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Abstract

Ž .This paper discusses a new reduced model for vapor cloud explosions VCEs which
incorporates some factors found in more complex models such as three-dimensional effects. The
common foundation of all VCE analysis models is discussed and a simplified model based on a
set of blast curves is reviewed to highlight the differences in the various model assumptions.
Output from the reduced model is compared to experimental data and results from the simplified
model. It is shown that the reduced model captures critical factors such as cloud shape and flame
dynamics. q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Ž .Accidental vapor cloud explosions VCEs remain a primary concern for the petro-
chemical industry and many facets of the explosion problem must be addressed. These
issues range from the probability of an explosion occurring to determination of the
possible consequences of such an event. Here, the focus is on models useful in
predicting these consequences. Before discussing details of the specific models to be
studied here, general classifications of explosion models are defined.

At one end of the modeling spectrum are analysis tools which incorporate the exact
three-dimensional characteristics of the facility involved in the explosion as well as the
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physical and chemical phenomena involved. These tools allow for incorporation of
aspects such as the vapor cloud shape, ignition location and presence of structures.

w x w xExamples of such models are FLACS 1 and EXSIM 2 .
The complex models solve a full set of partial differential equations governing fluid

dynamics as well as equations governing the combustion process. These equations are
solved at several points in the domain of interest. The combustion process is typically
represented by a single-step chemical reaction and the progression of the reaction is
dictated by local conditions including turbulence. In addition, the complex analysis tools
also model the plant facility in high detail. For instance, each vessel and pipe located in
the facility can be input into the computer model. Such objects influence the flow,
generate turbulence and affect blast propagation.

At the other end of the modeling spectrum are simplified models which use a set of
data generated for an idealized explosion scenario. Examples of this class include the

w x ŽMulti-Energy and Baker–Strehlow methods 3 . Here a single-cloud shape i.e. hemi-
.spherical or spherical , ignition location, and cloud composition are used. In some cases,

the basis for the model has been generated with numerical codes that solve a set of
partial differential equations similar to those solved by the complex models. The
combustion process is incorporated by an energy additional term and the rate of the
reaction progression is determined by an assigned flame speed. When this class of model
is used in determining VCE consequences, details such as cloud shape, local stoichiom-
etry, and physical obstacles are not explicitly incorporated. Some aspects such as local
congestion and confinement are included empirically. A review of several simplified

w xmodels is provided by Lees 3 and more details on one of the simplified models to be
used here are provided later.

The third class of analysis tools discussed here falls between the complex and
simplified models. This class is labeled reduced to emphasize that they do not incorpo-
rate all the features found in the complex models and yet they display more details than
the simplified models. This class solves nearly the same set of partial differential
equations as the complex models, differing only in some of the physical phenomena
representations. In this class of models, there is no explicit equation for turbulence. The
rate of reaction is based on empirical data but the combustion process is represented by
a single-step chemical reaction as in the complex models.

The reduced models do include cloud shape and ignition location. Major structural
components can be included to predict blast propagation, focusing, and shielding.
However, the reduced model does not include every process item such as each
individual pipe.

2. Governing equations

The chemically reacting flow in a VCE is governed by the Navier–Stokes equations
with additional equations for the reaction process. These include continuity,

E E
r q ru s0, 1Ž . Ž . Ž .j

Et Ex j
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and momentum,

E E EP E
ru q ru u q sq t qr g 2Ž . Ž . Ž . Ž .i i j i j i

Et Ex Ex Exj i j

where u is the velocity in the x direction, P is pressure and r is density. The sheari i

stress in the ith direction on a surface normal to the jth direction is represented by t i j

and g represents a body force in the ith direction.i

The energy equation is

E E E
rE q ru H sy J , 3Ž . Ž .Ž . Ž .j h , j

Et Ex Exj j

™2Ž .where HsEqPrr, Eseq 1r2 u and e is internal energy. The diffusion of
enthalpy in the jth direction is represented by the term J . The internal energy ish, j

