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Abstract: A vapour cloud explosion (VCE) is often deemed
one of the most likely scenarios following an unintended
release of flammable gas during road transport. Such VCEs
produce a blast wave that propagates away from the ex-
plosion, potentially causing significant damage and loss of
life. The severity of the generated blast loading depends on
the VCE’s strength. However, there is currently a noticeable
lack of knowledge about the strength of VCEs on urban roads
or related settings (such as carparks). This makes estimating
the blast load characteristics challenging and imprecise. This
study applied computational fluid dynamics to evaluate the
strength of several VCE scenarios in a traffic environment.
The scenarios consisted of groups of vehicles engulfed by a
stoichiometric mixture of propane and air. The influence of
parameters, such as the number of vehicles, the separation
distance between vehicles, and the gas volume, was inves-
tigated using the principles of factorial design. The number
of vehicles in the transverse direction had the most signifi-
cant effect on the resulting overpressure. Indeed, the results
indicated that this parameter alone may be sufficient for a
conservative estimate of the strength of VCEs in a traffic
environment.

Keywords: vapour cloud explosions; overpressure; TNO
Multi-Energy Method; factorial design; FLACS-CFD

1 Introduction

Although it may not be evident to the public, the transport of
hazardous materials (hazmat) is common in modern society
[1]. Hazmat include products that are flammable, explosive,
poisonous, or possess other dangerous properties. Depend-
ing on the type of hazmat, an accidental release during
transport may lead to catastrophic events such as explo-
sions, fires, or toxic gas clouds. Among these tragic events,
explosions arguably have the greatest potential to cause the
greatest losses [2, 3]. Inland transport of hazmat is primarily
conducted by road or railway, although the risk associated
with road transport of hazmat is generally considered
greater than that of rail transport, largely due to a lower
accident rate in rail transport. Flammable gases are possible
sources of explosions regularly transported by road. These
are often transported in liquid state in pressurised vessels,
such as liquefied petroleum gas (LPG), or in cryogenic ves-
sels, such as liquefied natural gas (LNG). Explosivematerials,
such as TNT compositions and ammunition, may also be
transported by road, although less frequently than flam-
mable gases [4]. Potential scenarios following an unintended
release of flammable gas include jet fires, flash fires, fire-
balls, and vapour cloud explosions (VCEs). Among these, a
VCE is often regarded as the most likely event [5, 6].

A VCE is the combustion of a premixed mixture of
flammable gas and air characterised by a rapid and major
increase in overpressure and temperature [7]. The explosion
sets the surrounding air into motion, which propagates as a
blast wave. VCEs may result in substantial damage to prop-
erty and loss of life. The accident in 2020 in Wenling, China
[8–10], involving an unintended release of LPG from a road
tanker, is a recent example of the tragic consequences of
VCEs on urban roads. Hence, investigating the effects of VCEs
in connection to hazmat transport by road is highly relevant.

In the event of a VCE on a road, nearby structures may
be exposed to extreme loading conditions. However, while
blast-resistant design of structures has been common for
industrial facilities for decades, urban structures are his-
torically seldom designed for load effects arising from acci-
dental explosions. Nonetheless, the interest in blast-resistant
design of urban structures has grown in recent years,
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motivated by the increase in general awareness about ex-
plosion risks in traffic environments, coupled with the
recent trend for urban densification (which means shorter
distance between the road and the structures) and the rise of
vehicles powered by alternative fuels (such as biogas or
hydrogen) in some countries [11].

An essential part of evaluating the risk associated with
VCEs in traffic environments is the accurate assessment of
the strength of the explosion and the characteristics of the
ensuing blast load. The term traffic environment is used in
this article to refer to settings on or near a road where a
group of vehicles is likely to be present in the event of an
accidental release of a flammable gas during transport. Ex-
amples of traffic environments include congested roads,
open carparks near the road, or refuelling stations. This
article uses the term strength to refer to the overpressure
generated by the explosion. The strength of a VCE strongly
depends on the geometrical conditions of the environment
in which it develops. In general, the combustion of vapour
clouds in environments with a high degree of confinement
(which limits free expansion of the flow) or obstruction
(which promotes turbulence and flame acceleration) will
result in stronger explosions. In open traffic environments,
local areas that are partly confined and obstructedmay exist
due to the presence of vehicles. For instance, in the region
under a group of vehicles, combustion largely develops in
two-dimensional conditions. Furthermore, turbulence may
be enhanced by the obstruction caused by the wheels and
other components underneath the vehicles. Therefore, the
degree of confinement and obstruction (and thus the
resulting explosion strength) in open environments popu-
lated by vehicles depend on parameters such as the geom-
etry of the vehicles, the number of vehicles, and the
separation distance between vehicles.

Ideally, the estimation of the strength of VCEs would be
based on experimental data. However, the availability of
experimental research concerning VCEs in open traffic en-
vironments is currently limited. The experiment described
in [12], designed to represent the explosion of a stoichio-
metric hydrogen–air mixture in a realistic refueling station,
is a notable contribution. Instead, computational fluid dy-
namics (CFD) codes can be used to assess the strength of VCEs
and the propagation of the resulting blast wave.

Several research studies concerned with evaluating the
consequences of unintended releases of flammable gases
employing CFD can be found in the literature. Most of the
published work is concerned with risk evaluation and
consequence analysis within the process industry, often
combining dispersion and explosion analyses e.g. [13–15].
Some authors have also studied the prediction of blast
waves arising from accidental explosions using CFD analysis

[16–18]. Shen et al. [19] compiled several examples of recent
applications of CFD in the context of process safety,
including 15 examples of VCEs. CFD has also been applied for
evaluation of accidental explosions in urban settings [8, 20].
The studies by Venetsanos et al. [21, 22] are examples of early
applications of CFD for investigating the release and explo-
sion of a flammable gas in an urban environment. More
recently, the development of graph neural networks has
enabled their application for gas explosion prediction at an
urban scale based on CFD simulations [23, 24]. Regarding
implementation of CFD for traffic-related settings, two types
of environments have garnered particular interest from the
research community: vehicular tunnels [25–28] and refuel-
ling stations [29–33], often concerning leakage, dispersion
and explosion of mixtures containing hydrogen. However,
very few examples of implementation of CFD for evaluation
of explosions in open environments in which the vehicles
are the main or only source of confinement and congestion
are available.

For all their advantages, CFD codes have some draw-
backs. Firstly, users must have specialised knowledge to
utilise CFD codes correctly. Furthermore, CFD calculations
are often time-consuming and may require high-
performance computing. More importantly, CFD codes
need to be validated against relevant experiments. Because
of these aspects, CFD calculations may not be suitable in
many circumstances, particularly in the early design phase
or in situations in which many scenarios need to be evalu-
ated. Therefore, there is a need for faster and simpler
methods for estimating the strength of VCEs in a traffic
environment and the characteristics of the blast load arising
from the explosion.

A few simplified methods for estimating the blast load
from VCEs have been developed based on experimental
observations or numerical simulations. Examples of such
methods include the TNO Multi-Energy Method (MEM) [34],
the Baker-Strehlow-Tang (BST) method [35, 36], and the
Congestion Assessment Method [37]. In all these methods,
the user needs to make an estimate of the strength at the
source of the blast based on the conditions of the scenario of
interest. This is the most challenging aspect and the greatest
source of uncertainty in such simplifiedmethods. Guidelines
for determining this parameter exist in the literature [38, 39].
Furthermore, some authors have proposed correlations to
calculate the maximum overpressure for some specific
conditions based on experiments or numerical analyses
[40–42]. However, these guidelines have mostly been
designed for applications in the chemical and process in-
dustry, making their implementation for explosion sce-
narios in traffic environments challenging and unprecise.
Today, analysts are forced to adapt the existing guidelines to
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traffic-related situations based on their own experience and
judgement. This introduces an additional measure of
subjectivity into the risk assessment process. As a result, the
outcome of different risk analyses concerning VCEs in traffic
environments with similar conditions may differ substan-
tially, even within the framework of the same project [11].
Therefore, the prediction of the blast load generated by VCEs
in road settings is currently affected by a high degree of
uncertainty, and more research concerning the strength of
VCEs in this type of environment is needed.

