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Model for Blast Waves of Boiling Liquid Expanding Vapor Explosigns’

S. E. Yakush
Institute for Problems in Mechanics of the Russian AcadenSciences, Ave. Vernadskogo 101 Bldg 1, Moscow, 119526iaRus

Abstract

A numerical model for boil-up of superheated liquid follagiloss of containment and expansion of two-phase mixtucetire
atmosphere is proposed and applied to evaluation of bfestte of Boiling Liquid Expanding Vapor Explosions (BLEVES)he
model assumes that the mixture in the two-phase cloud stalieimodynamic equilibrium during expansion, whereasthm the
atmosphere obeys the ideal gas law with constant ratio a@ifspbeats. The boundary between the two-phase cloud anéeamb
atmosphere is considered as a moving contact surface. ®heepr is solved numerically in the axisymmetric framewdkmple
calculations of expansion of a spherical volume of supddtefiquid are carried out for pressure-liquefied propaness$ure
profiles demonstrating propagation of depressurizatiomewato the cloud are presented together with mass fractibvapor
in the mixture. Solutions obtained for two-phase systerascampared with those for single-phase compressed gasngcél
overpressures in physical explosions is discussed. \fadidaf the model is carried out by comparison of simulatioasied out
in a wide range of cloud masses with experimental data. Twedsional simulations demonstrating BLEVE blast wavesifia
bursting near-surface vessel are presented.

Keywords: BLEVE, Blast wave, Overpressure, Thermal equilibrium nipemerical modeling

1. Introduction It has been shown experimentally that parameters of shock

waves from physical explosionsftéir substantially from those

Accidental releases .Of pressurlze_zd or pressu_re-llqu_aflbd S of TNT blasts [2| 5. 16]. Large and medium-scale tests on physi
stances are one of major hazards in process industries: tran

. . cal explosions and BLEVES are quite rare [7,/8, 9, 10]; latuoya
portation or storage of fIammabIe materials. Suc_h rglemsso Cscale experiments [1/1,112,2/ 5, 6] play an important roleifer
be causgd by bgrsts of h|gh—prgssure vessels, plpel|qa_ra;pt derstanding the features of shock waves generated by expand
processing equipment malfunct|on et'c [1]. Some stnkmg exing superheated liquids, but there remains uncertaintyam h
amples of how destructive the exp!osmns caused by accatjentto scale the results up to real accidents, keeping in mind mul
release_s of flammable substances into the atm(_)sphere ce be ﬁlple length and time scales present in the problem. Thezefo
the accidents in Port Hudson (USA, 1970), Flixborough (ngsK’mathematical modeling is helpful in filling this gap
1974), Mexico City (Mexico, 1984), Ufa (Russia, 1989), Xian ’

. . Several BLEVE blast models have been proposed so far,
(China, 1998), Nephapur ('ra‘." 2004),.Buncef|eld. (UK, 2005) differing in the assumptions and level of detail with which the
In the conventional explosions, rapid combustion or detona

. . . ) . complicated transient multiphase processes involvedaamie t
tion of fuel yields the energy causing expansion of combusti P B P

13,14[15, 16,17, 18,19,/20].
products which act as a piston driving the ambient gas. Howl—ed 13,1415, 16. 17. 18.119.120]. The approaches can be clas

ever, there are fierent kinds of explosions, termed as “phys- s_ified ir_lto_ the following_broad categories: i) empirical rela- .
ical” (rather than chemical), which are driven by the ingrmn tions aiming at comparing the BLEVE blast wave characteris-

e mulated in comor q ; rheated li tf s (overpressure, impulse) with those of high explosfifésT
energy accumuiate compressed gas or superheated liqy %uivalence approach) |18,/19, 10} 20]; ii) models focusing

o e
[2. A We”""FOW” exampl_e of .SUCh an explosion is th_e bu.rStthe processes of liquid boil-up, superheat temperatuiig -
of a vessel with pressure-liquefied substance, known agBoil leation i h d liquid. bubbl h 51 [
Liquid Expanding Vapor Explosion (BLEVE)[3] 4]. BLEVE: ceat!_(_)n N super e_ate Iquid, bubble growth eicl [21,2%,
type events, though occurring typically With’préssurejdéﬁed 24]; iii) gas-dynamical models focusing on blast wave prop-

hydrocarbons, can also occur with non-flammable substance%géltion In the atmosphere, while simplifying the descoipti
or even water, provided that preheating of vessel is higlugio f boil-up processes by the assumption of expansion-ctedro

to bring the substance to the superheated state with re,spectevaporatlon [16] or by approximating the expanding twogeha

. . S : s mixture by an equivalent gas |[19]. The purpose of this work is
its thermodynamic equilibrium state at the ambient pressur to develop and validate a model “balanced” with respect o th

details level of the “internal” or “external” problems.
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The specific volumes of both phaseg,, are taken on the sat-
uration line at the local pressuRe while x, is evaluated from
the isoentropic relation

P(Po) = (1-x) S (P) + % (P), @)

with the liquid and vapor entropie#,fv, also taken on the satu-
ration line. The mixture equation of stafé (3) is barotrdpig

is a unique function oP). However, sinceﬁO depends on the
initial pressureP, (see Eq.[{})), the mass fraction of vapor de-
pends on botlr andPyg:

)(P.Pg) = TP =S (P) 5)

LP)-P)
Therefore, the mixture density also dependsPgrparametri-
cally: pm = pm(P, Po).

