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A B S T R A C T

The situation in the global energy market has recently led to a sharp increase in the number of regasification 
terminals to import natural gas in liquefied form (LNG). Because of the hazard of these systems and the risk of fire 
and explosion due to possible accidental breakages, in recent years the technical community has been trying to 
define solutions for the mitigation of the consequences of major accidents. In previous works, methodologies for 
the design of containment wall of possible explosive cloud and curtains of vapor/air have been defined. The aim 
of this study is the suggestion of an active barrier and the definition of a methodology that allows to determine 
the airflow rate, generated by fans, required to dilute an LNG flammable cloud down to LFL. Results showed that 
with the proposed methodology the designed active barrier is able to stop the cloud at its location, minimizing 
the consequences of the release and improving the performance of a passive barrier.

1. Introduction

The situation in the global energy market has recently led to a sharp 
increase in the number of proposals for the construction of regasification 
terminals to import liquefied natural gas (LNG). The increasing use of 
LNG is driven by its advantages as a cleaner alternative to traditional 
fossil fuels, particularly in the context of global energy transition and 
environmental sustainability. LNG lower carbon emissions compared to 
coal and oil make it a favourable option for reducing greenhouse gas 
emissions in various sectors, including transportation and power gen
eration (Ayorinde et al., 2024; Daudu et al., 2024; Lim et al., 2013). The 
safety of LNG regasification plants is a critical concern due to the 
inherent risks associated. The regasification process involves several 
stages, including the transfer of LNG from carriers to storage tanks, and 
subsequently to regasification units and to distribution networks 
(Naveiro et al., 2021; Shingan et al., 2024). The gas-air mixture arising 
from an accidental release of LNG and its vaporization and dispersion is 
flammable in a concentration range between 4.4 % (LFL) and 15 % 
(UFL) in volume (Baalisampang et al., 2019; Sun et al., 2015; Yun et al., 
2011).

When LNG leaks, it can form a boiling pool on the ground at a very 
low temperature, resulting in very cold and dense vapours above the 
pool, which can create a hazardous environment (Nerheim et al., 2021); 
this makes gas cloud generated from LNG evaporation double inter
esting because it is also representative of dense gas clouds. In this study, 
several accidental scenarios involving the rupture of pipes carrying LNG 

at − 162 ◦C, were analysed, with particular reference to the evaporation 
of the LNG pool leading to a flammable cloud. During the dispersion 
phase, flammable vapours mix with the environmental air creating a 
gas/air mixture heavier than air. When a cloud is heavier than air two 
effects can be observed: the reduction of vertical mixing due to atmo
spheric turbulence and the lateral spread of the cloud. These effects are 
due to the stratification of the dense gas and therefore to the density 
gradients that are formed. The combination of these two effects leads to 
a cloud lower and wider than the one observed in case of neutral gas 
release (Koopman and Ermak, 2007; Wingstedt et al., 2017).

There are several ways to mitigate the hazards related to flammable 
clouds of dense gas (Diaz-Ovalle et al., 2012; Kim et al., 2014); in pre
vious studies, the mitigation through passive barriers has been studied 
(Bellegoni et al., 2021; Busini et al., 2012; Derudi et al., 2014; Lim et al., 
2017; Lyu et al., 2018), as well as the use of active barriers with curtains 
of water vapor/air (Brown et al., 1990; Buchlin, 2017; Diaz-Ovalle et al., 
2012; Fthenakis and Blewitt, 1993; Kim et al., 2012; Marsegan et al., 
2016; Min et al., 2020; Olewski et al., 2011; Qi et al., 2016; Rana et al., 
2010; Rana and Mannan, 2010). Because one of the main characteristics 
of cold dense clouds is their tendency to reduce turbulence (Koopman 
et al., 1989), the active barriers base their efficacy on the capability to 
increase it. A recent study has shown the higher efficacy of an active 
barrier equipped with fans (i.e., a barrier releasing airflow generated by 
fans embedded in the mitigation barriers) compared to a passive one 
(Pinciroli et al., 2024). What is lacking is a criterion for the design of 
such a mitigation measure; to develop such a criterion is the main aim of 
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this work.
When designing any active barrier system, the key factor is deter