The purpose of this article is to investigate the strength
of VCEs in an open traffic environment. The study was
conducted using CFD calculationswith FLACS-CFD v.22.1 [43].
Several scenarios in an open area consisting of groups of
vehicles with different configurations were studied. The
common setting for all scenarios was a hypothetical acci-
dental release of propane into the atmosphere during
transport. This, combined with delayed ignition, resulted in
the formation of a vapour cloud on the road which engulfed
the group of vehicles. An equivalent cloud with a regular
shape and stoichiometric concentration was assumed for all
cases. The influence of various geometrical parameters on
the resulting overpressure was investigated using the prin-
ciples of factorial design [44]. The studied parameters
included the number of vehicles, the layout of the group of
vehicles, the separation distance between vehicles, the gas
volume, and the location of the ignition point. Furthermore,
the study discussed how the most significant parameters
could be used for estimating the strength class as an input for
simplified methods, such as the MEM.

This article develops material first presented in Chapter
3 of themain author’s licentiate thesis [45] written under the
supervision of the coauthors.

2 Methodology

2.1 Overview

The setting of the studied cases was a hypothetical leakage of
a flammable gas during transport in an open traffic envi-
ronment. The fuel gas was assumed to have spread and
mixed with the surrounding air to form a vapour cloud that
engulfed several vehicles on or near the road. Figure 1
illustrates two examples of such a setting. In Figure 1(a), the
gas cloud covers stationary vehicles behind the road tanker
from which the flammable gas leaked. In Figure 1(b), the
cloud spread outside the road engulfing a group of vehicles
parked nearby. The gas cloud eventually ignited, causing a
VCE. For the described hypothetical setting, a likely source of
strong blast within the cloud is the space between parallel

planes underneath the concentrated group of vehicles [40].
The bodies of the vehicles also provide obstruction to the
flow and may contribute to further pressure enhancement.

The approach chosen to conduct the study is illustrated
in Figure 2. The work began with the definition of the gas
explosion scenarios, including the shape and composition
of the gas cloud, the geometry of the mock-up vehicle and
the configuration of the group of vehicles. The evaluation of
the scenarios relied on numerical simulations based on
CFD. The simulation work was carried out in three stages.
In the preliminary stage, numerical analyses aimed at
finding out the appropriatemodelling technique andmodel
parameters were performed. Additionally, a brief study of
the influence of the location of the ignition point was con-
ducted to determine suitable ignition locations for the
subsequent stage.

The main stage focused on studying the strength of the
explosion scenarios. Furthermore, the effect of the scenario
parameters on the explosion strength was investigated. The
principles of factorial design were employed to perform a
cost-efficient parametric study. A comprehensive theoretical
background of factorial design can be found in [44]. In
conformity with factorial design convention, the term factor
is used in this article to refer to the parameters that define
the explosion scenarios. The investigated influence of the
factors included both main effects and interaction effects.
The main effect of a factor is defined as the change in the
response (i.e. maximum overpressure) caused by the varia-
tion in the level (the term level is commonly used to refer to
the values that each factor can take) of that factor, averaged
over the levels of the other factors. The interaction effects
represent the interdependency of effects of two or more
factors; that is, the influence of a given factor on the response
may change at different levels of the other factors. In a full
factorial design, all possible combinations of the factors are
considered. However, due to the high computational de-
mand of the CFD calculations performed in this study, it was
not practical to carry out a full factorial analysis. Instead,
two consecutive fractional factorial designs were used. In a
fractional factorial design, only a carefully selected fraction
of the full factorial design is utilised. Initially, a screening 26−1

factorial design was implemented (32 scenarios) to identify
the factors and interactions with themost significant effects.
Six factors, each with two levels, were studied. The most
important factors and interactions arising from the
screening analysis were then investigated more thoroughly
with a targeted 34−1 factorial design (27 scenarios), which is a
design with four factors, each with three levels.

A necessary step before running the factorial analyses
was to choose the range over which the factors would vary.
The initial choice was made for the screening 26−1 factorial
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design, in which specific low and high values were decided
for each factor. The choice of levels for the targeted 34−1

design was based on the results from the screening 26−1

factorial design. The terms low,medium, and high are used to
refer to the levels of the targeted 34−1 factorial design. The
choice of levels is discussed further in Sections 2.3 and 2.4.

Finally, complementary analyses were conducted in the
last stage of the study. These analyses focused on the effect of
the number of vehicles outside the space of the factorial
designs and the influence of the wheels’ orientation relative
to the main flow direction.

2.2 Scenario definition

In any real traffic situation on an urban road there is
normally a broad range of vehicles (e.g. personal cars,
trucks, busses, motorcycles), urban furniture (e.g. bus
stops, noise barriers, lane dividers, light fixtures), sur-
roundings (e.g. street intersections, carparks, highways,
bridge crossings), and environmental conditions (e.g.
wind, rain). All these factors may influence both the
dispersion and concentration of the gas cloud, as well as

the resulting explosion. However, considering all these
factors in a parametric study would require a colossal
effort. Therefore, to arrive at a standard case that could
lead to useful conclusions with a reasonable amount of
resources, several simplifications were implemented.

The most significant simplification in this study con-
cerns the shape and concentration of the vapour cloud. A
real dispersed cloud has non-uniform shape and concen-
tration, depending on parameters such as the geometry of
the environment and the weather conditions. However, this
study modelled the vapour cloud as an equivalent gas cloud
shaped as a rectangular cuboid with stoichiometric con-
centration. The assumption of uniform stoichiometric con-
centration is meant to represent a worst-case scenario and
thus constitutes an upper bound solution regarding the
produced overpressure (excluding detonation).

By definition, the equivalent stoichiometric gas cloud
(ESC) is expected to produce similar explosion loads as the
real dispersed cloud [46, 47]. The volume of the ESC must be
smaller than the volume of the real cloud. That is, it was
assumed that the volume of the real dispersed cloud was
greater than that of the adopted ESC. The largest ESC among
the studied scenarios had a volume of around 1,500 m3. This

Figure 1: Illustrative examples of scenarios of gas dispersion in a traffic environment relevant for thework in this article: (a) Cloud engulfs vehicles on the
road; (b) cloud engulfs vehicles parked near the road.

Figure 2: Workflow of the conducted study.

4 F. Lozano et al.: Strength of vapour cloud explosions in a traffic environment



volume could be justified by the investigation of the
dispersion of the vapour cloud resulting from an unintended
release of LPG from a road tanker using CFD by Lozano et al.
[48]. Spills in both gaseous and liquid phase with different
puncture dimensions were investigated. For each scenario,
the volume of the ESC was calculated. Under calm-wind
conditions, a release in liquid phase trough a puncture with
50 mm diameter was found to lead to ESCs with volume
greater than 8,000m3. Additionally, releases in gaseous
phase were shown to produce ESCs with volume up to
630 m3,which is greater than the assumed ESC inmany of the
scenarios in this article.

The concept of ESC has also been used in other studies to
perform consequence analysis of VCEs [8, 32, 49, 50]. Kang
et al. [8], in particular, applied CFD to assess the conse-
quences of the accident involving the unintended release of
LPG from a road tanker in Wenling, China (2020), which
developed into a powerful VCE. A ESCwith volume of around
90,000 m3 was estimated in [8]. With that assumption, the
study could effectively replicate the damage range consis-
tent with the real observed damage.

Another simplification involves the type and geometry
of the vehicles. All vehicles were assumed to have the same
simplified shape, approximately representing a typical per-
sonal car in Sweden. The geometry of the vehicle is given in
Figure 3(a). The vehicles were arranged in a structured
configuration with regular spacing between them. All di-
mensions were rounded to multiples of 50 mm to ensure a
perfect match between the geometry of the vehicle and the

calculation grid. The simplicity of the geometry was also
intended to facilitate potential future experimental work.

Six geometrical parameters were chosen to describe the
conditions of the analysed scenarios.
– A: Separation distance between vehicles.
– B: Extension of the gas cloud in the horizontal plane

outside the group of vehicles, measured from the
perimeter of the group of vehicles.

– C: Height of the gas cloud, measured from the ground.
– D: Number of vehicles in the transverse direction

(y-direction in Figure 3).
– E: Number of vehicles in the longitudinal direction

(x-direction in Figure 3).
– F: Location of the ignition point.