The equation of state for two-phase mixture, Egs. (3) ahd (4)
is only valid for P < Py, which is generally sflicient for the
Figure 1: Sketch of a superheated liquid cloud expandingtimt atmosphere: ~ description of the initial stage of two-phase mixture exgan
1 — boiling front, 2 — outer boundary of expanding two-phase clo8d—  into lower-pressure atmosphere. However, it will be shaaterl
atmospheric blast wavé,— reflected shoclks — ground surface on that converging shock waves can be formed in the mixture
leading to implosion causing short-duration peak pressate

ing fast enough in comparison with the characteristic exjzan the cloud center exceedii®y. Therefore, the equation of state
time so that the vapgiquid mixture reaches thermodynamic Must be extended to pressufés> P, where the single-phase
equilibrium. A similar model was applied to depressurizati liquid becomes subcooled with respect to its saturatiorptm
of ruptured pipegﬁy,]; the fierence is that an open atmosphereature at the local pressure. It was assumed that compresfsion
is considered, and no interaction with walls or flow chokig o Single-phase liquid is isothermal (proceeding at the st
cur. Another assumption is that no mixing occurs on the beundtémperature corresponding Rg), and the pressure-density re-
ary between the expanding superheated liquid and ambisnt gdationship is described by the modified Tait equation [26]
In what follows, mathematical model and its numerical im- n
plementation are presented, then spherical cloud expaisio P="Py+ B((@) - 1) (6)
considered, focusing on scaling of BLEVE overpressurek wit po
liquid mass and initial pressure. Finally, results of nganund  \yherep, is the density of saturated liquid & = Po. In the
BLEVE simulations are validated against the experimeratd  sybcooled liquid, we set,(P, Pg) = 0, so that the mixture den-
sity and mass fraction of vapor are continuous on the saburat
2. Mathematical model line dividing the saturated mixture and subcooled comss
liquid. However, the speed of sound is discontinuous; in the
The assumed structure of superheated liquid expansion ubcooled liquid it is calculated fromil(6) as
the atmosphere is presented in Fih. 1. Two distinct zones are
considered: i) inner zone which includes the superheatedli c ( dp )1/2 {nB(Z_rg)n]l/z
<= =P/

and thermodynamically equilibrium two-phase mixture egner @)

ing upon its boil-up, and ii) ambient atmosphere in whichcého

waves can be generated by piston action of the expandind.clou
The mathematical model describing the inner zone incltide

the continuity and momentum equations for boiling liquaper

d,.Tm Pm

Equation[(6) is also barotropic, so that the same numerical p
Zedure can be applied for solving the mixture continuity and
momentum equations in the whole two-phase zone. The Tait

mixture: equation[(B) describes compression of liquid from its sad
Aom state, i. e., the reference density = psaPo) and parameters
5t + VomUm =0, (1) & B, n depend orPq (increase inPy means increase in the sat-

uration temperatur@,, decrease ipo, and increase in liquid
9pmUm compressibility).
ot In the ambient atmosphere, the Euler equations are solved,
The mixture densitypn, is obtained from specific volumes Wwith the air considered as an ideal gas with the ratio of jgeci
of liquid (subscript) and vapor (subscripf, and mass fraction heatsy = 1.4. The boundary between the zones is a contact
of vaporx,: surface moving with time. The pressure and normal velocity
_ 1 3) component are continuous across the contact surface, whose
(1= %)V + %W shape and position are obtained in the course of the solution

+ VpmUm® Up = —VP. )

Pm
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A similar model was applied earlier to spherically symneetri
expansion of superheated liquids|[L3, 14, 15]. Here, theanod
is extended to multidimensional problems, so that it is igppl
ble to near-ground vessel explosions.

3. Numerical method

600 - P bar F0.7 _
The complex problem requiring solution offiéirent equa- E 500~ % —%|los6 >
tion sets in diferent domains divided by a sharp contact inter- £ L o5 &
face is tackled by the Ghost Fluid Method (GFM)|[27] inwhich & 400 3
the cells neighboring the interface are alternatively dileith 2 300 _\ _‘0'4 s
“ghost” fluid of the same type as current, enabling solutibn o § .-.‘\ . -0.3 §
equations across the boundary. The sharp interface isdconsi 2 2004, [ 02 ‘g
ered as a moving level-set = 0 of the distance function for E 100_‘ : -
which the evolution equation is solved [28]: = ] 01 cE‘g

¢ % o 15 20 25 a0

ot +U-V$=0. (8) Pressure P, [bar]

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

. L 7 . Figure 2: Densityn, (solid lines) and mass fraction of vapey (dashed lines)
scheme with the flux limiters maintaining non-oscillatom-b  for equilibrium two-phase propane liquid-vapor mixture ifatent initial pres-

havior [29] was applied in each subdomain to solve the gevernsuresPq
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ing equations.

The program was implemented in FORTRAN-90, with the
possibility to switch between 2D (axially symmetric) and 1D
(spherically symmetric) geometries. The latter case abbw
us to run simulations on fairly fine grids (@ells in 1D),
while 2D simulations were run on 5800 grids. In the one-
dimensional case, convergence of solutions with respeagrido
size was checked by running test cases with grid cell sizes in
creased by the factor of 2 and 5. The radial positions of shock
wave fronts and pressure profiles between shocks coincidiéd w
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 fiect the predicted overpressures. In the
two-dimensional case, simulations were repeated on the sam
grid, but in larger computational domains, necessary tainbt
the overpressure-distance data. It was found that, ddepiex
resolution in the two-phase cloud region, the shock wave-ove
pressure was not very sensitive to the grid size.

4. Propertiesof Two-phase Equilibrium Mixture

The model for thermodynamically equilibrium mixture re-
quires properties of each phase on the saturation linegthes
were taken from the NIST data tables|[30]. Before resorting
to the results obtained in numerical simulations, consitler
physical properties of two-phase mixture described by &)s.