mining the required flow rate of the diluent—be it air, water, or 
steam—to inject into the dense gas cloud to reduce its concentration to 
the target level. Following the approach of Diaz-Ovalle et al. (2012), and 
more specifically Marsegan et al. (2016) and (Pinciroli et al., 2024), this 
work proposes a methodology to size the fan-activated barriers proposed 
in Pinciroli et al. (2024) to dilute the cloud of LNG below the lower 
flammability limit (LFL) before the cloud overcomes the barrier. The 
choice of such a concentration is linked to the flash fire scenario, which 
is a reasonable scenario expected in the case of late ignition of a cloud of 
flammable material. If the LFL concentration boundary (which is a 
reasonable fatality threshold estimation in case of flash-fire) is contained 
inside the plant, the societal risk would be reduced correspondingly.

This study investigates two case studies: a discharge through a 50 
mm orifice on a pipeline with a diameter of 1 m, representative of a 
major accident realistic scenario in the frame of a QRA, and a cata
strophic release resulting from a full-bore rupture of the same pipeline, 
representative of the worst case catastrophic scenario. Computational 
fluid dynamics (CFD), a technique that has been largely used and vali
dated for modelling dense gas cloud spills in the last years through 
various works (Bellegoni et al., 2022; Gavelli et al., 2008; S. M. Tauseef 
et al., 2011; Seshu et al., 2005), was used to predict the hazardous dis
tance for various accidental scenarios.

The paper is organized as follow. 

• in section 2 the CFD settings and the proposed methodology for the 
design of the active barrier are provided;

• in section 3 and 4 the former and latter case studies and the results 
obtained by sizing the number of fans through the proposed meth
odology are presented;

• in section 5 the main conclusions are deduced.

2. Materials and methods

Geometries and mesh required by the CFD approach were created 
with the software ANSYS Spaceclaim® and ANSYS Fluent meshing® 
(ANSYS Inc, 2023a) respectively; the main characteristics of the 
computational domain are reported in Tables 1 and 2; the mesh consists 
of about 3–5 milions elements depending on the case studied with the 
following sizing: on the fan boundaries the maximum size of is 0.08 m, 

while for the pool source a mesh of 0.1 m was used. On the ground the 
mesh size is 0.9 m and a proximity parameter of 10 cells per gaps was 
added on the overall surface mesh with a maximum cell length of 3.2 m. 
The growth rate is 1.1 on all the surfaces except for the barrier and fans 
where a factor of 1.05 was used. Ten inflation layers were added on solid 
surfaces and finally a poly-hexcore volume mesh was generated with a 
lower cell orthogonal quality of 0.2. A symmetry plane was not neces
sary since the domain was simulated entirely. The mesh independence 
analysis is reported in the Supplementary material. Moreover, with 
respect to the fans, the embedded boundary condition was used, by 
describing the prevalence of the fan through the polynomial equation 
reported in the Supplementary Material (ANSYS Inc, 2023b).

The commercial package Ansys Fluent® 23 (ANSYS Inc, 2023b) was 
used for all the computations with the double precision solver. The k–ω 
SST model was chosen to reproduce the effect of the turbulence in the 
domain, (Busini et al., 2012; Busini and Rota, 2014; Derudi et al., 2014; 
Eberwein et al., 2020; Marsegan et al., 2016).

The domain boundary conditions are reported in Table 2; for the 
velocity inlets, a power law wind profile considering a 5D Pasquill sta
bility class (i.e., velocity 5 m/s at 10 m height and neutral stability) was 
chosen to model atmospheric conditions as it is considered a “typical” 
day (Ennis, 2006). The profile was implemented through a power law: 

uw(y) = uw10 ×
( y

10

)β
(1) 

Where. 