Figure 3(b) shows an example of the gas cloud and the
configuration of the group of vehicles for a scenario with
3 × 3 vehicles. The defining parameters are graphically
illustrated in the figure.

The ground clearance (i.e. the distance between the
bottom of the vehicle and the ground) is likely to vary within
a given group of vehicles. However, treating this property as
a variable would significantly increase the number of sce-
narios and the overall complexity of the study. Thus, a
reasonable constant value was desired. A literature study
was conducted to support the choice of ground clearance.
The experimental research described in [12, 30] adopted a
ground clearance of 300 mm. Middha and Hansen [27]
assumed values of ground clearance of 200 mm and 300mm

Figure 3: Schematic representation of the gas cloud and configuration of the vehicle group: (a) geometry of mock-up vehicle; (b) parameters defining
the gas explosion scenarios. The ignition point, marked with a red cross, is placed at 0.175 m above ground.
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for personal vehicles and 400mm for busses to investigate
the risk associated with hydrogen vehicles in tunnels. In [51],
a ground clearance of 150 mm was assumed for personal
vehicles to conduct a risk analysis of LPG vehicles in
enclosed carparks. Lozano et al. [52] investigated the effect of
varying the ground clearance between 150 and 500 mm on
the resulting overpressure. For the scenarios analysed in
that study, it was concluded that using 300 mm produced
overpressure values that approximated the average over-
pressure across all the studied values of ground clearance.
Based on the literature review, a ground clearance of
300 mm was adopted for all scenarios in this study.

Different scenarios were generated by varying the
defining parameters shown in Figure 3(b). 32 scenarios were
used in the screening 26−1 factorial design, and 27 were used
in the targeted 34−1 factorial design (six scenarios appeared
in both factorial designs).

The study assumed that the gas cloud consisted of a
mixture of propane and air. The main reason for this choice
is that LPG is the most frequently transported fuel gas in
Sweden, and often forms the basis for risk analysis related to
transport of flammable gases in the country [53, 54]. LPG
mixes sold in Sweden typically consist of at least 95 % pro-
pane, along with other hydrocarbon gases such as butane
[55]. Since the reactivity of butane is similar to that of pro-
pane, a stoichiometric mixture of propane and air was
chosen for all cases.

2.3 Screening 26−1 factorial design

Themain stage of this study startedwith a screening analysis
using a 26−1 factorial design. This is a resolution VI design, in
which the main effects are confounded with five-factor in-
teractions, and the two-factor interactions are confounded
with four-factor interactions [44]. The four-factor and
higher-order interactions are likely negligible, making this
design suitable for studying all main effects and two-factor
interactions.

The low and high values chosen for each factor are
summarised in Table 1. The low value of factor A (separation
distance between vehicles) was set to 0.5 m, representing the
distance between tightly parked vehicles. The high valuewas
set to 1.5 m, which approximately represents the distance
between personal vehicles centred in their respective lanes
on a typical road in Sweden. The low and high values for
factor B were set to 0.0 m and 4.0 m, respectively. The low
value corresponds to a scenario in which the gas cloud
occupies the same area (in the horizontal plane) as the group
of vehicles. The high value was chosen to be slightly greater
than twice thewidth of the vehicles. The low value of factor C

(gas cloud height) was set to 1.8 m. This value corresponds to
the recommended height of the congested volume due to a
group of vehicles in a carpark given in [56]. The high value
was set to twice the low value.

Factors D and E (the number of vehicles in the trans-
verse and longitudinal direction) are both discrete. Their low
valuewas set to 1, while the high valuewas set to 3. Situations
in which the number of vehicles exceeds 3 are common. For
example, a row of cars parked side by side outside a shop-
ping centre could havemore than 3 cars. Similarly, queues of
vehicles at traffic lights often extend beyond 3 vehicles. In
these situations, D and E could potentially become greater
than 3 provided that the gas volume is large enough and the
concentration of the fuel-air mixture is within the flamma-
bility limits. However, the choice of the high value was
constrained by the high computational demand of the CFD
calculations, as more vehicles would increase the size of the
calculation domain. Nonetheless, a high value equal to 3 was
deemed reasonable and should enable observation of the
effects of these factors.

Deciding on a low and high level for the location of the
ignition point (factor F) was more challenging due to its
multidimensional nature. Before performing the calcula-
tions required for the factorial designs, a preliminary study
was conducted to assess the influence of the location of the
ignition point. This preliminary study focused on a single
configuration consisting of nine vehicles in a 3 × 3 layout,
with an equivalent stoichiometric propane-air cloud with
dimensions 19.4 × 10.4 × 1.8 m (A = 0.5 m, B = 2.0 m, C = 1.8 m,
D = E = 3). Six ignition point locations were tested, as shown
in Figure 3(b). The results and conclusions from this pre-
liminary study are presented in Section 4.1. Based on the
results, locations Fvh.short and Fgr.longwere adopted as the low
and high level.

Table 2 shows the different combinations for the
screening 26−1 factorial design along with the maximum
overpressure, Pmax, obtained for each scenario (discussed in
Section 4.3). The levels of factor F were calculated with the
design generator F = ABCDE.

2.4 Targeted 34−1 factorial design

According to the results presented in Section 4.3, the most
significant effects that emerged from the screening design
were the main effects of A, C, B and D along with the inter-
action effects AD, BD, and CD. A more detailed investigation
of the influence of these factors on the maximum over-
pressure was conducted using a 34−1 fractional factorial
design. Note that several 34−1 designs can be derived from a
full 34 factorial design. The design used here was specifically
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chosen to ensure that no main effect is confounded with any
two-factor interaction. Moreover, the three more significant
interactions from the initial 26−1 design (AD, BD, and CD) are

free from confounding with any other two-factor interac-
tion. Assuming that the three-order and four-order
interactions are negligible, this design is suitable for evalu-
ating the main effects and the three most relevant two-
factor interactions. However, the remaining two-factor
interactions are confounded with other two-factor interac-
tion components. Separating the effects of these remaining
two-factor interactions was not attempted in this work.

The low, medium, and high levels used in the 34−1

factorial design are summarised in Table 1. The medium
values for factors B, C, and Dwere calculated as the average
of their respective low and high values used in the screening
analysis. For factor A, the centre point was set to 1.5 m, while
the high value was set to 2.5 m. Factors E and F were set to
their high level. Table 3 gives the different combinations for
this design and the maximum overpressure, Pmax, for each
scenario (discussed in Section 4.4).

3 CFD modelling

3.1 Brief description of FLACS-CFD

FLACS-CFD [43] is a finite volume code designed to solve the
Navier–Stokes equations of compressive flow, along with
combustion and turbulence, on a structured cartesian grid. A
comprehensive description of the theorical background of
FLACS-CFD is given in [57–59].

Calculations in FLACS-CFD rely on the Porosity Distrib-
uted Resistance (PDR) approach [60, 61] in combination with
several sub-grid models to account for the effects of sub-grid
objects on turbulence generation and flame wrinkling.
Turbulence is modelled with the standard k-ε turbulence
model [62]. The combustion model consists of three main
parts: a numerical flame model, a burning velocity model,
and a flame-folding model. The numerical flame model,
based on thework in [59], artificially thickens the flame zone

Table : Factors and levels used in the factorial designs.

Factor Description Screening
analysis

Targeted analysis Unit

Low (−) High (+) Low () Medium () High ()

A Distance between vehicles . . . . . m
B Extension of the cloud in the horizontal plane beyond the group of vehicles . . . . . m
C Height of the cloud . . . . . m
D Number of vehicles in the transverse direction      −
E Number of vehicles in the longitudinal direction    −
F Location of the ignition point Fvh.short Fgr.long Fgr.long −

Table : Scenarios in the screening − factorial design. The symbols ‘‘−”
and ‘‘+” represent the low and high level according to Table . Pmax is the
maximum overpressure obtained from the CFD calculations.