, [m/s]

S

Speed of sound C

1000

100

T T T T T T
10 15 20
Pressure P, [bar]

@. Figure 3_: E{fective'sp_eed o_f sound in_ equiliprium two-phase pr_opa_neidiqu
In Fig.[2, pressure dependencies of the vapor mass flractioﬁ';‘;;3 ?;ﬁ‘;;‘ie(dsﬁgiig”(zz)sm dcggzﬁ{ézgnanwétcgggrS(zgg?@"mm single-

%y and mixture density, are plotted for propane at thredfei-

ent initial pressureBy = 5, 10, and 20 bar. Evidently, the mix-

ture density is a substantially non-linear function of gres,

in sharp contrast to linear dependencies typical of isotlaér

compression of each individual phase. Also, upon adiabatic

compression of an ideal gas with some ratio of specific heats

3
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v > 1, the curve describing the density as a function of pres-

. . Table 1: Energy characteristics of explosive boil-up of in® of propane
sure,p « PY7, is convex upward, whereas the density curves o P P prop

in Fig.[2 are convex downward. Therefore, it is very problem- ['P) "bar [ To, K | X, % | E, MJ | TNT, kg | U,, m/s
atic to approximate the two-phase mixture by some “equiva- 5 2753 22.4 98 23 138.7
lent” ideal gas which would allow the well-known shock tube 10 300.6| 34.8 | 23.8 5.7 216.4
relationships to be applied. 15 | 317.1| 429 | 364 | 87 | 26938

Thermodynamically equilibrium two-phase mixture is char- 20 3304 | 498 | 495 11.8 3125
acterized by very highféective compressibility (until the limit 25 34141 552 | 61.0 14.6 3493
of single-phase liquid is reached) which exceeds by far com- 30 3515] 608 | 743 17.8 3828

pressibility of each individual phase (vapor and liquiducB
high compressibility is due to the fact that pressure change
lead mainly to evaporation or condensation of substanae (va sjble for generation of atmospheric shock waves in the svent
ation of x,, see Eq.[(b)), rather than to compression of eachyf BLEVE.
phase. Note that the assumption of thermodynamic equifitori No ready-to-use relationships for the parameBeamdn of
means instantaneous adjustment of mixture density toym@ss Tait equation[{) were found in the literature for the subsés
i. e., evaporatioftondensation rate is not a limiting factor. As a of interest in the current study (note that these parametass
result, the equilibrium two-phase mixture possesses loeris  describe compressibility in the wide range of pressuretista
tropic speed of soun@s = (dpm/dP);"/>. The efective speed  from the saturated state, whereas most values found were rel
of sound in the two-phase propane obtained Wiedgntiating  evant to liquids well below their saturation point). Thenef,
Egs. [3) and(5) is plotted against pressure in[Hig. 3 at thes§a data from the NIST table5 [30] (based on the model [31]) were
three initial pressureBy = 5, 10, and 20 bar as in Figl 2. Also, ysed for several initial pressurBs; the dependencies of liquid
the speeds of sound in single-phase vapor and liquid areglot  density on pressure were processed in the range Rpta the
One can see that sound of speed in two-phase mixture depenghaximum pressure of 500 bar, and best fit paraméeasdn
strongly upon pressure, it is significantly lower that thei¢gl  were found in each case. It was found that it is possible to ap-
speed of sound in liquids (of the order of 100sjrand gaseg proximate all data with a single value of power exponernd
(of the order of 300 rfs). B can be approximated by the power-law function of saturation
I follows from Figs.[2 andB that the boiling-up front sepa- densityp, (which is a function of saturation pressupg). For

rates two substances with veryfigrent properties, a liquid and propane in the range & = 5 — 30 bar the best fit is achieved
two-phase mixture. The low speed of sound on the two-phasgyr n = 9 andB = 2644 (po/100)’ Pa.

side is a physical reason which limits the rate at which pness
drop penetrates into the volume of superheated liquid., Tinis
turn, limits the internal energy release rate. 20
The energy yield per unit mass of pressure-liquefied gas i : : .
. o . .27~ 5 1. f h Icl f h
obtained as the fierence of specific enthalpies of the initial 5 j:jructure of expanding spherical cloud of superhefited

(superheated) liquid and equilibrium two-phase mixturétsn ) . ) . )
final state (at the atmospheric pressure): Consider first the results obtained for spherically syminetr

expansion of pressure-liquefied propane, focusing on the-st
Ahy = hP(Po) - {(1_ Xv) h|0(Pa) + the(Pa)}~ (9)»= ture of the cloud and pressure profiles in the two-phase zone
and in the atmosphere. To this end, three cases are consid-
wherex, = %/(Po, Pa) is the mass fraction of vapor determined ered below, with the vessel diameter of 1 m and initial pres-
by Eq. [B), the specific enthalpies of both phalsésare taken  sureP, = 5, 15, and 25 bar (corresponding to the initial tem-

5. Results

on the saturation curve at the corresponding pressures. peratures offy = 2749, 3171, 3414 K and initial densities
Equation[(9) allows us to estimate the characteristic W8loc of p, = 5263, 4603, and 408 kgm?®). Note that higher

of the mixture: initial pressures correspond to lower densities of satdrtig-
U. = (2Ahy)"2. (10)  uid due to higher saturation temperatures. At these camdifi

In Table[d, results are obtained for evaporation\of=  the masses of propane for the volume\f= 0.524 n? are