• uw10 is the wind velocity at 10 m above ground
• y is the height above ground
• β = 0.25 is a factor that consider atmospheric stability and ground 

type (Crowl and Louvar, 2019)

Solver settings and convergence criteria are reported in Table 3
following the options suggested in the software manual (ANSYS Inc, 
2023b) for transient simulations.

2.1. Proposed methodology for sizing the active barrier

Following the same procedures discussed elsewhere (Derudi et al., 
2014; Marsegan et al., 2016), the simulation of open-field cloud 
dispersion, in which the release takes place without any mitigation wall, 
was preliminary performed for the definition of the minimum size (Hobs 

Table 1 
Geometric parameters of the domain.

Case study A Case study B

Lenght (axis z) 400 m 800 m
Width (axis x) 300 m 800m
Height (axis y) 30 m 45 m
Pool diameter 20 m 20 m
Pool distance from the origin 220 m 200 m
Distance of the wall from the pool 50 m 150 m
Barrier height (axis z) 2.5 m 6 m
Barrier width (axis y) 310 m 700 m
Barrier thickness (axis x) 0.5 m 0.5 m

Table 2 
Boundary conditions.

Ground Wall @ 298 K, roughness = 0.01 m

Barrier Adiabatic wall, roughness = 0.01 m
Pool During atmospheric stabilization: 

Wall @ 298 K, roughness = 0.01 m
During pool evaporation: 
Mass flow inlet

Fans Interior/Fan
Wind inlet, domain sides, sky Velocity inlet
Wind outlet Pressure outlet

Table 3 
Solver settings.

Solution Method Scheme

Pressure-velocity coupling PISO
Spatial discretization Scheme
Gradient Least square cell based
Pressure PRESTO!
Density Second order upwind
Momentum Second order upwind
Turbulent kinetic energy Second order upwind
Energy Second order upwind
Specific dissipation rate Second order upwind
Other settings ​
Gravity − 9.81 m/s2 along y-direction
Iterations Until convergence criteria are reached
Initialisation scheme Hybrid
Convergence Criteria ​
Continuity 0.003
X – velocity 0.001
Y – velocity 0.001
Z – velocity 0.001
Energy 1e-6
K 0.001
omega 0.001
CH4 0.004
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and Wobs see Fig. 1) of the mitigation barrier able to influence cloud 
dispersion, according to the procedure discussed in detail elsewhere 
(Busini et al., 2012; Derudi et al., 2014).

Such a procedure is based on the definition of a dimensionless 
parameter, which is the ratio between the height of the barrier, Hobs (or 
the barrier width Wobs), and the cloud height Hcld (or the cloud width 
Wcld) evaluated in open field conditions at the same distance from the 
source: 

R* = min
(

Hobs

Hcld
,
Wobs

Wcld

)

(2) 

For values of R* ≥ 1 the obstacles influence the cloud dispersion, or 
even block it (Derudi et al., 2014).

The second step is the simulation of cloud dispersion in the presence 

of a passive mitigation barrier (e.g., a wall) with R* = 1. With this 
simulation it is possible to compute the cloud width (W*

cld) and height 
(H*

cld), and its maximum concentration (Cmax), in correspondence of the 
barrier position (see Fig. 2)

Being Qc the flammable cloud flow rate [m3/s] estimated at the 
barrier, Cc the average flammable gas concentration at the same position 
[mol /mol] and Qa the air flow rate [m3/s] forced into the cloud by the 
active barrier fans, reducing the concentration of the cloud at the barrier 
below the lower flammability limit (LFL [mol /mol]), requires: 

Qc⋅ Cc

Qtot
=

Qc⋅ Cc

Qc + Qa
= LFL (3) 

Defining α = Cc
LFL ,the previous equation can be recast in: 

Fig. 1. Integration domain.