Scenario A B C D E F Pmax (kPa)

– − − − − − − 

– − − − + − + 

– − − − − + + 

– − − − + + − 

– − − + − − + 

– − − + + − − 

– − − + − + − 

– − − + + + + 

– − + − − − + 

– − + − + − − 

– − + − − + − 

– − + − + + + 

– − + + − − − 

– − + + + − + 

– − + + − + + 

– − + + + + − 

– + − − − − + 

– + − − + − − 

– + − − − + − 

– + − − + + + 

– + − + − − − 

– + − + + − + 

– + − + − + + 

– + − + + + − 

– + + − − − − 

– + + − + − + 

– + + − − + + 

– + + − + + − 

– + + + − − + 

– + + + + − − 

– + + + − + − 

– + + + + + + 
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by increasing the diffusion with a factor β, and decreasing
the reaction rate with a factor 1/β. It was designed to ensure
that the numerical flame zone propagates with the specified
burning velocity. The burning velocity model implements a
series of empirical correlations that link the burning velocity
to the properties of the mixture and the flow regime
(i.e. laminar, quasi-laminar, or turbulent flow). Finally, the
enhancement in burning rate due to folding of the flame
around the sub-grid obstacles and some hydrodynamic
instabilities is handled by the flame-folding model.

3.2 Modelling approach

The calculation domain was divided into a core domain
(from which results are gathered) and a stretched domain
(buffer zone between the core domain and the boundary
conditions). Cubical cells with a size of 50 mm were used
within the core domain. Outside the core domain, the cell
sizewas gradually stretched using a geometrical progression

with a factor of 1.2. Table 4 gives the values of relevantmodel
parameters adopted in this study. The choice of cell size is
discussed in Section 3.3. Non-reflecting boundary conditions
(known as PLANE_WAVE) were applied at all outlets. The
ground was modelled as a rigid surface. The mock-up vehi-
cles and undisturbed unburned vapour cloud were placed
entirely within the core domain. Care was taken to align the
edges of the geometry of the vehicles with the grid. Thus, the
porosity values in the studied scenarios were either
0 (completely blocked cell) or 1 (completely open cell). Lastly,
the option STEP = “KEEP_LOW” was used to ensure suffi-
ciently short time steps in the later stages of the simulation to
prevent artificial numerical damping of the pressure waves.

In general, the core domain was defined by x = [−4 m,
30 m], y = [−4 m, 20 m] and z = [0 m, 8 m], although larger
core domains were used in the largest scenarios. Ideally, the
core domain should be large enough so that combustion
occurs entirely within this domain. However, this would
result in an unreasonably large number of cells with the
chosen grid cell size. Since only results in the positive
quadrant were of interest (Figure 3(b) shows the location of
the origin), the core domain was extended sufficiently in the
positive x- and y-direction to ensure that the flame front
never left the domain in those directions. However, the
extension of the core domain towards the negative x- and
y-direction was limited to reduce the computational de-
mand. Consequently, the flame front travelled into the
stretched domain in the negative x- and y-direction at some
point during the simulation. The effect of the flame’s prop-
agating into the stretched domain in the negative directions
was investigated in a few cases and found to have little
impact on the results in the region of interest. The di-
mensions of the entire calculation domain varied between
approximately 60 × 60 × 12 m (around 55 × 106 cells) for the
scenarios with the smallest gas volume and about
90 × 90 × 16 m (around 75 × 106 cells) for the scenarios with
the largest gas volume. A picture of a sample model appears
in Figure 4. The simulations were carried out in parallel
using 16 CPUs.

Table : Scenarios in the targeted − factorial design. The digits “”, “”
and “” represent the low, medium, and high level according to Table .
Pmax is the maximum overpressure obtained from the CFD calculations.

Scenario A B C D Pmax (kPa)

–     

–     

–     

–     

–     

–     

–     

–     

–     

–     

–     

–     

–     

–     

–     

–     

–     

–     

–     

–     

–     

–     

–     

–     

–     

–     

–     

Table : Relevant model parameters adopted in the CFD simulations.

Model parameter Value

Characteristic velocity m/s
Relative turbulence intensity .
Turbulence length scale % of the cell

size
Courant-Friedrich-Levy number based on sound ve-
locity, CFLC

 (default value)

Courant-Friedrich-Levy number based on flow velocity,
CFLV

. (default value)
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3.3 Choice of grid cell size

The user’s manual for FLACS-CFD [43] specifies a maximum
grid cell size for gas explosion simulations defined as
Lcloud.min/15, in which Lcloud.min is the smallest extent of the
flammable cloud. Thus, for the smallest cloud height in this
study (1.8 m), the maximum grid cell becomes 120 mm.
Additionally, the minimum allowed grid cell size according
to the user’s manual is 10 mm. Besides these restrictions, the
chosen grid cell size should ensure proper results in the
region between the vehicles and the ground. The reason for
this is that combustion and expansion underneath the group
of vehicles, where the flow is largely two-dimensional,
is believed to have an important effect on the resulting
explosion.

Lozano [63] conducted a grid sensitivity and validation
study of simulations of fuel-air mixture explosions in a
traffic environment using FLACS-CFD. The overall aim of
that study was to give recommendations for the choice of
grid cell size based on comparison between gas explosion
experiments and corresponding FLACS-CFD simulations
with different grid resolutions and varying modelling pa-
rameters. Lozano [63] based the recommendations on two
gas explosion experiments consisting of obstructed two-
dimensional setups, representative of the conditions un-
derneath a concentrated group of vehicles. The first exper-
iment studied was the large-scale experiment by van
Wingerden [64], which investigated the deflagration of
ethylene-air mixtures in a congested region confined be-
tween two planes with obstacles in the form of parallel
horizontal tubes (101.6 mm diameter and 3.0 m length). The
area of the top confining plate was 4 m × 4 m. Different
values of the distance between the confining planes, h, were
used. The second experiment studied was reported by van
Wingerden [65]. That experiment also investigated defla-
gration between two parallel planes, but with obstacles

arranged as concentric semi-circles of vertical tubes
(80 mm diameter). Three different gases were investigated:
methane, propane and ethylene. The area of the top
confining plate was 4 m × 2 m. A wall of symmetry was
placed along the long side of the configuration. The distance
between the confining planes was 160 mm. Lozano [63]
adopted the first experiment [64] as the basis for the choice
of grid cell size, while the second experiment [65]was used to
test the conclusions reached from the analysis of the first
experiment.

The analysis of the first experiment [64] showed that
acceptable predictions could be obtained if the main direc-
tion of confinement, h, is discretised with three to six cubic
grid cells. This is clear in Figure 5, which compares the
experimental flame speed inside the congested region with
the results from simulations with different cell counts,

Core domain

Ground

Gas cloud

Vehicles

Ignition point 

Non-reflective boundary

Stretched domain

yz

x

Figure 4: Example of amodel with 3 × 3 vehicles
(scenario 1–32).

Figure 5: Comparison of the experiment in [64] with FLACS-CFD
simulations, as reported in [63]: Flame speed versus distance for different
values of cell count, Nh. The distance between confining planes was h =
300mm. The grid cell size is calculated as h/Nh.
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Nh, between confining planes in a configuration with
h = 300mm. For a given Nh, the corresponding grid cell size
(h/Nh) was used throughout the entire numerical model.

Similarly, discretizing the main direction of confining
into three to six cells produced acceptable prediction of peak
overpressure outside the congested region, as evidenced in
Figure 6. These results indicate that choosing a cell count
between Nh = 3 and Nh = 6 would lead to reasonable results
both inside and outside the confined region. This range of
cell countwas also used byMiddha [66] to simulate hydrogen
explosions in a vehicle refuelling environment. Greater
values ofNh (i.e. a smaller grid cell size) would lead to overly
conservative results. Moreover, these conclusions seemed to
hold for different values of the distance between confining
planes.

Similar conclusions were drawn from the comparison
between the second experiment [65] and FLACS-CFD simu-
lations. Figure 7 shows the comparison between the
measured and predicted flame speed for a configuration
with h = 160 mm and a mixture of propane and air. The
results confirmed that themodels discretised based onNh = 3
and Nh = 6 provided a reasonable lower and upper bound of
the prediction.

Based on these results presented in [63], a cell count of
Nh = 6 was chosen to discretize the ground clearance. This
choice may lead to some degree of overprediction of the
overpressure generated by the explosion. However, the
overprediction, if any, is expected to be within the same
order of magnitude. Middha [66] has also previously
reasoned that using six grid cells for resolving the flow in the
space underneath a vehicle is more optimal than using three
cells, which is consistent with the choice made here. Thus,
for the ground clearance adopted in this study (300 mm), the

grid cell size within the core domain was calculated as
300 mm/6 = 50mm. This grid cell size is within the allowed
interval (10 mm < 50mm < 120mm).