10® kg of pressure-liquefied propane at various initial pressur M = 2756, 2412, and 218 kg, whereas the total internal ener-
and corresponding saturation temperatures. The totabgifer 9/€S Stored in superheated liquid aré% 878, and 1 MJ, re-
releasedE = MAhy, is given in the energy units, as well as spect|v_ely, the energy-based characteristic velocitieduated

in TNT equivalent units (1 kg TNT is.484 MJ). Note that according to[(10) are 138 2698, and 34% nys. _

this conversion to TNT units is performed only to demonstrat ~ Numerical simulations were carried out in spherical sym-
more clearly the significant amount of internal energy stone ~ Metry on a grid spanning the radius 0-50 m, wittt gélls, so
the superheated liquid, it is not assumed that pressuresitaviat the cell size was as little as 5 mm. _
generated in the atmosphere are comparable. Noteworthy, th N Fi9.[4, the pressure profiles (top row) and mass fraction
characteristic expansion velocities calculated from[{T0) are Of vapor (bottom) are shown atitérent times, demonstrating

close to the speed of sound in atmosphere, and with initeal pr (e €xpansion process at the initial pressége= 5 bar. The
heating even exceed it. This high expansion velocity isarsp CP€N dot symbol on each pressure profile denotes the position

4
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of contact surface between the two-phase liguador mixture
and air, corresponding to the rightmost boundary of now-zer
mass fraction of vapor on the(r) graphs.

Cloud expansion proceeds in two distinct stages. The first
one, lasting for the specified initial conditions uptte 25 ms,
is presented in the left column of FIg. 4. This stage is featur
by layer-by-layer boil-up of superheated cloud and expansi
of the two-phase mixture, giving rise to the shock wave propa
gating in the atmosphere. This rapidly propagating blastewa
is visible in Fig.[4 only on the pressure profiles correspogdi
to the times up td = 5 ms, then the shock leaves the domain
plotted. Properties of this air shock (including the ovegsure
decay with distance) will be considered in Secfiod 5.3; hexe
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-
tact surface. By the timé = 10 ms a backward-facing sec-
ondary shock is formed in the cloud; up to the time 25 ms
this shock moves outwards, together with the contact serfac
These results agree qualitatively with observations [19¢r&
overexpansion to sub-atmospheric pressures behind th&oton
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 contragtie-
gins. As can be seen in the right column of Fij. 4, the inward-
facing shock propagates towards the cloud center, comgprgi
and causing implosion at about 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 &t
becomes necessary in the model), and the reflected secondary
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 expefim
tally.

Further evolution of the two-phase cloud exhibits weaker
pressure waves, it is not considered here mostly because at
large times turbulent mixing of the cloud and ambient air imus
become the primary mechanism governing the growth of two-
phase cloud and further evaporation of dropletSeéis of tur-
bulence mixing, though, were not taken into account in the
BLEVE model developed in this work (see [14] for a model of
fuel cloud turbulent growth following pressure vessel kgjrs

In Figs.[B andB, results obtained for higher initial pressur
Po = 15 and 25 bar are plotted. Comparison of these figures
with Fig.[4 shows that the two-stage process of superheated
cloud expansion is also observed for higher superheat. How-
ever, there are several distinct features in each case.igherh
the initial pressure, the more rapid is expansion procesthe
two cases under consideration, the time at which the inward-
facing shock and contact surface turn from expansion to com-
pression is equal to = 18 ms and = 15 ms, as opposed to

t=25msin Fig[]l_ By this time, the boil-up front travels only Figure 4: Pressure (top row) and vapor mass fraction (bottwm profiles in
expanding propane clou®, = 5 bar. Symbols denote positions of the contact

half the initial cloud radius in the case Bf = 5 bar, whereas

it just reaches the cloud center in the caségf= 15 bar. In
the case oPy = 25 bar, total boil-up of all superheated liquid
occurs at = 11 ms, i. e., earlier than cloud expansion stops.
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Figure 7: Time profiles of pressure afférent distances from the cloud center, 0.0 " J " T " T " T
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13 =5 m
i
o8 Figure 9: Distance traveled by boiling frohy vs timet; dashed lines show
OB e B e L e B data fit by linear functions
0 20 40 60 80 100 120
§ 134 =10 m . .
S ]f s and the distance traveled by the boiling waye= ro — r, was
2 120:4\)\//\_‘, plotted as a function of time, see Hig. 9. At all initial presss
w0 <4 s . . .
L ot—7—— 71— the boiling front propagates with constant velodity which
20 40 60 80 100 120 s . . .
1.3+ was found by fitting the data by linear functions. The veloci-
1? =20m ties obtained numerically coincide within 3% accuracy wite
101 P~ T ws speed of sound in the two-phase mixt@gat the initial pres-
0-9'0 S L s sy sure Py, evaluated as was described in Secfibn 4. Numerical
Time, [ms] values for both velocities are presented in Table 2 for thgea

Figure 8: Time profiles of pressure atferent distances from the cloud cen3t1e°r,

Pp = 25 bar

of initial pressures in question. Since the boiling fronpisp-
agating through non-moving saturated liquid, it is possitl
evaluate the mass flugy, = p,OUb, i. e., mass of liquid passing
through a unit area of the boiling front per unit time (her@,
is the saturated liquid density B, also listed in Tablg]2. Note
that liquid crossing the boiling front evaporates not imined

The maximum radius reached by the two-phase cloudds 2 ately, but gradually, as its pressure is diminished duedact!
2.9, and 325 m, respectively.

The shape of pressure pulse at several distances from the
burst point can be seen in Figufés 7 (Ryr= 15 bar) and8 (for

315

expansion.