Ž .related to the individual species enthalpy h through the relationshipi

NS1 P
™2esEy u s a h y 4Ž .Ý i i2 ris1

where

T0h sh q Cp dT 5Ž .Hi f ii
TR

with Cp and h0 being the specific heat at constant pressure and the heat of formation ofi f i

species i, respectively. A species continuity equation of the form

E E E
ra q ra u sy J qv 6Ž . Ž . Ž .˙Ž .n n j n , j n

Et Ex Exj j

is needed for each species involved in the combustion process. The term a is the massn

fraction of species n, varies between 0 and 1 and is nondimensional. The mass diffusion
of species n is represented by J and v is the chemical reaction source term for the˙n, j n

species.
Viscous effects are manifested through the shear stress term, t , and diffusion termsi j

J and J which are dependent on viscosity, m. The effective viscosity is a sum ofh, j n, j

laminar and turbulent quantities,

msm qm . 7Ž .L T

Ž .The turbulent contribution is related to the turbulent kinetic energy k and the
Ž .dissipation of this energy ´ . Explicit inclusion of turbulence using k and ´ requires

w xthe solution of at least two more equations 4 .
In the most general of terms, the reaction process is composed of NS total species

and NR total reactions expressed in the form

NS NSk f iX Y
n X° n X , is1, . . . ,NR 8Ž .Ý Ýi j j i j j

kbjs1 js1i
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and the source terms is in the form

NR NS NS
X YY X n ni j i jv sM n yn = k X yk X 9Ž . Ž .˙ Ý Ł Łn n in in f j b ji iž /js1 js1is1

where M is the molecular weight of species n. Here n
X and n

Y are the stoichiometricn i j i j

coefficients for species j in reaction i, and X is the molecular concentration of speciesj

j. The parameter k and k are the forward and backward reaction rates. Thef bi i

representation of the reaction process as well as the diffusion of species and the shear
stress are needed for simulating VCE problems. It is the exact form of these representa-
tions that distinguish the various model classes as discussed next.

3. Complex models

In the complex class virtual representations of the facility are constructed explicitly
including components such as walls, piping, and vessels. Large objects can obstruct the
flow and shield some areas from the blast while focusing blast into other areas. Small
objects such as piping generate turbulence and are usually represented through a

w xsub-grid scale obstruction model 5 . The sub-grid model is incorporated into the various
w xgoverning equations; one example can be found in Ref. 2 .

In the complex model, the combustion process is represented as a single-step,
irreversible reaction of the form

FqO™Pd 10Ž .
Ž . Ž . Ž . Ž .involving the fuel F , oxidizer O , and product Pd . The source term of Eq. 6 for the

Ž .fuel, expressed based on the general form of Eq. 9 would be

v syk M X X 11Ž . Ž .˙ F f F F O

where k is the rate of the reaction for the irreversible process. The combustion is
dependent on the molecular concentration of fuel and oxidizer and in areas where the
concentration of fuel and oxidizer approaches zero, the combustion process drops to
zero. This is how air-limited and fuel-limited combustion is represented. The reaction
rate is dependent on local conditions such as temperature.

Ž .The complex models use a format similar to Eq. 11 such as
uL

v syb ra 12Ž .˙ F lim
dL

where b is an enhancement factor that incorporates local turbulence effects such as
Ž .flame wrinkling. This is applied to the laminar burning velocity u and laminar flameL

Ž .thickness d which are dependent on the fuel–oxidizer mixture and are proportional toL
Ž . w xthe reaction rate kAu rd 6 . The enhancement factor is coupled to the otherL L

Ž .equations through the turbulent viscosity and flame characteristics, bsb m . TheT
Ž . Ž .dependence on fuel and oxidizer concentration in Eq. 11 is represented in Eq. 12

through the parameter a which is set equal to the smallest mass fraction among alllim

species involved in the reaction.
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Ž . Ž .When Eq. 12 is compared to Eq. 11 , it is clear that the enhancement factor and
laminar combustion characteristics of the mixture combine to give an effective reaction