4 Results and discussion

4.1 Location of the ignition point

As outlined in Section 2.3, a preliminary study of the influ-
ence of the location of the ignition point was conducted to
identify suitable low and high levels for this parameter. The
results of these calculations are presented in Figure 8 as
contour plots of peak overpressure. At each point (x, y), the

Figure 6: Comparison of the experiment in [64] with FLACS-CFD simulations, as reported in [63]: Peak overpressure versus distance for different values
of cell count, Nh, and the distance between confining planes, h. The grid cell size is calculated as h/Nh.

Figure 7: Comparison of the experiment in [65] (propane-air mixture)
with FLACS-CFD simulations, as reported in [63]: Flame speed versus
distance for different values of cell count, Nh. The distance between
confining plane was h = 160mm. The grid cell size is calculated as h/Nh.

10 F. Lozano et al.: Strength of vapour cloud explosions in a traffic environment



plots show the greatest overpressure obtained along the z-
direction. Pmax is the maximum overpressure obtained
within the region of interest: x = [0 m, 30 m], y = [0 m, 20 m]
and z = [0 m, 8 m]. Pmean refers to the mean peak over-
pressure within the bounding box of the group of vehicles.

The initial observation is that centre ignition (scenario
0–02) did not result in the most severe explosion. Greater

values of maximum overpressure were observed in the
cases in which the ignition point was located at or near the
long edge of the group (scenarios 0–01, 0–03 and 0–04).
However, centre ignition did not result in the weakest ex-
plosion either. Indeed, the cases with ignition at the short
edge of the group were the least severe (scenarios 0–05 and
0–06). This suggests that a longer propagation distance alone

Figure 8: Contour plot of peak overpressure for different locations of the ignition point. The red cross gives the location of the ignition point.
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might not be sufficient to enable pressure build-up. Instead,
it appears that it is the combined influence of the distance
covered by the flame and the shape of the obstacles in the
confined region (wheels) that may prevail over the calming
effect of side relief. An interesting observation is that, while
centre ignition did not yield the greatest Pmax, it did produce
the greatest value of mean peak overpressure, Pmean, within
the congested region.

Based on these results, the ignition point at the short
edge of the corner vehicle, Fvh.short, was selected as the low
level. Conversely, edge ignition at themiddle of the long edge
of the group of vehicles, Fgr.long, was chosen as the high level.
Although Fgr.long did not produce the greatest value of
maximum overpressure, this location was chosen because it
appears to allow for a larger amount of combustion energy
to contribute to strong blast generation based on the profile
of peak overpressure outside the vehicle cluster.

4.2 General evaluation of the results

Before delving into the results concerning the factorial de-
signs, it is of interest to examine the distribution of
maximum overpressure values obtained from the evaluated
scenarios. Figure 9 gives this distribution, with the values
grouped into six intervals. The lowest maximum over-
pressure was 2 kPa (scenario 1–17). Conversely, the greatest
value of maximum overpressure was 106 kPa (scenario 1–
32). Approximately 90 % of all scenarios produced a
maximum overpressure that was less than 50 kPa. That is,
overpressure values greater than 50 kPa occurred only in a
few cases with themost unfavourable conditions considered
here. It should be noted that these values of maximum
overpressure were calculated on congested regions fully
immersed in a stoichiometric propane-air cloud. Thus, these
values are meant to represent a worst-case scenario. Lower
values may be obtained in scenarios that are geometrically
identical, but with flammable clouds with non-uniform
concentration and arbitrary shape.

It is also pertinent to assess the characteristics of the
resulting explosion for a few selected cases to evaluate the
validity of the results and draw some general conclusions.
This assessment was carried out for four different scenarios:
1–26, 1–27, 1–29 and 1–32. The selected cases share the
following parameters: A = 1.5 m, B = 4 m, and F = Fgr.long.
Contour plots of peak overpressure for these scenarios are
shown in Figure 10. At each point (x, y), the contour plots
display the greatest overpressure obtained along the
z-direction.

The case with a single vehicle (scenario 1–29) exhibi-
ted a nearly radial and symmetric distribution of peak

overpressure around the vehicle, despite the edge igni-
tion. This suggests that this case could be regarded as a
single explosion in terms of blast generation.

In the scenarios with three vehicles in the y-direction
(scenarios 1–26 and 1–32), the peak overpressure contours
were clearly asymmetric with a strong degree of direction-
ality. The greatest overpressure values occurred in a local-
ised area on the opposite side of the group of vehicles
relative to the ignition point. This was likely the result of
flame acceleration as it travelled through the congested
region, combined with pressure build-up when the flame
front entered the turbulent recirculation zone past the group
of vehicles. Indeed, large values of overpressure in the
region behind a vehicle due to a gas deflagration have been
previously experimentally observed in [30]. Moreover, it
appears that the energy contributing to the maximum
overpressure was relatively limited in comparison with the
total gas inventory, based on the limited radius of influence
of the zone with large overpressure values. This suggests
that, for estimating the blast load in the vicinity of the ex-
plosion, the localised areaswith large values of overpressure
could potentially be regarded as independent stronger
localised explosions with a small effective volume of flam-
mable mixture. Combustion of the remaining (and greater)
gas volume would describe the overall explosion, which
would be characterised by a lower strength.

The contour plot for scenario 1–27 showed a relatively
small degree of asymmetry. In this scenario, there was no
clear localised area with significantly higher overpressure,
as it was the case in scenarios 1–26 and 1–32. In other words,
this scenario could be treated as a single explosion in terms
of blast generation. Notably, the presence ofmore vehicles in
this scenario did not result in greater strength compared to
scenario 1–29. Instead, both cases displayed an explosion
strength of around 9 kPa. However, it appears that the
amount of energy contributing to blast generation was

Figure 9: Distribution of maximum overpressure for the studied
scenarios.

12 F. Lozano et al.: Strength of vapour cloud explosions in a traffic environment



greater in scenario 1–29, as the decay of pressure occurred
over a longer distance in this scenario. The total gas volume
was only slightly larger for scenario 1–29 (441 m3 for 1–29
and 417 m3 for 1–27), which indicates that the greater amount
of energy in scenario 1–29 was not due to a larger gas vol-
ume, but more likely due to the shape of the gas cloud.

Overpressure-time histories at different monitor points
for two selected scenarios are shown in Figure 11. The
monitor points were located on a path along the y-direction
at x = 2.0 m in scenario 1–29 and at x = 8.0 m in scenario 1–32.
The overpressure-time curves for the weaker explosion
(scenario 1–29) could be described as sonic waves in which
the pressure increases gradually followed by a gradual drop
in pressure. In this scenario, the amplitude of the negative
phase was similar to that of the positive phase. This phe-
nomenonhas also been highlighted by other researchers, see
e.g. [36]. Conversely, the stronger explosion (scenario 1–32)
showed a more rapid increase of pressure, making it more
similar to a shockwave. Furthermore, the overpressure-time

history for the stronger explosion had several smaller peaks,
whereas less noise was observed for the weaker explosion.
For the stronger explosion, the peak overpressure in the
positive phase clearly decreased as the distance to the
studied point increased. However, the amplitude of the pulse
in the negative phase was similar regardless of the distance.

Curves of peak overpressure as a function of distance
are presented in Figure 12. The results were taken along the
same paths on which the monitor points in Figure 11 were
located. For scenario 1–29, it can be observed that the peak
overpressure remained almost constant for some meters
beyond the congested region before pressure decay began.
This could indicate that the effects of confinement and tur-
bulence within the congested region were not significant in
this scenario, so that the flame continued to burn with a
similar regime outside the congested region, maintaining
the pressure values. In contrast, a sharp and discrete in-
crease of pressure was observed immediately outside the
congested region for scenario 1–32. Potential reasons for this

Figure 10: Contour plots of peak overpressure for selected scenarios. The red cross gives the location of the ignition point.
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include reflection against the vehicle and high turbulence
just outside the congested region. In this case, decay of
pressure occurred immediately after the position of
maximum overpressure. This may indicate that combustion
outside the group of vehicles evolves in amarkedly different
regime compared to combustion through the congestion
region.