Po = 25 bar), where pressure time histories are presented at the

Table 2: Boiling wave properties

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 reflectaxbspr

sure waves. These results agree with experimental obemryat
where multiple shocks were recorded in BLEVE blasts [19].

5.2. Boiling wave properties

Po, bar | p?, kgm® [ Cs, nys | Uy, nys | Gp, kg/m?s
5 526.3 9.54 9.88 5.201C°
10 489.3 17.29 17.82 8.721C°
15 460.3 24.77 25.70 11.831C°
20 434.1 32.33 33.48 14.5310°
25 408.3 40.26 41.79 17.061C°
30 381.2 48.88 51.00 19.4410°

Figure$2Eb show the boiling wave propagating in the super-
heated liquid towards the center. It is of interest to obsaime
quantitative properties of this wave, providing insightoithe
complex processes involved in BLEVES. To this end, reslilts o

5.3. Scaling of BLEVE blast wave overpressures

simulations carried out for vessel of 1 m diameter arffedent
initial pressures were processed: positigof the boiling front

was determined from the profiles of vapor mass fractign),

A common approach to generalization of blast wave re-
sults (theoretical or experimental) is Sachs’s scaling Imictv
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non-dimensional overpressut® = (Pmax — Pa)/Pa is plot-
ted against the reduced distarrce r/r.., with the length scale
r. = (E/P2)Y2 based on the explosion energy yi&d

This approach proves successful for high explosives becaus
the source sizes are very small and the energy is releasarlg ne
instantaneous, so that no intrinsic length and time scalespd
those based on the total energy appear in the problem. Fer phy
ical explosions, neither of these factors is strictly trimthis
section, we apply the energy-based scaling approach tathe (
merically generated) BLEVE blast waves, considering the ef
fects of superheated liquid mass and initial pressure fi@ta
ing the explosion yielE = M - Ahy, (see Eq.[(P). We consider
here spherically symmetric expansion of superheated pmpa
in an unbounded atmosphere, paying particular attentidimeto
properties of blast waves propagating in the air. The sitiara
results are processed in Sachs’s coordinates and compéahed w
well-known overpressure-distance dependencies for TNT.

5.3.1. Hfect 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 dferent masses must coincide in relevant
non-dimensional coordinates. Indeed, the specific eneedy,y
Ahy, and, therefore, the characteristic velodity = +2Ah,,
are constant, while the energy-based length scate(E/P,)Y° =
(M - Ahy/P2)Y2 and the initial radius of superheated volume of
liquid ro = (3M/4rp)Y/® are proportional to a constant fac-
tor. Therefore, the problem can be reduced to non-dimeakion
variables in which the equations, together with the initiat
boundary conditions, are scaled exactly and are indepéndflen
the liquid massv.

To elucidate this similarity, in Fig._J0the pressure pro-
files calculated for propane explosions at the initial puess
Py = 10 bar are shown; the solid lines are obtained for the
vessel diameter dD = 1 m, while dots represent the solutions
obtained foD = 0.2 and 4 m. For each set of initial conditions,
pressure profiles are shown at three instants correspomaling
non-dimensional times = tU../r. = 555- 102, 278- 101,
and 555- 1071, For Py = 10 bar, the characteristic expansion
velocity isU,. = 2164 nys; for the small vessell = 0.2 m) we
have the energy-based radiug js= 0.78 m, the dimensional
times on the graphs ate= 0.2, 1, and 2 ms; for the medium-

P, [bar]

-

P, [bar]

2 Vessel diameter
0.2m
1.0m
o 40m

1=2.7810"

1=5.5510"

(@)

0.2 0.4 0.6 0.8 1.0 1.2

=6.5310 Vessel diameter
0.2m
1.0m
1=3.27 10" o 40m

(b)

0.2 0.4 0.6 0.8 1.0 1.2

Figure 10: Pressure profiles from expansion of superheatgépe clouds with

size vessel) = 1 m)r, = 3.90 m, the dimensional times are differentinitial massesaj Po = 10 bar; ) Po = 20 bar.

t = 1, 5, and 10 ms; whereas for the large vesBelH 4 m)
r. =15.6 mandt = 4, 20, and 40 ms.

Similar results obtained fd?, = 20 bar are plotted in Fig. X0
at three non-dimensional timés: tU.,/r. = 6.53- 1072, 3.27-
1071, and 653- 10°%. For this initial conditions, the character-
istic expansion velocity it),. = 3124 nys; for the small vessel
(D =0.2m)r, = 0.96 m, the dimensional times are- 0.2, 1,
and 2 ms; for the medium-size vessBl £ 1 m)r, = 478 m,
t = 1, 5, and 10 ms; whereas for the large vesBelH 4 m)
r. =191 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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similarity, it is suficient to carry on further studies just for one