Fig. 2. Characteristic cloud parameters in the presence of the passive barrier.
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Qa = Qtot − Qc = Qc⋅(α − 1) (4) 

Qc can be estimated through characteristics cloud parameters 
computed through the CFD simulation in the presence of the passive 
barrier (H*

cld⋅W*
cld), and to the mean cloud velocity computed during the 

simulation with only the passive mitigation barrier through the 
following relation: 

Qc = H*
cld⋅W*

cld⋅ucld (5) 

Assuming that the concentration distribution along the y dimension 

is gaussian, it is possible to estimate CC as (Marsegan et al., 2016): 

∫ +
W*

cld
2

−
W*

cld
2

const
σy

̅̅̅̅̅̅
2π

√ exp

(

−

(
W*

cld
)2

2σ2
y

)

dy = 2 CC W*
cld

(6) 

Where. 

• The boundary condition C(y= 0) = const
σy
̅̅̅̅
2π

√ = Cmax is used to obtain the 

value of the constant; Cmax is the maximum concentration in the 

Fig. 3. Flowchart of the main steps to calculate the ideal flow rate to dilute the cloud.

Fig. 4. Pool evaporation rate for case A.
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cloud when it reaches the wall position and is taken from the open 
field CFD simulation.

• −
W*

cld
2 and +W*

cld
2 are the coordinates of the maximum and minimum 

lateral span of the LFL cloud (i.e., half of the cloud width)
• σy is the y dispersion parameter and is computed by forcing the 

gaussian concentration distribution at y =
W*

cld
2 to be equal to LFL, 

resulting in σy ≈
W*

cld̅̅̅̅̅̅̅̅̅̅̅̅̅
2 ln Cmax

LFL

√ ;

In Fig. 3 a flowchart shows the main steps of the procedure proposed 
to estimate the theoretical air flow rate to be provided by the active 
barrier.

The mean flammable concentration calculated using Eq. (6) can also 
be obtained directly from the CFD simulation, as is done for the 
maximum concentration. Both results are consistent, with the simula
tion data showing a value of molar fraction 12 % lower (0.19) than that 
obtained through the Gaussian approach (0.21). Since the aim of the 
work is to provide a safety device able to reduce the extension of dense 
gas clouds, it was chosen to use the higher mean concentration value 
resulting in a conservative approach.

3. Case study A

The first case study concerns an accidental scenario involving a leak 
from a 50 mm hole on a pipeline 1 m in diameter, which carries LNG at 
− 161.4 ◦C. The hole diameter was chosen considering that small leaks 
due to corrosion or manufacturing defects are realistically more frequent 
than full bore ruptures (Casal, 2008; Uijt de Haag et al., 2001). As made 
in previous studies (Busini and Rota, 2014; Marsegan et al., 2016), the 
source term, estimated using PHAST 9.1 (PHAST, 2024) was simulated 
in the CFD code through an UDF (User Defined Function) that defines 
the time – dependent mass flow rate from a pool of constant radius of 20 
m, as shown in Fig. 4 and reported in the Supplementary Materials. A 
second UDF was implemented to extract from the simulation results the 
maximum hazardous area in terms of concentration values larger than 
LFL in the domain during the release (see the Supplementary Materials 
for the script).

3.1. Open field and passive barrier scenario

Before the release of methane (which was used in all the simulations 

as a proxy of LNG), a simulation was performed to stabilize atmospheric 
conditions and develop a wind profile across the domain. Afterward, the 
mass flow from the pool was set using the time-dependent profile of 
Fig. 4 to obtain the cloud dimensions in open field (i.e., without any 
mitigation barrier). From the results of the open field simulation the 
parameters required to size the passive mitigation barrier were 
computed as previously discussed. The flammable cloud reached a 
maximum length of about 290 m from the pool centre and a maximum 
width of about 74 m, while the mean height of the cloud was about 2.5 
m. The barrier was sized to cover entirely the cloud at an arbitrary 
distance of 50 m downwind from the pool, which is compatible with a 
realistic case of a perimetral wall of a plant, that is: Hobs = Hcld = 2.5 m 
and Wobs = 100 m > Wcld = 74 m.