4.3 Screening 26−1 factorial design

The maximum overpressure, Pmax, obtained for each sce-
nario in the screening 26−1 design is given in Table 2. The
main effects are plotted in Figure 13. The main effect of a
factor is defined as the change in maximum overpressure
caused by the variation in the level of the factor, averaged
over the levels of all other factors. All main effects were
positive, meaning that increasing the value of a given factor
is likely to lead to an increase in maximum overpressure, if
there are no significant negative interaction effects
involving that factor.

Figure 14 displays the estimates of the main and two-
factor interaction effects ordered by magnitude. The esti-
mate of the main effect in Figure 14 was calculated as the
difference between the average overpressure at the two
levels of the factor (compare with Figure 13). The only
negative effect was the interaction BF. However, this inter-
action was found negligible compared to the other effects.

The most significant main effects identified by this
analysis were the effects of A, B, C, and D. The number of
vehicles in the transverse direction (factor D) had the
greatest influence on the maximum overpressure, followed
by the extension of the cloud (factor B), the height of the
cloud (factor C), and the separation distance between vehi-
cles (factor A). On the other hand, factor E (number of ve-
hicles in the longitudinal direction) had the least significant
influence on the response. Finally, the location of the igni-
tion point (factor F) appeared to have a minor influence
compared to factors A to D. This indicates that E and F do not
need to be included in the following phase of the study.

Figure 14 shows that some two-factor interactions are
also significant. The interactions between factor D and the

Figure 11: Overpressure-time curves for two selected scenarios at selected monitor points. See also Figure 12.

Figure 12: Overpressure-distance curves at selected paths. The shaded area represents the region occupied by the vehicles. The hatched area represents
the undisturbed unburned gas outside the group of vehicles. The squares represent the monitor points in Figure 11.
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three other most relevant parameters (AD, BD, CD) emerged
as the most relevant interactions. The interaction effects BC
and DF also had a noticeable effect, even greater than the
main effects of E and F. The most important interactions
effects are plotted in Figure 15. In plots of interaction effects,
if the interaction between two factors were negligible, the
corresponding lines would be nearly parallel. The effect of
factors A, B, and C were found to be small when D takes its

low value (D = −). These effects significantly increased when
D = +. A similar situation could be discerned for the inter-
action effect EF; that is, the effect of E was nearly null for
F = −, but it increased when F = +.

The contrast between the main effects of the number of
vehicles in the transverse direction, D, and the number of
vehicles in the longitudinal direction, E, was an interesting
finding. While D had the most significant effect on the

Figure 13: Main effects of the independent factors obtained from the screening 26−1 fractional factorial design. The boxes extend from the 25th to the
75th percentile. The triangles represent the mean value.

Figure 14: Estimates of main effects (dark grey)
and two-factor interaction effects (light grey)
obtained from the screening 26−1 fractional
factorial design.

Figure 15: Most significant two-factor interaction effects obtained from the screening 26−1 fractional factorial design.
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overpressure, factor E had the least significant effect. This
suggests that, regarding the strength of a VCE on a road, the
number of lanes plays a much more important role than the
length of the traffic queue. Furthermore, there is a greater
potential for powerful accidental explosions in carparks
where vehicles park side by side.

It is believed that the difference between the effects of
factorsD and Ewas caused by a relatively strong influence of
the interaction of the flow with the obstacles under the
vehicles (i.e. wheels). While factor D relates to the distance
that the flame travels perpendicularly to the wheels (i.e. the
flame front meets the “long” side of the wheels), factor E is
related to flame travel distance parallel to thewheels (i.e. the
flame front meets the “short” side of the wheels). That is, the
greater effect ofD compared to the effect of Emay be related
to more intense turbulence generation caused by the inter-
action of the flowwith the “long” side of thewheel. This topic
is treated in more detail in Section 4.5.2.

Considering the low significance of the main effect of E
and the interaction DE for the range studied here, two
tentative conclusions could be drawn. First, a case with D > 3
and E = 3 will produce greater overpressure values than an
equivalent case with D = 3 and E = 3. Moreover, the over-
pressure might continue to increase for larger values of D.
Second, a case with D = 3 and E > 3 will yield similar over-
pressure values to those from a case with D = 3 and E = 3. To
confirm these conclusions, it is necessary to evaluate sce-
narios with more vehicles than those considered in the
factorial designs. This topic is addressed in Section 4.5.1.

4.4 Targeted 34−1 factorial design

The maximum overpressure values, Pmax, obtained for each
scenario in the targeted 34−1 factorial design are summarised
in Table 3. The significance of the different effects was
investigated with the analysis of variance (ANOVA) in
Table 5. The ANOVA is generally employed to identify factors

within a factorial design that are likely to be important [44].
The effects were arranged in ascending order of P-value. A
small P-value indicates strong statistical evidence against
the null hypothesis (that there is no significant relationship
between the factor and the resulting overpressure). To
estimate the error in the ANOVA, the remaining two-factor
interactions and all higher-order interactions were assumed
to be negligible. The last column in the table shows the
contribution to the variation based on the sum of squares.
The main effects from the 34−1 factorial design are plotted in
Figure 16.

The ANOVA confirmed that the main effect of D domi-
nates the variation of overpressure (P-value < 0.001), ac-
counting for over 50 % of the total variability. Figure 16 also
shows a strong positive effect of factor D on the explosion
strength: an increase of D consistently led to a significant
increase in maximum overpressure. Moreover, the average
change in response due to the variation of this factor appears
to be nearly linear. Given the importance ofD, it is desired to
conduct additional analyses, both to investigate the driving
mechanisms behind its strong effect, but also to explore the
effect of the factor outside the space of the factorial designs.
This is briefly treated in Section 4.5. The results suggest that
factor D should be the central parameter used for a simpli-
fied estimation of the overpressure. This is discussed further
in Section 4.6.

According to the ANOVA, the effects of A, B, and C are
also statically significant (P-value < 0.05) and contribute to
the variation of overpressure roughly equally (in the order
of 10 %). In Figure 16, signs of non-linearity were observed
for themain effect of these factors. The non-linear behaviour
was particularly pronounced for factor A. For this factor, the
greatest overpressure was registered for the medium level.
That is, its effect was positive between the low and medium
levels, but it became negative between themedium and high
levels. This indicates that increasing the value of A up to a
certain optimal value will lead to greater overpressure,
possibly due to a longer path for flame travel and turbulence

Table : ANOVA for the − fractional factorial design.

Source Sum of squares Degrees of freedom Mean square F-statistic P-value Contribution

D ,  , . <. .%
A ,   . . .%
C ,   . . .%
B ,   . . .%
AD ,   . . .%
CD    . . .%
BD   . . . .%
Residual   . – – .%
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generation in the recirculation regions between the vehicles.
However, further increase beyond the optimal value will
enable deceleration of the flame in the zones between ve-
hicles, ultimately decreasing the maximum overpressure
that can be achieved. Therefore, for sufficiently large values
of A, the scenario could be treated as separate smaller ex-
plosions. Indeed, this is recognised by the MEM, in which
obstructed areas separated by open and unobstructed re-
gions of sufficient extent are considered as separate sources
of blast, see e.g. [67].

Figure 16 shows that themain effect of factor B subsided
as the factor increased. That is, the response changed more
rapidly between the low and medium levels, while the
change betweenmedium and high levels wasmore subdued.
This indicates that increasing B further might not lead to a
significant increase in maximum overpressure. Two pro-
cesses have been identified as the main reasons for this
behaviour. First, for situations when the ignition point is
located at the edge of the congested region, increasing the
volume of flammable mixture behind the ignition point
outside the congested region has the consequence of delay-
ing venting of combustion products, which enables higher
flame speed within the congested region. However, this
phenomenon is only significant up to a certain volume of
flammable material outside the congested region, possibly
connected to the gas volume that is required to sustain
combustion behind the ignition point until the flame front
crosses the congested region. This process is not expected to
have a strong influence in scenarios with central ignition.
Secondly, as the flow ahead of the flame exits the congested
region, it generates a zone with intense turbulence in the
wake of the obstacles just outside the congested region.
When the flame reaches this recirculation zone, it continues
to accelerate for a short distance (which enables further
pressure build-up) before decelerating. As B increases, more

flammable material is set into turbulent motion within the
recirculation zone before ignition, which results in greater
overpressure. However, once there is sufficient flammable
material to cover the entire recirculation zone, no further
increase of the overpressure is expected for greater values of
B. However, more detailed research is needed to confirm the
conceptual explanations discussed here.