fixed mass of substance. 10

\\ Initial pressure, bar
5
—10

5.3.2. Hject of initial pressure 0
—20

We consider here explosions of pressure-liquefied propane |
contained in the vessel of diamet®r= 1 m, with the initial -
pressure varied in the rangl = 5— 30 bar. The lower bound- ] -----
ary corresponds tdp = 2753 K (subcooled with respect to ] )
the ambient temperaturg, = 298 K), at the upper boundary g
To = 3515 K (preheated substance), the density decreasing -
from po = 5263 to 3811 kgm?; the initial mass in the fixed-
volume vessel decreasing from 276 to 200 kg. The specific
energy yields range from@1 to 733 kJkg which givesr. be-
tween 30 and 53 m; the ratio of initial radius of the cloud
and the energy-based radius ranges betwggn = 0.167 and
0.094. Variation of initial pressure leads to variation in gres-
sure ratioPgy/P,, density ratigog/pa, and dfects the sound of o1 T T T
speed in the two-phase mixture, see Elg. 3. As a result, ho ful o
similarity of the solutions can be expected. The task isiethe
fore, to evaluate the maximum overpressure as a function of
initial state of the cloud for dierent initial states. _
When comparing the overpressure-distance curves from Blgq;?yﬁ
with those of TNT explosions, it should be taken into account
that TNT curves are normally given for near-surface explos;
while simulations were carried out for spherically symrigetr continuity separating two gas domains of high and low pres-
physical explosions in an unbounded atmosphere. A commosgure with zero initial velocities. Breaking of a diaphragim (
approach is to double the energy yields when calculating the shock tube) or pressurized vessel failure initiates atan
energy-based radius because the blast wave propagathalifito of a shock wave into the low-pressure domain followed by the
space. Therefore, we consider here the energy-based radiomving contact surface, while a rarefaction wave propagate
f. = (2E/Pa)Y3, whereE is the energy yield. The results are into the high-pressure gas causing gradual pressure eguali

11: Scaled overpressure-distance curves for leglifiropane explo-
in comparison with TNT curve [32]

presented in Fig. 11, together with the TNT curve [32]: tion in the system. In the planar one-dimensional case, the
pressure and velocity between the leading shock and wailin

AP 808[1+ (4_5)2] contact surface are constant, they are described by the well

- _ i (11)  known shock tube formulas relating the initial pressuréorat

Pa \/1 + (%48)2 \/1 + (oiaz)z \/1 + (1%5)2 Po/Pa to the shock Mach numbekls, and relative shock am-

: : : plitude, Pst/P,. In the case of compressed air with the same
Here, Z = r/mlrﬁr is the normalized distance converted to nitial temperature as the ambient atmosphere (i. e. ttiesra
non-dimensional radius by/f, = Z(Pa/WrnT)Y3, with W = of spe_cmc heaty and spe_eds of sound are the same in the low
4.184 MJKg. and high-pressure domains), the shock tube formulas take th
The results presented in Fig.111 confirm that blast Wavegzc’rm Pst 2y
from BLEVEs are weaker than those of high explosives. The b =1t (MZ-1)
difference is especially notable for low initial pressures (& an a 4 2
10 bar), when the characteristic expansion velocities aleb Po _ Pst [1 _y-1 (M B i)}_“ (12)
the speed of sound in air (see Table 1). P, P, v+1 ST Ms
o 2+ (y-1)MZ
5.4. Comparison with shock tube flows and compressed gas ex- Ust = MscCg [1 - —2)
plosions (v + Mg

Bursts of vessels containing pressurized non-condensabhere Us is the absolute gas velocity behind the traveling
gases also fall into the category of “physical” explosidhsre- ~ Shock,Cs = +/¥Pa/pa is the sound speed in atmospheric air.
fore, it is interesting to compare the predicted charasties of In the case of compressed gas explosions, as opposed to
BLEVE blast waves with those of compressed gas explosionghock tube flow, blast wave amplitude decreases with distanc

Blast waves from compressed gas explosions were studied eklowever, at small distances the geometigets are still weak,
perimentally [33, 12] and numerically [34,/13]. as and the initial amplitude of shock wave near the discontinu-

From the gas dynamics point of view, flows at the initial ity can be evaluated from the shock tube relatigns (12). Evi-

stage of explosions of both types are described by the elassiently, these formulas are not applicable to BLEVESs duego th
cal Riemann problem on the flows generated by an initial disSubstance on high-pressure side of discontinuity beiffgreli

9
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Table 3: Initial blast wave pressuf®s and contact surface velocityc for
shock tube, compressed gas explosions, and BLEVESs

Shock tube Compressed air Propane BLEVE

Ms Pst Ust Ps Uc To Ps Uc To
5 1.40 | 2.14 | 216.7 | 211 | 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 | 337 | 329.4 | 325 | 329 | 0.229 | 2.36 | 233 | 0.113
20 182 | 3.76 | 364.2 | 3.65 | 358 | 0.203 | 2.70 | 280 | 0.104
25 190 | 408 | 3911 | 395 | 385 | 0.186 | 3.05 | 314 | 0.099
30 196 | 436 | 4131 | 423 | 408 | 0.173 | 3.35 | 344 | 0.095

50 2.13 | 5.19 | 4742 | 5.10 | 467 | 0.142 — — —

100 | 2.37 | 6.54 | 5555 | 6.40 | 550 | 0.110 — — —

ent from compressed air. Therefore, it is of interest to carap

in more detail the Riemann problem solutions for shock tube
(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 compeess
to pressurd’y = 5-100 bar, as well as for propane BLEVEs.
In order to provide detailed data on blast waves straigler aft
vessel burst, these simulations were run on a grid spanhéng t
radius 0-5 m, with 19cells (i. e., the cell size was 0.5 mm, ten
times smaller than in Sectignb.1).