Ž .rate k and the source term takes the forme

v syk ra . 13Ž .˙ F e lim

The complex models utilize a high fidelity model of the fluid dynamic and reactions
processes. These models are able to exactly represent the shape and composition of the
vapor cloud and the ignition location. Typical vapor clouds are formed in large, pancake
shapes. When such a cloud is involved in an explosion, the resulting energy release can
easily escape through the large surface area bounding the top of the cloud. This prevents
any feedback processes such as precompression of unburned gases ahead of the flame
and results in explosions much less severe than if the cloud was in a spherical or
hemispherical shape.

Furthermore, in the explosion process, pressure buildup will push the vapor cloud out
of congested regions and as the flame exits these congested regions, the flame speed
drops off substantially. Therefore, the total energy added during the explosion is much
less than if all the vapor cloud initially in the congested regions contributed to the VCE.
The complex models have the ability to include these factors into the prediction of the
explosion. However, they are not yet widely used, partly because they can require large
amounts of time to construct the virtual representation of the facility.

4. Simplified model

The simplified model included in the current study is the Baker–Strehlow method. As
w xLees 3 reports, this method is based on numerical studies conducted by Luckritz and

w x w xStrehlow et al. 7,8 . Further information on this model can be found in Refs. 9–12 .
Luckritz studied the combustion of spherical vapor clouds and the effect of flame speed
on the pressure and impulse generated during the VCE process. Some of the results

w xfound in Ref. 7 are the pressure and impulse curves shown in Figs. 1 and 2. Pressure
Ž .1r3and impulse are functions of a scaled distance, R P rE , from the cloud center0

where E denotes the total energy of the vapor cloud, P the ambient pressure and a the0 0
Ž .corresponding ambient speed of sound. The flame speed M is a second parameterw

determining the explosion output.
In this earlier work, Luckritz used a Lagrangian frame of reference to solve the

governing equations in a spherical coordinate system. This results in a one-dimension
Ž .solution where quantities vary only with radius R . The equations solved include a

conservation equation for mass, momentum, and energy but no additional equations for
species. Viscous effects and turbulence are neglected. Luckritz’s model represents the

Ž .combustion process with an addition term in the energy equation, converting Eq. 3 to

E E
rE q ru H sL, 14Ž . Ž .Ž .j

Et Ex j

where L is the energy addition term. Spatial and temporal variation is given by
Ž . Ž .Lsl r l r,t . A cosine function was used by Luckritz to smoothly vary the term1 2
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Fig. 1. Overpressure versus scaled distance calculated by Luckritz.

Ž .l r from 1 to 0 at the edge of the vapor cloud. The amount of energy is set by the term1
Ž .l r,t which varies from 0 to Q, the maximum amount of energy released determined2

by the fuel involved. The worst explosion will occur with a stoichiometric mixture in the
w xcloud and Luckritz 7 presents values for a range of fuels. In his simulations a value of

Qs3.508 MJrkg is used to mimic the characteristics of a stoichiometric methane–air
cloud.

The function l is related to assumed flame dynamics. Flame width is measured by2
Ž .the time required for the flame to pass a specific point t . Luckritz simulates variousC
w x Žflame widths but the majority of data presented in Ref. 7 and that shown here in Figs.

.1 and 2 uses a flame width such that t rt s0.1 where t is the time required for theC T T
Ž .flame to reach the edge of the cloud. Using the flame arrival time t and the passageA

Ž .time t at each point in the cloud, the energy function is expressed asC

0, tFt° A
X~Q , t - tFt qtl s . 15Ž .A A C2 ¢Q, t)t qtA C
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Fig. 2. Scaled impulse versus scaled distance calculated by Luckritz.

