpressures than those measured experimentally,the
fact also mentioned in the original work [12]. Importantly,how-520

ever, the overpressure scales primarily with the reduce distance,
and much weaker depends in the far zone on the initial pres-
sure. Overall, the numerical solutions obtained agree wellwith
the results [34] where more detailed analysis of pressurized gas
explosions can be found.525

5.5. 2D simulations of near-ground BLEVEs and validation against
experiments

Consider now results of two-dimensional (axisymmetric)
simulations of near-surface BLEVEs aimed at validation of the
model developed in this paper against field tests [7, 8]. This530

experimental series still remains one of the most representative
because of the wide range of pressure-liquefied gas (propylene)
masses studied,M = 0.125–452 kg. Another reason for choos-
ing these experiments is that the vessel was filled with liquefied
gas completely, which agrees with the assumption of all-liquid535

initial state (see the left-hand side of Eq. (4)). In the exper-
iments, the vessel was preheated, so that the initial pressure
reachedP0 = 40 atm. Vessel burst was initiated by detonat-
ing a small TNT charge, providing nearly instantaneous lossof
containment, a condition also assumed in the current model.540

In Figs. 15 and 16, simulation results for the largest mass
M = 452 kg of propylene from tests [7, 8] are presented at the
instants 1, 3, 5, and 7 ms. The pressure fields shown in the top
row demonstrate the formation of blast wave in the atmosphere,
its reflection from the ground surface and propagation alongit.545

The bottom row demonstrates expansion of the two-phase zone
which acts as a “piston” for pressure wave development in the
atmosphere.

Figs. 15 and 16 show that during the first 5 ms a minimum
of xv persists in the central area of the cloud where high pres-550

sure is maintained. As was discussed above (see Section 5.1),
this shows that boil-up of superheated liquid does not occursi-
multaneously over the whole volume. Rather, it occurs in the
boil-up wave propagating through the superheated liquid ata fi-
nite velocity limited by the low speed of sound on its two-phase555

side. By the timet = 7 ms, whole volume of liquid is boiling,
and maximum pressure drops from its initial value.

A series of numerical simulations was carried out for the
same masses of propylene as in experiments [7, 8] (0.125, 1.6,
12.8, 452 kg). In order to compare the results obtained with the560

field test data, the maximum overpressures recorded in simu-
lations at various distances are plotted in Fig. 17 togetherwith
the experimental results. As the abscissa, the distance divided
by the cubic root of mass,r/M1/3, is used, in accordance with
the way the results were presented in [7, 8]. Since all experi-565

ments [7, 8] were performed at the same initial conditions, i. e.,
the specific blast yield∆hlv (see Eq. (9)) is constant in all cases,
this is equivalent to normalization of distance by the energy-
based scale (E/P0)1/3.

The results presented in Fig. 17 show that the model devel-570

oped in this work describes adequately the gas dynamics effects
of BLEVEs. Notably, all curves merge in the far zone to a sin-
gle line, while in the near zone differences are observed because
the initial height of the superheated liquid volume was keptcon-
stant in the simulations, i. e., it does not scale with the explosion575

energy.
Another way to compare the simulation results with exper-

imental data is taken in Fig. 18 where for each point the ab-
scissa is equal to the maximum overpressure obtained in sim-
ulations, the ordinate is the corresponding experimental mea-580

surement (so-called parity plot). The diagonal shown by the
dashed line denotes ideal agreement of simulations and exper-
iments, whereas the scatter and bias characterize the discrep-
ancy. One can see that no systematic bias is observed, thus the
agreement is adequate, keeping in mind that experimental re-585

sults on BLEVEs are quite “noisy”.
It is important to note that agreement between the simu-

lated results and experimental data was obtained without any
calibration of model parameters (in fact, there are no adjustable
parameters in the model at all!). At the same time, the model590

involves quite “rich” data on the substance because it essen-
tially includes substance-specific properties (pressure,temper-
ature, phase densities, specific enthalpies and entropies)on the
saturation line.

6. Conclusions595

It is important to note that low efficiency of physical explo-
sions in comparison with TNT was demonstrated in this work
assuming that i) there are no irreversible energy losses in the
mixture, and ii) boiling/condensation occur instantaneously, and
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Figure 15: Pressure (top row) and mass fraction of vapor (bottom row) fields
upon near-surface burst of 452 kg of propylene

Figure 16: Pressure (top row) and mass fraction of vapor (bottom row) fields
upon near-surface burst of 452 kg of propylene (continued)
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Figure 18: Overpressure from BLEVEs: simulations (horiz.) vs experiments
(vert.).

the phase transition rate is not limited by non-equilibriumpro-600

cesses at the vapor/liquid interface. Even in these idealized con-
ditions, the blast wave overpressures obtained are lower than
those from detonation of high explosives. The physical reason
that BLEVE blast waves are weaker lies not in the energy being
lost irreversibly, but in the fact that the cloud boils up over a fi-605

nite time, which makes it a less efficient “piston” for generation
of blast waves due to energy release rate being limited by prop-
agation of boiling wave through the bulk of superheated liquid.
In this respect, boiling up of superheated liquid is expansion-
controlled, but rather than occurring uniformly over the whole610

volume, it proceeds “layer-by-layer”. In our view, the physical
mechanisms determining the blast effects of BLEVEs revealed
in this paper are more significant than fine details on bubble nu-
cleation, growth etc [22]. This must be especially true in safety
applications, where the time scales related to two-phase cloud615

expansion are much longer (due to large size of the system)
that the time scales of microscopic processes around individual
bubbles.

Simulations of single-phase flows relevant to pressurized
gas explosions indicated that in this case the blast wave over-620

pressures are higher than those of BLEVEs with the same pre-
burst pressure. It should be kept in mind, however, that super-
heated liquids possess much higher energy density: for exam-
ple, for the initial pressureP0 = 25 bar and vessel diameter 1 m,
the energy release in pressurized gas explosion is 2 MJ, while625

in propane BLEVE the yield is 13 MJ, which by far offsets the
difference in explosion efficiencies.

Simulations revealed the multi-shock structure of BLEVE
blast waves in the conditions where no vapor was present ini-
tially in the vessel (all-liquid initial state). The physical rea-630

son for the occurrence of secondary shocks is overexpansion
of the two-phase cloud followed by development of a converg-
ing shock imploding at the cloud center, the sequence of events
known for expansion of pressurized gas clouds. Therefore, more
careful analysis must be taken in identification of the reasons635

for multiple-shock pressure records observed experimentally
(e.g., in [10] it is argued that vapor expansion can be responsi-
ble for the pressure peaks, while flashing is too slow a process
to contribute significantly).

Further work, requiring some (quite straightforward, though)640

extension of model formulation and implementation is to con-
sider the mass fraction of vaporxv in the initial state not as
zero throughout the volume (all-liquid assumption), but asa
function of spatial coordinates. This would allow us to ana-
lyze BLEVEs of partially filled containers necessary to validate645

the model against available such experiments [9, 10, 19] and
clarify the relative input of expanding vapor space and flashing
liquid into the BLEVE blast wave. Also, effects of vessel shape
(sphere, cylinder) can also be evaluated and compared with ex-
perimental data.650
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