The trend displayed by the effect of factor C (height of
the gas cloud) was similar to that of B. The results indicate
that the effect levels off after a certain value, so that further
increase of C does not significantly enhance the maximum
overpressure. The influence of the recirculation zone, as
described above, is believed to be the driving process behind
the effect of C.

The interactions effects AD, BD and CD were also
included in the ANOVA. These interactions are also plotted in
Figure 17. Overall, it appears that the effects of A, B, and C on
the maximum overpressure is small when D = 1, while their
influence increases for D > 1. Particularly, the distance be-
tween vehicles (factor A) had almost no effect forD = 1, while
it had a much more significant (and non-linear) effect when
D = 2 and D = 3. Moreover, the relative increase in over-
pressure between consecutive values of D is greatest for
A = 1.5 m. The minor main effect of A when D = 1 was not
unexpected, considering that, when D = 1, factor A is only
relevant in the longitudinal direction, in conjunction with
the previously identified minimal effect of factor E and
interaction AE. An interesting observation for factors B and
C is that the change between the medium and high values is
largest for D = 3, which could indicate that the size of the
recirculation zone (where flame acceleration outside the
congested region may still be possible) increases for greater
values of D.

While the effect of interactions AD, BD and CD could be
discerned in Figure 17, only AD was found to be statistically

Figure 16: Plots of main effects obtained from the targeted 34−1 fractional factorial design. The boxes extend from the 25th to the 75th percentile. The
triangles represent the mean value.
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significant (P-value < 0.05) in the ANOVA. In contrast, the
high P-values associated with CD and BD indicate that it
cannot be claimed with sufficient evidence that these in-
teractions have a significant relationship with the variation
of overpressure. However, it should be noted that this does
not necessarily prove that there is no relationship. Instead, it
implies that more data may be needed to confirm the effects
of CD and BD. However, the analysis does suggest that the
expected contributions of CD and BD to the variability of the
overpressure are comparatively minor (less than 5 %).

The fact that only one interaction was proven to be
statistically significant as the main effects suggests that a
more thorough investigation of the main effects may be
carried out by disregarding the interaction effects. Future
studies may benefit from implementing, for example, a one-
factor-at-a-time approach, in which the factor of interest is
varied over a large range of values with the other factors
held constant.

4.5 Complementary analyses

4.5.1 Extended investigation of the effect of the number
of vehicles

Situations in which either D or E exceed 3 may occur rela-
tively frequently in traffic environments. Therefore, it is of
interest to explore the effect of these factors outside the
space evaluated by the factorial designs. The study presented
in this subsection is not meant to be exhaustive but rather to
inform about the potential expected behaviour and to open
avenues for future research work.

The additional scenarios were analysed following a one-
factor-a-time approach, whereby only D or E were varied,
while all other parameters remained fixed. To investigate

the effect ofD, five scenarios were analysed. These scenarios
were defined by A = 1 m, B = 2 m, C = 2.7 m, and E = 3, while D
was varied between 1 and 5. Similarly, four scenarios were
analysed to study the effect of E, with A = 0.5 m, B = 2 m,
C = 1.8 m, D = 3, and E varying between 1 and 4. The new
models were created using the procedure and conditions
described in Section 3.2.

The maximum overpressures from the additional sce-
narios are given in Figure 18. As expected, the maximum
overpressure is shown to increase with increasing D. The
relationship appears to be linear up to D = 4. However, the
effect ofD decreased betweenD = 4 and 5. That is, the effect of
D appears to level off after a certain value of D, which was
not previously discerned form the factorial designs. This
may indicate that, as D increases, the effect of side venting
may become more dominant than flame travel distance and
no significant enhancement of maximum overpressure
would be observed for greater values of D.

The value at which the effect of D plateaus may be
related to E, as large values of Emay delay side venting of the
combustion products and vice versa. That is, it is reasonable
to believe that the effect ofDwill level off sooner in scenarios
with E < 3 compared to scenarios with E > 3. However, this
cannot be demonstrated with the analyses conducted here,
and further investigation is needed.

Additionally, Figure 18 shows that the influence of E on
the maximum overpressure was minor. The increase in
overpressure between E = 1 and E = 2 was 17 %. Thereafter,
the overpressure remained virtually unaffected. Thus, it can
be expected that greater values of Ewill not produce greater

Figure 17: Two-factor interactions effects AD, BD and CD obtained from
the targeted 34−1 fractional factorial design.

Figure 18: Maximum overpressure as a function of parameters D and E
obtained from the complementary analyses. In the scenarios used for
studying the effect of D: A = 1 m, B = 2 m, C = 2.7 m, E = 3. In the scenarios
used for studying the effect of E: A = 0.5 m, B = 2 m, C = 1.8 m, D = 3.
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overpressure. While the effect of E on the maximum over-
pressure was shown to be minor, this factor may still have a
stronger influence on the positive impulse due to the larger
gas cloud volume.

4.5.2 Effect of the wheels’ orientation

It was previously speculated that the contrast between the
effects of factorsD and Emaybe connected to the orientation
of the wheels. When the main direction of flow is perpen-
dicular to the long side of the wheels, more intense turbu-
lence is expected in their wake compared to the turbulence
generated when the flow is parallel to the wheels. In general
terms, greater D promotes flame propagation perpendicu-
larly to the wheels, while E relates to flame propagation
parallel to the wheels. Thus, increasing D has a more pro-
nounced effect on the resulting overpressure.

To support this explanation, a simplified numerical
investigation of the effect of the wheels’ orientation on the
overpressure from a confined deflagration was conducted.
Four scenarios consisting of a gas cloud confined within a
flat channel were studied. The scenarios were designed to be
representative of the characteristics of the flow in the region
underneath the vehicles. One scenario had no obstruction
(S0), while the other three had two obstacles representing
the wheels. The general geometry of the scenarios is given in
Figure 19(a) and (b). The distance between the confining
planes was set to 300 mm (equal to the ground clearance
assumed in this study). All obstacles had the same depth

(300 mm). However, their shapes in the main plane of flow
varied: i) rectangular shape oriented perpendicularly to the
channel’s main direction (S1: 500 × 200 mm); ii) rectangular
shape oriented parallel to the channel’s main direction (S2:
200 × 500 mm); and iii) square shape (S3: 500 × 500 mm). The
CFD models were created using the procedure and condi-
tions described in Section 3.2. The grid cell size was set to
50 mm.

The peak overpressure at a monitor point located at
3.0 m from the centre of the scenario is presented in Figure
19(d) for each scenario. The results were normalised relative
to the peak overpressure in the S0 scenario. Clearly, the
presence of the obstacles produced an increase of the peak
overpressure for all the evaluated shapes. The greatest
overpressure was obtained for the rectangular shape ori-
ented perpendicularly to the flow (S1), with an increase of
peak overpressure of 2.3 relative to the reference case. In
contrast, the rectangular object placed parallel to the main
direction of flow led to a noticeably smaller relative increase
of overpressure (equal to 1.4). These results indicate that the
flow perpendicular to the direction of traffic enhances
pressure build-up due to the influence of the wheels. Indeed,
signs of this phenomenon were previously observed by
comparing Figure 8(d) and (f). Interestingly, the square
obstacle (S0) produced a peak overpressure slightly smaller
than that of the S1 configuration.

These results are consistent with other experimental
and numerical studies, which have shown that the shape
of the obstacle plays a significant role in the resulting
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Figure 19: Study of the effect of the wheels’ orientation: (a) Plan view, showcasing the S2 scenario (b) section view, showcasing the S2 scenario;
(c) geometry of the obstacles; (d) maximum overpressure at the selected monitor point, normalised relative to the unobstructed scenario (S0).
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overpressure in obstructed chambers [68–71]. Obstacles in
the form of rectangular plates have been observed to yield
greater overpressure compared to other shapes, such as
square or cylindrical obstacles [68, 69]. It is alsoworth noting
that the relative increase caused by the investigated shapes
is remarkably similar to the drag coefficient of the corre-
sponding two-dimensional rectangles [72].