A cosine function, over a quarter of a period, is used to vary QX from 0 to Q. This is
depicted in Fig. 3 and was used to closely mimic the model by Zajac and Oppenheim
w x13 . The arrival and passage times are akin to combustion time scales such as induction

w xand reaction times which Clutter 4 has shown impacts the pressure generated during
the reaction process.

In complex models, transformation from reactants to products during combustion is
handled through the continuity equations for each species. In Luckritz’s model this
process is represented by altering the value of the specific heat ratio, g , in the equation

w xof state. In Ref. 7 , the specific heat ratio is 1.4 before the arrival of the flame and 1.2
once the flame has passed. The variation between 1.4 and 1.2 is coupled to the energy

Ž .release function of Eq. 15 by

gs1.4y0.2 f 16Ž . Ž .

where f is the fraction of energy that has been released. He assumes that the molecular
weight stays constant at a value equal to that of air. This is a reasonable assumption
since a large quantity of nitrogen is present in the stoichiometric cloud.
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Fig. 3. Depiction of energy addition function.

For simplified models such as that of Luckritz, all factors such as turbulence and
flame curvature, which affect the rate of combustion, can be considered to be embodied
in the parameter M . The velocity of the flame is a result of the balance between thew

w x w xreaction and diffusion processes 14 . Following this idea, Baker et al. 9 present tables
correlating various combinations of fuel reactivity, confinement, and obstacle density to
M . These correlations are based on a survey of experiments in which flame speedsw

w xwere recorded for various confinement and obstacle configurations 10 . Thus, even
though effects such as turbulence and flame curvature are not explicitly included in the
model, they are represented in M .w

The final aspect of the simplified model is a determination of the effective portion of
w xthe vapor cloud involved in the explosion 3 . Unlike the complex models, the

Baker–Strehlow Method does not include a calculation of that portion of the cloud that
is pushed out of congested regions during the explosion process. Therefore, typically the
entire cloud occupying areas such as a process units prior to the explosion, are assumed
to contribute.

Some key aspects of the VCE problem are ignored with simple models, including the
effect of cloud shape. The Baker–Strehlow method uses a set of curves from spherical
clouds that can give blast pressures higher than typical pancake shaped clouds formed in
releases. Therefore, the Baker–Strehlow results will typically be very conservative.
Furthermore, omitting cloud movement and shielding effects in the simple models
contributes to conservative predictions. However, neglecting focusing can give lower
than actual overpressures.

5. Reduced model

w xClutter 16 has developed a new Computational Explosion and Blast Assessment
Ž .Model CEBAM which is a reduced model. The reduced model solves a three-dimen-

Ž .sional set of equations for three species, a reactant mixture Rx , combustion products
Ž . Ž .Pd , and ambient air Air . The specific heat for each species is assumed constant at the
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Table 1
Species and properties used in the reduced model

Ž .Species Symbol CprR h kcalrmolu f

Reactant Rx 3.5 0
Product Pd 6 y24.19
Ambient air Air 3.5 0

values in Table 1 with R being the universal gas constant. These values were selectedu
Ž .to reproduce the values of g used in Luckritz’s model, Eq. 16 . The specific heat at any

point in the field is found as
NS

Cps a Cp . 17Ž .Ý i i
is1

The molecular weights for all species were set to be equal to that of air. The heat of
formation for each species given in Table 1 generates the same amount of energy release
as that used in Luckritz’s earlier model.

As in the complex models, the combustion process is represented with a one-step,
irreversible reaction of the form

Rx™Pd. 18Ž .
The reduced model has the ability to represent the fuel and oxidizer explicitly, however,
here Rx represents a stoichiometric mixture of fuel and oxidizer to follow Luckritz’s

Fig. 4. Domain and initial vapor cloud used in VCE simulations.