The passive barrier simulation showed that the barrier reduces the 
cloud maximum length to 125 m from the boiling pool centre as shown 
in Fig. 5 (i.e., 57 % less than the open field case) and was used to esti
mate, as discussed previously the parameters summarized in Table 4 for 
the design of the active barrier together with equations (3)–(6).

3.2. Active barrier scenarios

3.2.1. Active barrier with 32 fans – reference configuration
The axial fans to be embedded in the wall were chosen with a 

diameter of 1.6 m, a yield of 60 % and a required power of 55 kW 
resulting in about 32 fans to be embedded in the wall to provide the 
estimated Qa flow rate. Fig. 6 shows the characteristic curve of the fans 
selected among the several available on the market (other information 
and fan-layout scheme can be found at (DYNAIR, 2025) while the 
polynomial equation used for imputing the performance curve of the fan 
in the embedded boundary condition in ANSYS Fluent (ANSYS Inc, 
2023b) can be found in Fig. S2 of the Supplementary Material. 

N◦
fan =

Qa

Qfan
= 32 (7) 

Preliminary simulations showed that the cloud overcomes the wall 
by the sides due to the recirculation of air induced by fans just before the 
barrier. Therefore, it was decided to increase the width of the barrier by 

Fig. 5. LFL cloud envelope in open field (left) and with the passive bar
rier (right).

Table 4 
Active barrier parameters computed using the 
proposed procedure for case study A.

H*cloud 3.25 m
W*cloud 82 m
Cmax 37 %
Qc 338.5 m3/s
Cc 21 %
α 4.88
Qa 1314 m3/s

Fig. 6. Fan performance curve (DYNAIR, 2025).
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about three times to 310 m to avoid the problem. Fans were placed on a 
single row centred at half the height with a spacing between their axes of 
2.54 m, to cover the entire width Wcld of 82 m. Fig. 7 shows the simu
lation results; we can see that the maximum downwind distance reached 
by the cloud from the boiling pool is about 67 m, that is 77 % less when 
compared to the open field simulation and 46 % less when compared to 
the passive barrier case. Therefore, a first downside of using active 
barrier equipped with fans seems to be a large increase of the barrier 
size.

In fact, as previously mentioned, the lateral spread of the flammable 
cloud is greater than the one in the passive barrier scenario. Thus, the 
cloud overcomes the active barrier where no embedded fans are present. 

As a reference, this scenario will be compared to other configurations of 
the active barrier design to investigate the effect of changing some 
design parameters.

3.2.2. Active barrier with 32 fans – second configuration
To avoid the cloud overcoming the barrier where the fans are not 

present, a second simulation was carried out with a different placement 
of the active devices. Starting from the reference configuration with 32 
fans, the total width of the cloud (148 m) was used to size the new 
configuration, where the total span of the devices is 140 m.

As excepted, the results of the simulation showed the same phe
nomenon as in the reference configuration, with the cloud expanding 
laterally even more, up to about 210 m. As shown in Fig. 8, the central 
part of the cloud is still unable to reach and overcome the barrier, 
leading the cloud to reach about 69 m from the pool centre like the 
reference case. The main input of the simulation are summarized in 
Table 5 while the main results are reported in Table 5 and Fig. 12.

3.2.3. Active barrier with 32 fans – third configuration
Further increasing the length of the barrier where the 32 fans are 

installed up to 200 m was able to stop the cloud at the barrier while 
avoiding it to overcome the barrier laterally due to recirculation, as 
shown in Fig. 9.

The main input of the simulation are summarized in Table 5 while 
the main results are reported in Table 5 and Fig. 12.

For this specific case, which is highly representative of Case A, the 
Supplementary Material includes a time-lapse image (Fig. S3) and a 
video showing the evolution of the cloud contour at the LFL concen
tration threshold over time. This visualization provides valuable insights 
from an emergency-response planning perspective, as it illustrates how 
the hazardous area develops and changes during the event. Moreover, a 
couple of examples of the vector fields are provided (Fig. S4).