P.=3.65 bar

0.01
In Fig.[I2 and_IB, pressure and velocity profiles obtained tzrgs/
during the first  ms of compressed gas explosion and propane 1 3
BLEVE are plotted; in both cases the initial pressure in the v .
0.45 0.50 0.55 0.60 0.65

sel wasPy = 20 bar. The round symbols on each graph denote r ]
the position of contact surface, the shock tube solutions ob
tained from Eq.[(T2) are shown by the horizontal dashed lines
One can see that on the initial interval, lasting approxatyat
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 velocityc, and pressureéic,
were estimated as average values over the first four timeritsst
shown; the corresponding levels are shown by the dotted.line
The data presented in Fig.]12 dnd 13 clearly show that the i
blast wave generated by compressed gas explosion is very wel 0.01 ms \91 ms\/ j\/o.z ms
reproduced by the shock tube formulas, which is expected, or =0
course. Comparing the compressed gas explosion with BLEVE, ]
we see that in the latter case the shock wave amplitude and ve- 045 050 055 060 065
locity are lower. It is also evident that the rarefaction wav r, [m]
propagates into the two-phase mixture much slower, tnageli (@) (b)
the distance of just 1 cm over the time20ms, 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 twoFigure 12: Shock wave formation in physical explosion®at= 20 bar: @)
phase mixture being the limiting factor for energy releaste r COmPressed arbl propane BLEVE.
in BLEVES (see Sectiop 4).
To further elucidate the fferences between the compressed
gas explosions and BLEVES, in Taljle 3 the shock tube param-
eters (exact Riemann problem solution Mg, Pst, Ust) are
listed in the wide range of initial pressures, together \tfit
contact surface pressuRg and velocityUc obtained numeri-
cally for compressed gas explosions and BLEVES (all pressur
are given in bars, velocities in meters per second). Evigent
in the two-phase case the shock waves generated by the same
pressure ratio are weaker than those of compressed air-explo
sions.
Compare now the properties of shock waves from com-

P, [bar]

10
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Figure 13: Velocity profiles in physical explosionsRt = 20 bar: @) com-"
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pressed gas explosions and BLEVEs at larger distances from
the source. A known feature of Riemann problem solutions is
that the shock wave pressuPgr is significantly lower than the
driving pressuréP, (see the first and third columns in Table 3),
which limits the maximum attainable blast wave overpressur
For example, compressed gas explosion with the initialgunes
as high as 100 bar generates a blast wave with initial relativ
overpressurdP = (Ps — P,)/P, = 5.45; for propane BLEVEs
with vessel pressure of 30 bar the blast wave overpressaee is
low as 231. However, when comparing the blast wave proper-
ties with those of high explosives, one need to take intoattco
not only the overpressugpeer se but also the scaled distances at
which these overpressures are attained. It is only thedidést—
overpressure” combination that provides meaningful campa
son and evaluation of blast wave hazards.

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

PV Po\ 7
E_y_l[l—(P—a) ] (13)

whereV = 47rrg/3 is the vessel volume. The non-dimensional
distance at which the shock wave is formed just after the ves-
sel burst can be evaluated &s= ro (P./E)*3. For BLEVEs,

the same procedure can be applied, with the energy yield eval
uated from isoentropic relations, see Seclion 5.3.1. Theltre

ing values ofry are shown in Tablgl3 (note thag does not
depend on vessel size, it is determined by the energy density
normalized by the ambient pressure). Comparison shows that
for any initial vessel pressure, two-phase explosions hae-c
acterized by lower initial overpressures attained at giorn-
dimensional distances. This shows théitcéency of energy re-
lease in BLEVEs is inferior to that in pressurized gas explo-
sions.

Finally, compare the overpressure-scaled distance curves
for pressurized gas explosions with TNT curves. In Eig. 14,
results of numerical simulations are presented. Also shanen
two approximations for TNT (see [32,/34]): i) Ed.{11), and
ii) Warren's formulaAP = 0.6(r./r)*2; note that their predic-
tions are quite consistent at in the far zone, but deviatden t
near zone. By points in Fig. 114 the experimental data [12] are
plotted. An important reservation must be made on the data in
Fig.[14: since the experimentis [12] were performed for spher
cal glass spheres raised above the ground, no shock wave refle
tion from the ground occurred, and, therefore, the lengéthesc
was defined without doubling the energy yield (as opposed to
Fig.[11). For TNT approximatiof(11), this was achieved by re
ducing the argument by a factol’2 = 1.26. Another important
issue not to be overlooked is that in the original experirakent
work [12], the yield of pressurized gas explosion was defined
ask = (Pg — Py)V/(y — 1), which gives higher values than the
isoentropic formula[(113) adopted here. Also, the pres&4re
entering this definition is not the initial one, but sontieetive
value evaluated by subtracting the kinetic energy of stexdte
wall fragments. For consistency, when plotting the experim
tal points in Fig[I#, the energy-based radiugas recalculated
by the same procedure as described. in [12], however, with en-
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The bottom row demonstrates expansion of the two-phase zone
il which acts as a “piston” for pressure wave development in the
\ \\ Esparza & Baker, 1977 atmosphere.