( )J.K. Clutter, R.T. LuckritzrJournal of Hazardous Materials A79 2000 41–6150

Fig. 5. Overpressure computed with CEBAM versus scaled distance.

Fig. 6. Impulse computed with CEBAM versus scaled distance.
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Table 2
Summary of small-scale EMERGE tests

Test no. Mixture Max. V P P , P , P ,f max max max max
Ž .mrs inside xs3.06 m xs5.33 m xs10.7 m

Ž . Ž . Ž . Ž .kPa kPa kPa kPa

7 M 52 6.9 2.1 1.2 0.6
8 M 52 6.7 2 1.2 0.6

10 M 70 7.7 2.4 1.3 0.7
28 M 127 30.7 13.3 7.9 4.6
29 M 93 29.4 11.5 6.6 3.3
30 M 107 25 9.7 5.7 2.9
31 M 107 26.4 11.3 6.4 3.5
33 M 130 24.3 9.1 5.2
34 M 106 28.6 12.2 7.1 3.6
15 P 52 10.2 3.3 1.8 0.9
16 P 74 9.9 2.9 1.7 0.8
40 P 208 57.8 27.4 16.8 8.3
41 P 179 51.7 23 13.5 6.9
42 P 163 55.5 25.5 15 7.3
50 P 280 54.2 24.6 14.7 7.3
52 P 217 51.7 23.9 14.5 7.2

earlier work. Two different models for reaction rate and initiation were tested. First
constant flame speeds are assumed to determine if the new model can reproduce the

w xearlier results of Luckritz 7 .

5.1. Constant flame speed model

For the reduced model, the viscous terms are not included in the set of equations
solved. Turbulence variations are represented by varying flame speed. Each computa-

Ž .tional cell is assigned an arrival or activation time t based on the flame speed. TheA

Fig. 7. Experimental configuration used in the EMERGE tests.
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reaction rate is related to the time it takes the flame to pass through a given
Ž .computational cell t . The initial conditions in the cloud are a s1 and theC Rx

concentration of reactants reaches 0 once the flame passes to reproduce the results of
Luckritz’s model. Therefore, the effective reaction rate is k s1rt which results in ae C

source term for the reactant mixture in cell i,j,k

v syk ra syra rt 19Ž .˙ Rx e Rx Rx C

where a is the mass fraction of the reactant mixture.Rx

In the reduced model, with the addition of the species continuity equations, any
convection of reactants out from the initial boundary are modeled. This deviation from a
condition of a s1 will result in a reduction in the amount of energy added at theRx

boundary of the expanded cloud.

5.2. Decelerating flame speed model

An alternative flame speed model uses the same framework as the model described
above with one alteration to account for the fact that generated turbulence varies with

Fig. 8. GUI screen for defining the computational domain.
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location. This flame speed model takes advantage of the three-dimensional framework of
CEBAM to designate the variation in local conditions. Vacant regions surrounding areas
of congestion are designated to have flame speed values of essentially zero. Bordering
the congested regions, the flame speed decelerates linearly from a maximum value to
zero. The local reaction rate is set based on the flame speed.

5.3. Inclusion of facility aspects and cloud parameters

The role of large and small objects have been mentioned previously and these effects
are incorporated in CEBAM as follows. Key objects such as buildings and large vessels
are explicitly represented. However, piping runs and sections of process units are
represented simply as areas of congestion. CEBAM uses the empirical correlations

w xfound in Refs. 9,10 to set the flame speed in these defined congestion zones. This sets
Ž .the effective reaction rate k . This approach dramatically reduces the model definitione

time to only a matter of minutes.
CEBAM also allows for the representation of the exact cloud shape and ignition

location. A correct representation of how much of the vapor cloud is driven out of the
congested regions is also made.

Fig. 9. GUI screen for defining areas of congestion.
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5.4. Solution of goÕerning equations in CEBAM

CEBAM uses a finite volume formulation within a curvilinear framework for solution
of the equations. A flux-vector splitting scheme with variable extrapolation is used along
with a predictor-corrector method to achieve 2nd order in time and space. An operator

w xsplitting routine described in Refs. 4,17 is also used to increase computational
efficiency.