3.2.4. Active barrier with 25 fans
To compare the effect of the number of fans with respect to the length 

of the active barrier, a new configuration of the active barrier involving 
25 fans embedded in 200 m of barrier was investigated. The total air 
flow rate in this configuration is 1028 m3

s which is 22 % lower than the 
theoretical one. As shown in Fig. 10, in this case the cloud overcomes the 
barrier in the central zone but not at the edges of the barrier, thanks to 

Fig. 7. LFL cloud envelope with the passive barrier (left) and with the 32 fans 
on 82 m active barrier (right).

Fig. 8. LFL cloud envelope with the 32 fans on 140 m (left) and in the reference configuration (right).
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Table 5 
Input of the simulations in terms of number of fans, width of wall along which they are distributed and volumetric flow rate of air obtained and output in terms of 
percentage difference of the cloud dimension at the LFL concentration with respect to the open field scenario for the various barrier configurations.

run Number of 
fans

Power demand 
[MW]

Barrier 
width [m]

Barrier width with fans 
embedded [m]

Qa 
[m3/s]

Length 
change [%]

Width 
change [%]

Height 
change [%]

Wind speed 5 
m/s @10m

Passive 
barrier

2 0 0 200 – 0 − 57 +11 +32

Active 
barrier

3 32 1.8 310 82 1314 − 77 +100 +171
4 32 1.8 310 140 1314 − 76 +184 +219
5 32 1.8 310 200 1314 − 81 +200 +447
6 25 1.4 310 200 1028 − 74 +173 +469
7 19 1 310 132 780 − 72 +116 +550

Fig. 9. LFL cloud envelope with the 32 fans on 200 m (left) and in reference configuration (right).

Fig. 10. LFL cloud envelope with the 25 fans on 200 m (left) and in the reference configuration (right).
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the length of the portion of the barrier where the fans were embedded.

3.2.5. Active barrier with 19 fans
The effect of reducing simultaneously the number of fans (and 

therefore the overall air flow rate forced into the cloud) and the length of 
the portion of the barrier in which the fans are embedded was 

investigated by simulating a configuration of 19 fans, which is 40 % 
fewer than the theoretical number, distributed along 132 m of the bar
rier. Fig. 11 shows the LFL footprint of the cloud compared to the one of 
the passive barrier case.

We can see that reducing the air flow rate entering the cloud allows 
the LFL cloud envelope to overcome the barrier not only laterally but 

Fig. 11. LFL cloud envelope with the 19 fans (left) and in the reference configuration (right).

Fig. 12. Cloud distance as function of air flow rate.
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also where the fans are installed.

3.3. Discussion

Table 6 summarizes the input of the simulations in terms of number 
of fans, width of wall along which they are distributed, and volume flow 
rate of air obtained and shows that the presence of a barrier always 
reduce the downwind cloud extension, while the cloud width and height 
increase.

Fig. 12 shows the hazardous distance (that is, the distance where the 
cloud concentration reaches LFL) downwind the barrier (since the bar
rier location can be safely reached by a flammable cloud) for the various 
configurations investigated. We can see that among the three configu
rations with the theoretical air flow rate (i.e., with 32 fans), the one with 
the fan placed over 200 m represent the best solution since the flam
mable cloud only overcomes the barrier by about 5 m. The remaining 
two configurations allow the cloud to overcome the barrier by about 17 
m (since the cloud is wider than the portion of the barrier where the fans 
are installed, as previously seen). The configuration with 25 fans is a 
reasonable solution since it can reduce the cloud distance to about 25 m 
from the barrier with 22 % less air flow rate than the theoretical one. The 
configuration with 19 fans should also be taken in consideration since, 
with an air intake reduction of 40 % than the theoretical one, it can 
reduce the LFL cloud length to about 32 m from the barrier. In 

conclusion, while the passive barrier can reduce the flammable cloud 
distance from the pool by about 57 %, the implementation of an active 
barrier with fans is always able to further reduce the total flammable 
cloud length in a time of the order of 30 min.