12‘?;% Figs.[I% and 16 show that during the first 5 ms a minimum
;gff sso  Of X, persists in the central area of the cloud where high pres-
28.1 sure is maintained. As was discussed above (see Sécfign 5.1)
i this shows that boil-up of superheated liquid does not oseur
255 multaneously over the whole volume. Rather, it occurs in the
253 boil-up wave propagating through the superheated liquédfiat
ss  Nite velocity limited by the low speed of sound on its two-pha
side. By the timd = 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,.8P8) 16,
] so 128,452 kg). In order to compare the results obtained with the
=" TNT (Warren) field test data, the maximum overpressures recorded in simu-
0'010_1 T T _— lations at various distances are plotted in Eid. 17 togetligr
PR the experimental results. As the abscissa, the distanagediv
’ by the cubic root of mass,/M?*/3, is used, in accordance with
s the way the results were presented|in/[7, 8]. Since all experi
ments|[7, B] were performed at the same initial conditions., i
the specific blast yieldh,, (see Eq.[(R)) is constant in all cases,
this is equivalent to normalization of distance by the eperg
based scaleH/Pp)/3.
ergy E evaluated from[{113). As a result, the non-dimensienal The results presented in Fig.]17 show that the model devel-
radii given in [12] were multiplied by a factor of approxinest ~ oped in this work describes adequately the gas dynartiests
12. of BLEVEs. Notably, all curves merge in the far zone to a sin-
It follows from Fig[14 that simulations predict somewhat gle line, while in the near zoneftierences are observed because
higher overpressures than those measured experimertkadly, the initial height of the superheated liquid volume was loepi-
fact also mentioned in the original work [12]. Importantigw-:s stant in the simulations, i. e., it does not scale with thdasipn
ever, the overpressure scales primarily with the redudartie, energy.
and much weaker depends in the far zone on the initial pres- Another way to compare the simulation results with exper-
sure. Overall, the numerical solutions obtained agreewigil ~ imental data is taken in Fig. 118 where for each point the ab-
the results{[34] where more detailed analysis of presstigzs  scissa is equal to the maximum overpressure obtained in sim-
explosions can be found. s0 Ulations, the ordinate is the corresponding experimentd-m
surement (so-called parity plot). The diagonal shown by the
5.5. 2D simulations of near-ground BLEVESs and validatioaiagtdashed line denotes ideal agreement of simulations and-expe
experiments iments, whereas the scatter and bias characterize thespliscr
Consider now results of two-dimensional (axisymmetric)@ncy- One can see that no systematic bias is observed, thus th
simulations of near-surface BLEVEs aimed at validatiorhaft 29greement is adequate, keeping in mind that experimental re
model developed in this paper against field tests[[7, 8]. Thi$ults on BLEVES are quite “noisy”. _
experimental series still remains one of the most repratieat It is important to note that agreement between the simu-
because of the wide range of pressure-liquefied gas (progyle Iatgd re_sults and experimental d_ata was obtained without an
masses studied = 0.125-452 kg. Another reason for choos- calibration of model parameters (in fact, there are no aalple
ing these experiments is that the vessel was filled with fiqdee  Parameters in the model at all!). At the same time, the model
gas completely, which agrees with the assumption of allidiq mvolv_es quite “rich” data on t_h_e substaqce because it essen
initial state (see the left-hand side of EG] (4)). In the expe tally includes substance-specific properties (presseraper-
iments, the vessel was preheated, so that the initial pressu@ture, phase densities, specific enthalpies and entrapietsie
reachedP; = 40 atm. Vessel burst was initiated by detonat-Saturation line.
ing a small TNT charge, providing nearly instantaneous tdss
containment, a condition also assumed in the current modgl. 6 conclusions
In Figs.[T% and 16, simulation results for the largest mass
M = 452 kg of propylene from tests|[7, 8] are presented at the It is important to note that lowf&ciency of physical explo-
instants 1, 3, 5, and 7 ms. The pressure fields shown in the taggions in comparison with TNT was demonstrated in this work
row demonstrate the formation of blast wave in the atmosgher assuming that i) there are no irreversible energy losselsen t
its reflection from the ground surface and propagation albng mixture, and ii) boilingcondensation occur instantaneously, and

vdD>Deoees

1| Initial pressure, bar
5

014 —10

] —20

] —30

]| ——100

----- TNT (Kinney)

Figure 14: Scaled overpressure-distance curves for pigediair, in compari-
son with experiments [12] and TNT curves|[32]
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the phase transition rate is not limited by non-equilibripro-
cesses at the vapbiquid interface. Even in these idealized con-
ditions, the blast wave overpressures obtained are lovesr th
those from detonation of high explosives. The physicalopas
that BLEVE blast waves are weaker lies not in the energy being
lost irreversibly, but in the fact that the cloud boils up oadi-

nite time, which makes it a les#ieient “piston” for generation

of blast waves due to energy release rate being limited by-pro
agation of boiling wave through the bulk of superheatedidiqu

In this respect, boiling up of superheated liquid is expamsi
controlled, but rather than occurring uniformly over theoleh
volume, it proceeds “layer-by-layer”. In our view, the plogd
mechanisms determining the blaiieets of BLEVES revealed

in this paper are more significant than fine details on bubiple n
cleation, growth etc [22]. This must be especially true ifesa
applications, where the time scales related to two-phaseicl
expansion are much longer (due to large size of the system)
that the time scales of microscopic processes around thdivi
bubbles.

Simulations of single-phase flows relevant to pressurized
gas explosions indicated that in this case the blast wave ove
pressures are higher than those of BLEVESs with the same pre-
burst pressure. It should be kept in mind, however, thatrsupe
heated liquids possess much higher energy density: for-exam
ple, for the initial pressurB, = 25 bar and vessel diameter 1 m,
the energy release in pressurized gas explosion is 2 MJewhil
in propane BLEVE the yield is 13 MJ, which by faffsets the
difference in explosionficiencies.

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 phyaicrea-
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 oftsven
known for expansion of pressurized gas clouds. Therefooegem
careful analysis must be taken in identification of the reaso
for multiple-shock pressure records observed experirtignta
(e.g., in[10] it is argued that vapor expansion can be resipon
ble for the pressure peaks, while flashing is too slow a psoces
to contribute significantly).

Further work, requiring some (quite straightforward, thlo
extension of model formulation and implementation is to-con
sider the mass fraction of vapog in the initial state not as
zero throughout the volume (all-liquid assumption), butaas
function of spatial coordinates. This would allow us to ana-
lyze BLEVES of partially filled containers necessary to date
the model against available such experiments [9/ 10, 19] and
clarify the relative input of expanding vapor space and fltagh
liquid into the BLEVE blast wave. Also fiects of vessel shape
(sphere, cylinder) can also be evaluated and compared with e
perimental data.
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