4.6 Simplified estimate of the strength of
VCEs in traffic environments

Among all the studied factors, the number of vehicles in the
transverse direction, D, was found to have the strongest in-
fluence on the resulting overpressure: an increase in D
consistently produced an increase in maximum over-
pressure. This suggests that factor Dmay be employed as the
central parameter to estimate the overpressure of a VCE in a
traffic environment. Since factors A, B and C also are sig-
nificant, they should also be considered. However, it may not
be necessary to consider the effect of varying A, B and C.
Instead, as a conservative approach, it could be sufficient to
adopt only their critical values that yield the greatest
overpressure.

Such a simplified estimate of the overpressure may be
achieved in different ways. An alternative would be to
determine a numerical correlation to relate explosion
overpressure to the scenario parameters. This approachwas
implemented in [40–42] for congested configurations within
process plants. Another possibility would be to qualitatively
relate the scenario parameters to a certain strength class or

severity level, similarly to the recommendations given in
[39]. The calculated overpressure or strength class could
then be used as an input to one of the existing simplified
methods for estimating the blast load from VCEs, such as the
MEM or the BST method.

To showcase how a simplified estimate of the VCEs
strength could be achieved based on the parametric re-
lationships observed in this study, a relationship between
the most significant scenario parameters and the strength
class in the MEMwas derived. The MEM provides a chart for
side-on peak overpressure as a function of the energy-scaled
distance, containing a set of 10 curves for different strength
class numbers, S, as shown in Figure 20. The strength class is
assumed to depend on D, while the influence of the other
significant factors is maximised. This is represented by Eq.
(1). The critical values for factors A, B and C in Eq. (1) were
taken from Figure 16.

S = f D| A = 1.5m, B ≥ 2.0m, C ≥ 2.7m( ) (1)

To define the function f in Eq. (1), the scenarios in Table 2
and Table 3 that fulfilled the imposed conditions for each
value ofDwerefirst identified. Thereafter, the average value
of maximum overpressure across the different scenarios,
Pmax, was determined. The closest strength class in the MEM
was then found for each value of D. The resulting relation-
ship between D and S are summarised in Table 6, in which
PMEM is the corresponding maximum overpressure in
the MEM.

No scenario with D ≥ 4 was included in the factorial
designs. Hence, no strength class is proposed for such sce-
narios in Table 6. However, the complementary study pre-
sented in Section 4.5.1 suggests that the strength class for
scenarios with D ≥ 4 would be at least as large as that of the
D = 3 scenario.

It should be noted that for a complete prediction of the
blast load using the MEM, the combustion energy at the
source of strong blast must be determined. The combustion
energy influences the overpressure at a distance. The MEM
relates the combustion energy to the gas volume at the
source of blast. This topic is outside the scope of the present

Figure 20: Side-on peak overpressure as a function of the energy-scaled
distance and strength class, S. Plotted with equations in [73], based
on [34].

Table : Proposed strength class for a group of vehicles based on the
number of vehicles in the transverse direction, D. Pmax is the average
maximum overpressure across the corresponding CFD scenarios. PMEM is
the maximum overpressure in the MEM.

D (−) Pmax (kPa) S (−) PMEM (kPa)

   

   

   
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work. Nonetheless, a preliminary comparison between the
CFD results and the prediction with the MEM is conducted
for two selected scenarios: scenario 1–29 (1 vehicle) and
scenario 1–32 (3 × 3 vehicles). For the calculation of the
combustion energy, two different values of the gas volume at
the source of blast were assumed: the total gas volume in the
scenarios (Vgas.max); and a smaller volume equal to the vol-
ume of the congested region (Vgas.min). The volume Vgas.min

was calculated from the perimeter of the group of vehicles
and a cloud height equal to 1.8 m [56]. The calculations with
the MEM were done in accordance with [34] using the
strength class in Table 6.

Figure 21 shows a comparison between the CFD results
and the prediction with the MEM. For both scenarios, using
the total gas volume resulted in a clear overprediction of
peak overpressure at a distance. This was not unexpected, as
only a portion of the total flammable mixture have the
conditions to produce a blast with the assumed strength
class. On the other hand, using Vgas.min led both to under-
prediction (scenario 1–29) and overprediction (scenario 1–
32) of the overpressure at a distance. For the analysed cases,
the predictionwithVgas.min produced an error in the order of
±50 % with respect to the CFD results. Furthermore, the er-
ror in the predictionwith theMEM for the scenariowith 3× 3
vehicles suggests that the assumed strength class (S = 7)
should be applied only to a limited gas volume which is
smaller than the congested region, while the remaining (and
greater) gas volume in the congested region may be
considered as a separate overall explosion with lower
strength class. Hence, research concerning the volume of
mixture contributing to blast generation is needed to com-
plete the insights gained in this article to be able to formulate
complete recommendations for implementing the MEM for

the environment of interest. This will be addressed in detail
in future research.

5 Conclusions

This study evaluated the influence of relevant parameters on
the strength of explosions of propane-air mixtures in a
traffic environment using CFD analysis. The studied sce-
narios consisted of groups of vehicles arranged in different
configurations engulfed by a stoichiometric vapour cloud.
Two fractional factorial designs were employed to investi-
gate the effects of the studied parameters. The aim was to
understand and quantify the influence of relevant parame-
ters on the maximum overpressure. Furthermore, the study
investigated how the explosion strength could be estimated
in a simplified manner based on the most significant pa-
rameters, with the intention of facilitating calculation of this
important input for simplified methods such as the TNO
Multi-Energy Method (MEM) for evaluation of vapour cloud
explosions in a traffic environment.

The parameters examined in this study were the sepa-
ration distance between vehicles, the dimensions of the gas
cloud, the number of vehicles in the transverse and longi-
tudinal directions, and the location of the ignition point. A
large variation in explosion strength depending on the
values of these parameterswas observed (between 2 kPa and
106 kPa). However, in the scenarios producing the stronger
explosions, the large values of overpressure were attained
only in localised areas with small effect radius. This implies
that the energy contributing to strong blast was limited in
relation to the total congested gas volume.

Figure 21: Comparison of overpressure-distance curves at selected paths between CFD analyses and predictions with the MEM. The shaded area
represents the region occupied by the vehicles. The dashed lines are the prediction with the MEM using the total gas volume (Vgas.max, blue line) or the
volume of the congested region (Vgas.min, black line). Following Table 6, the strength class was set to (a) S = 4; (b) S = 7.
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The number of vehicles in the transverse direction
(i.e. vehicles placed side by side) had the most significant
effect on the explosion strength, while the number of vehi-
cles in the longitudinal direction had the least impact among
the studied parameters. This observation suggests that the
number of lanes on a road has greater influence on the
explosion strength than the length of the queue of vehicles.
Additionally, carparks where vehicles park side by side have
considerable potential for powerful explosions.

For the assumed vehicle geometry (width: 1.8 m × length:
4.8 m), increasing the separation distance between vehicles
from 0.5 to 1.5m resulted in greater maximum overpressure.
However, a decrease in overpressurewas observedwhen this
distancewas further increased to 2.5 m. Thismay indicate that
the flame travel distance across the congested area is initially
dominant. However, after a certain value of the separation
distance, the relief of pressure in the region between vehicles
prevails, ultimately leading to overpressure decrease.

Increasing the volume offlammablemixture outside the
congested region was shown to initially produce greater
maximum overpressure. However, the effect of the gas vol-
ume declined after a certain volume, meaning that further
increase of the gas volume would not lead to a significant
enhancement of the overpressure.

Finally, the study proposed estimating the strength class
for scenarios involving groups of vehicles based on a single
parameter: the number of vehicle rows in the transverse
direction. Preliminary recommendations for the estimation
of the strength class number as a function of this parameter
were given. However, more research is needed to confirm
and expand these recommendations.

This article specifically focused on the strength class at
the blast source. The study should be complemented with
more detailed investigation of the amount of energy
contributing to blast generation. This involves studying the
effective volume of flammable mixture at the source of
strong blast.

Moreover, a more thorough evaluation of the influ-
ence of the number of vehicles and the separation distance
for values outside the range assumed in this work is
needed. Finally, this study adopted a constant vehicle ge-
ometry, including a constant ground clearance. Hence, it
would be beneficial to investigate the effect of varying
those parameters on the resulting overpressure in future
research.
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