To validate the proposed methodology, it was decided to further 
apply the active barrier design procedure to a second case involving a 
different release scenario, as discussed in the following.

4. Case study B

The second case study investigated involves a major accidental sce
nario. In this case study the leak is from a full-bore rupture of the same 
pipeline as in case A resulting in a boiling pool with constant diameter of 
20 m and variable evaporation rate as shown in Fig. 13. For this case, the 
source term as well as the simulation data for open field case and passive 

Table 6 
Active barrier parameters computed using the 
proposed procedure for case study B.

H*cloud 8.5 m

W*cloud 180 m
Cmax 15 %
Qc 7650 m3/s
Cc 10.6 %
α 2.41
Qa 10,779 m3/s

Fig. 13. Pool evaporation rate for case study B (Marsegan et al., 2016).

Fig. 14. Partial view of the fans embedded in the barrier.
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barrier case are taken from the work of (Marsegan et al., 2016).
Following the same procedure reported in section 2.1, the geometry 

and mesh were created and then loaded in the solver software.
This accidental scenario has been already investigated in the litera

ture (Marsegan et al., 2016); from such results the parameters reported 
in Table 6 can be extrapolated. Using eq. (4), the theoretical air flow rate 
required to dilute the cloud can be calculated, resulting in an air injec
tion rate of 10,779 m3/s through the fans.

262 fans with the same size as in case A are required to face this 
scenario. They were located on three levels of the barrier as shown in 
Fig. 14, spanning on 270 m of the barrier (even though the W*

cld 
parameter is 180 m, it is impossible to place 262 fans on such a short 
displacement, so it was decided to place them as close as possible). As for 
the case study A, the simulation began with only wind inlet, to gain 
stability and develop the overall wind profile along the domain; then, 
the pool mass flow inlet starts and, at the same time, the fans boundary 
conditions are activated, with the fan air flow direction opposite to the 
LNG cloud direction (that is, the wind direction).

The results reported in Fig. 15 show that the active barrier signifi
cantly reduces the downwind hazardous distance from the pool, which 
decrease from 600 m to 235 m, corresponding to a 61 % reduction with 
respect to the scenario without any barrier, and to 317 in case of the 
presence of a 6 m high wall; see also Table 7 for a resume of input and 
output of this simulation. While the active barrier is insufficient to 
contain the cloud at its location, it is important to note that the analysed 
case represents a catastrophic event with a statistically low probability 
of occurrence. According to (Casal, 2008) the frequency of a full-bore 
rupture in pipelines with diameters exceeding 150 mm is approxi
mately 10− 7 events per year. Therefore, it is evident that physical bar
riers, whether active or passive, should be considered as a last resort 
safety measure to mitigate the consequences of such highly improbable 

events. For the sake of comparison, a wall 6 m high not activated would 
reduce the LFL distance by 44 % (Busini and Rota, 2014), while to stop 
the cloud at the barrier in the same scenario, at least a 12 m high wall 
would be necessary (Marsegan et al., 2016). To implement an active air 
barrier, a 6-m-high inclined wall would be required, along with an 
airflow of approximately 1000 Nm3/s sustained for around 300 s. This 
setup would demand the storage of roughly 3 × 105 Nm3 of compressed 
air, ready for immediate deployment in case of an emergency. Using 
standard commercial tanks with a volume of 2.5 m3, pressurized to 400 
bar and standing 12 m tall, about 300 cylinders would be needed. These 
could be arranged in a cubic structure measuring 8 × 8 × 12 m3 

(Marsegan et al., 2016).
The Supplementary Material includes a time-lapse image (Fig. S5) 

and a video showing the evolution of the cloud contour at the LFL 
concentration threshold over time. This visualization provides valuable 
insights from an emergency-response planning perspective, as it illus
trates how the hazardous area develops and changes during the event. In 
particular, it is interesting to note that the fans are able to reduce the 
dimension of the LFL cloud inside the boundary of the plant in less than 
4 min.