6. Results comparing the reduced and simplified model

w xA spherical vapor cloud is simulated first to mimic the earlier study of Luckritz 7 .
Here this scenario is simulated using the reduced model with the conditions shown in
Fig. 4. Only 1r8th of the domain is solved and three planes of symmetry are employed
to reduce the required computational resources. Fig. 4 shows the initial location of the
cloud which is composed of the reactant mixture, Rx. Also shown are locations where
pressure time histories are recorded to determine peak pressure and impulse.

The amount of energy release through the formulated 3-fluid model is compared to
w xthe earlier results by setting the reaction time to 0 as assumed by Luckritz 7 to produce

the bursting sphere curve in Figs. 1 and 2. The results in Figs. 5 and 6 show that using
the heat of formations of Table 1 produces the same amount of energy released as that

Fig. 10. GUI screen for defining vapor clouds and ignition location.
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w xused in Ref. 7 . The remaining simulations used the condition t rt s0.1 mentionedC T

earlier.
Various constant flame speeds are used coinciding with the values presented in Ref.

w x9 that relate to experimental data. The curves of Figs. 5 and 6 compare well with the
w xearly results of Luckritz 7 both in magnitudes and variation with scaled distance. The

w xcurrent results include values at scaled distances smaller than those of Luckritz 7 and
in this region the current results show an increase in peak pressure.

7. Results comparing the reduced model to experimental data

CEBAM, using the two flame speed assumptions, is compared to experimental data
Ž .from the Extended Modeling and Experimental Research into Gas Explosions EMERGE

Project. This project measured overpressures at various distances from explosions in
rectangular configurations of pipes. Experiments were conducted for small, medium, and

w xlarge configurations with a variety of fuels 18 . Here, the data for the small tests using
methane and propane are used and provided in Table 2.

Fig. 7 shows a picture of the medium sized test rig used in the experiments. The
small rig configuration was similar and sized 6 ft by 6 ft by 3 ft tall. The rig was
surrounded by a tent to contain the vapor cloud and the ignition location was set at the
center of the rig, on the ground. The available data from the test are the measured flame

Fig. 11. GUI screen showing the defined explosion scenario.
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speed and the overpressure at three locations outside the rig as well as the average
overpressure in the rig.

Simulations are made using CEBAM for the rectangular configuration of the
Ž .EMERGE tests and Fig. 8 shows the graphical user interface GUI input which defines

the domain of interest. The screen of Fig. 9 allows for the definition of the congestion
zones. This is followed by the definition of the vapor cloud and the ignition location
using the GUI screen of Fig. 10. Both the congestion zones and vapor cloud can be
defined in a multitude of shapes but here both are rectangular. There are also tabs for the
definition of objects, probes, and the output criteria. The object definition option can be
used to specify structural elements such as walls, floors, etc. and to assign specific
failure criteria to these items. However, for the EMERGE configuration here, no objects
are involved. Fig. 11 shows the complete CEBAM representation of the experiments.

The experimental data for the methane case can be grouped into two average flame
speeds of Mach Numbers M s0.17 and 0.32, relative to ambient conditions. Simula-w

tions at these speeds, using the combustion model of Luckritz, are shown in Figs. 12 and
13 and labeled rect. This is to denote these results incorporate only the rectangular
shape effects associated with the test configuration since the combustion proceeds until
all the vapor cloud has been consumed. This is true even if the overpressure build-up
pushes the reactant mixture out of the congested region. The experimental data are
represented with the solid symbols. Even though the exact cloud shape is used, the
combustion model causes an overprediction of the blast pressure at locations outside the
rig.

w xHere, the energy scaling for distance is not used. As noted by Lee et al. 15 , for
realistic scenarios, energy scaling is not appropriate because the actual amount of energy

Ž .Fig. 12. Results for the M s0.17 case showing the rectangular rect configuration and the deceleratingw
Ž .flame model dfsm .
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Ž .Fig. 13. Results for the M s0.32 case showing the rectangular rect configuration and the deceleratingw
Ž .flame model dfsm .