The practical feasibility of deploying 262 fans with a total power 
demand of 14 MW in Case B largely depends on the specific character
istics and infrastructure of the facility. While such a system could be 
technically implemented, it would require a substantial and rapid power 
supply, but the peak demand would occur only for a few minutes during 
an emergency (i.e., 5 min for the case here simulated). This raises con
cerns about power availability, system reliability, and maintenance. In 
comparison, alternative mitigation strategies such as water curtains may 
offer a more manageable and cost-effective solution. Water curtains can 
be activated quickly, require less energy, and are generally easier to 
integrate into existing safety systems. However, their effectiveness in 
controlling such a large vapor cloud dispersion may be lower than that 

Fig. 15. a. LFL cloud envelope with the active barrier (left) and in open field conditions (right) for case study B (Busini and Rota, 2014; Marsegan et al., 2016); b. LFL 
cloud envelope with the active barrier (left) and in in presence of a 6 m high passive barrier (right) for case study B (Busini and Rota, 2014).

Table 7 
Input of the simulations in terms of number of fans, power demand, width of wall along which they are distributed and volume flow rate of air obtained and output in 
terms of percentage difference of the cloud dimension at the LFL concentration with respect to the open field scenario for the various barrier configurations.

Number of 
fans

Power demand 
[MW]

Barrier width 
[m]

Barrier width with fans 
embedded [m]

Qa [m3/ 
s]

Length change 
[%]

Width change 
[%]

Height change 
[%]

Passive 
barriera

0 0 450 – 0 − 44 − 15 n.a.

Active 
barrier

262 14 450 270 10,779 − 61 0 n.a.

a Data from (Busini and Rota, 2014).

A. Pinciroli et al.                                                                                                                                                                                                                                Journal of Loss Prevention in the Process Industries 99 (2026) 105822 

10 



of high-capacity ventilation systems. Overall, while fan-based mitiga
tion offers strong performance, its feasibility and cost-effectiveness must 
be carefully evaluated against simpler, more scalable alternatives. 
Notably, simulations show that the forced air entrainment into the cloud 
achieved by activating the fans (and anyway an active mitigation bar
rier) has a positive effect on reducing the damage distance, further 
supporting the potential benefit of this mitigation approach, despite its 
practical challenges in the case of catastrophic releases, which are, 
nonetheless, very unlikely.

5. Conclusions

In this study, two accidental scenarios involving an LNG pipeline 
rupture were analysed to assess the effectiveness of an active barrier in 
diluting an LNG cloud, which is representative of a dense gas cloud. The 
barrier, consisting of axial fans embedded in a wall, draws air upwind 
through the cloud, thereby enhancing dilution. In both scenarios, the 
barrier achieved a significant reduction in the cloud maximum down
wind extension, which demonstrates the device effectiveness; a draw
back is the power demand in case of catastrophic, but unlike, releases as 
discussed in the previous paragraph. In terms of practical safety out
comes, considering the flash fire as a plausible scenario in the event of a 
flammable vapor cloud dispersion, the presence of a barrier that pre
vents the lower flammable limit (LFL) from extending beyond the 
facility’s boundaries can significantly impact societal risk. In particular, 
the high-fatality tail of the FN curve disappears, as all consequences 
remain confined within the site. Furthermore, individual risk levels 
outside the plant are effectively reduced to zero. However, a residual 
risk persists within the facility, emphasizing the importance of internal 
safety measures and emergency response planning to protect on-site 
personnel.

The simulations were performed in a 5D class as a representative 
scenario. To know exactly the influence of the atmospheric conditions ad 
hoc simulations would be necessary.

Finally, it should be noted that, in this work, the presented meth
odology was applied to LNG, as representative of dense gas clouds, and 
to the LFL as the threshold for flammable vapor dispersion distances, but 
the same methodology can be applied to the 50 % of the LFL threshold, 
as frequently done in industrial hazard study, or other concentration 
more significative for other gasses (e.g., threshold limits for toxic 
materials).
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