Fig. 14. Results for the stoichiometric propane–air cases using the decelerating flame model.
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involved in the explosion process cannot be assessed a priori. Lee et al. attribute this to
the fact that the detailed blast flow structure must be known to make accurate
assessments of the total energy involved. Ad hoc functions can be applied to the
spherical data to estimate the expansion of the cloud during the explosion but such
functions would be highly dependent on the exact layout of the facility in which the
explosion occurs.

Next, computations are made using the rectangular cloud shape found in the
experiments and the decelerating flame speed model. For the small scale experimental
configuration, it is assumed that the flame decelerates from the constant value defined
for the specific congestion of the rig to zero over a distance approximately equal to 15%
of the width of the rig. Universal applicability of this value is not proposed. It is used
here to demonstrate how inclusion of flame deceleration affects the computed explosion
output. These results are also in Figs. 12 and 13 and labeled dfsm. By simulating the
deceleration of the flame outside the rig, the overpressure is more accurately predicted.

The data from the small-scale EMERGE tests for a stoichiometric propane–air
mixture can be grouped into two average flame speeds of M s0.18 and 0.6. For thesew

cases, only the decelerating flame speed model is used and the comparison is shown in
Fig. 14. Using CEBAM with this model, good predictions of the overpressures are made
at locations in and outside the rig.

8. Comparison of the simplified model to experimental data

Here the Baker–Strehlow Method is used for the conditions of the EMERGE
small-scale cases to further compare the simplified and reduced classes of models. The

Fig. 15. Results for the small-scale EMERGE methane cases from the simplified model.
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Fig. 16. Results for the small-scale EMERGE propane cases from the simplified model.

w xoriginal curves from Luckritz 7 were later augmented by Stehlow et al. with values at
w xlower flame speeds using analytical methods 19 . These are used to cover the range of

flame speeds seen in the EMERGE experiments. Fig. 15 shows the simplified model
results for the methane cases. The nondimensional curves are scaled as defined in Ref.
w x9 , using the energy capacity of the cloud initially within the rig. Both predictions are
greater than the experimental data at all locations with the error increasing with flame
speed. Fig. 16 shows the propane cases. Again, the simplified method overpredicts at
locations in and outside the rig for both flame speeds.

As seen in the rect curves of Figs. 12 and 13, the combustion model used by Luckritz
contributes to the overprediction. However, here the spherical cloud shape used in the

w xsimplified model also plays a part. As Lees 3 highlights, cloud geometries that promote
precompression of the unburned gas ahead of the flame generate more severe explo-
sions. The spherical cloud shape is the worst case scenario.

9. Conclusions

CEBAM, the reduced model used here, has been developed incorporating various
empirical models to reduce preprocessing and computational time. These reductions are
combined with the three-dimensional framework to ensure key factors such as cloud
shape, ignition location, cloud migration and blast focusing are included in the VCE
analysis. The reduced model has been used to reproduce the earlier results of Luckritz,
used in the Baker–Strehlow Method, by employing the same combustion model and
cloud shape.
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Both the reduced and simplified models are compared to the experimental results of
the EMERGE tests. The simplified model overpredicts at all locations due to the
assumed cloud shape, the combustion model and neglecting the migration of the cloud
outside the rig. The CEBAM model with the decelerating flame speed model can
reproduce the experimental results. This increases the confidence in the ability of the
model to correctly predict the overpressures from VCE s occurring in process units. The
reduced model offers an efficient option for better representation of the actual explosion
phenomena with little impact on the efficiency of the analysis process.
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