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Abstract: Complex installations that involve dangerous substances, such as oil and gas or nuclear
plants, must mandatorily undergo a quantitative risk assessment (QRA) according to current reg-
ulations. This requires, among others, the simulation of hundreds of accidental scenarios, which
are typically carried out using empirical tools due to their fast response. Nonetheless, since they
are not able to guarantee sufficient accuracy, especially when complex geometries are involved,
computational fluid dynamics (CFD) tools are increasingly used. In this work, a high-pressure
accidental release of a sour gas (CH4-H2S) in an offshore platform under several wind conditions is
considered. A methodology used to perform a wind sensitivity analysis via CFD, while avoiding high
computational costs, is presented. The wind intensity impact on some risk-related figures of merit,
such as the high lethality or irreversible injuries areas, is discussed in relation to the flammability
and toxicity limits of the released mixture. The results show that even a very low amount of H2S
in the released mixture can strongly affect the threat zones. A progressive decrease in the toxic
and flammable volumes in the platform is observed as the wind velocity increases; nonetheless,
a saturation effect appears in high wind speed scenarios.

Keywords: gas release; risk; safety; computational fluid dynamics (CFD); wind intensity; hydrogen
sulfide

1. Introduction

Past accident history suggests that, despite the fact that severe scenarios in large
industrial plants are quite rare, they can lead to dramatic consequences for people’s health,
the environment, business, and asset integrity [1,2]. In recent years, the robustness of safety
methodologies has considerably increased to guarantee that the technological development
is accompanied by adequate safety considerations.

In this sense, particular attention is paid to risk-relevant plants (chemical, oil and gas,
nuclear, etc.) in which dangerous substances and equipment are involved, as demonstrated by
the strict regulations introduced to enhance their safety demonstration methodologies [3,4].

This work focuses on the oil and gas (O&G) offshore activities, and in this framework,
the reference regulation is the EU Offshore Safety Directive 2013/30/EU, which defines the
quantitative risk assessment (QRA) as the most suitable tool for safety assessment.

In particular, where natural gas extraction is concerned, one of the major safety issues
is related to the presence of hydrogen sulfide (H2S) traces, as it is a flammable and toxic gas
with the potential to cause major injuries and death; in this case, stricter safety constraints
are imposed on the extraction process of CH4-H2S mixtures (sour gas) [5].

According to [6], the O&G industry is one of the most significant anthropogenic
sources of H2S, and nowadays, several O&G extraction plants perform activities that
involve sour gas, as reported by several works, including the works mentioned in the
following section. In the North Sea, natural gas can contain up to 2 vol% of H2S [7]. The
Kazakh gas fields of Kashagan and Tengiz present contents of H2S around 19 vol% and
16 vol%, respectively [8,9]. In the Sichuan Basin, the percentage of H2S in natural gas
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can vary between 10 vol% and 17 vol% [10], while in the Eastern Venezuela Basin, the
concentration can be ~5 vol% [11].

Due to its corrosive nature, H2S can cause several types of damage to industrial compo-
nents, increasing their failure rate, and hence their release frequency [12].
An accidental release of sour gas can lead to several major accidents, such as explosions,
fires or toxic dispersions and the consequences can be dramatic for the people and the
environment, as observed during the Lodgepole blowout accident in Alberta in 1982 [13].
In fact, it can cause severe eye and respiratory irritation, and, at high concentrations, it can
cause immediate human deaths [14]. It is also highly dangerous for vegetation, as high
concentrations can inhibit root growth and compromise plant growth [15]. If it is dispersed
in water, it can affect the marine fauna, as exposure to fishes causes hyperpnea, followed
by final respiratory arrest [16]. For all these reasons, the evaluation of the consequences of
an accidental sour gas release must be carefully addressed during the risk assessment of
those plants.

The state-of-practice for the accident simulation for QRA purposes entails the use
of simple tools based on empirical correlations, such as turbulent free-jet models [17],
gas dispersion models [18] and jet fire models [19,20], which guarantee a fast response
with no need for deep theoretical knowledge. On the other hand, these methods neglect
geometry (i.e., the flow–object interaction is not modeled), and lead to highly conser-
vative results with a consequent waste of resources when over-protection measures are
implemented. This last consideration is true especially in the case of congested plants,
such as offshore platforms, where a limited space is available, and in nuclear plants, where
a major part of the equipment is inside a containment building to avoid external leakage of
radioactive materials.

Complex methods, such as computational fluid dynamics (CFD), might be employed
to guarantee the needed accuracy. Several authors have already used CFD approaches to
reproduce accidents, such as the sour gas well blowout accident that occurred at Kaixian
(China) in 2003, which caused 243 deaths [21,22].

Furthermore, CFD is widely used to simulate accidental gas dispersions, e.g., acci-
dental H2 dispersions in automotive scenarios [23,24], CO2 releases from high-pressure
pipelines [25,26] and high-pressure natural gas releases from pipelines [27]. In particular,
a novel assessment tool based on CFD is proposed in [28–30] to estimate the extent of
high-pressure methane jets impinging on differently shaped objects.

Despite its extensive use for single scenarios, CFD can be hardly integrated in
a QRA, due to its expensive computational cost. Its response time is too long to per-
mit the estimation of the consequences of hundreds of accidental scenarios during the plant
design phase.

For this reason, the SEADOG laboratory at Politecnico di Torino proposed a novel
approach called the source box accident model (SBAM) [31–34], which is based on ANSYS
Fluent and used for the simulation of high-pressure gas releases in congested environments,
guaranteeing a sustainable accuracy and computational cost compromise. The approach
involves CFD and is based on the splitting of the accidental release phenomenon into the
following two main physical steps: the supersonic release near the release hole and the
far-field dispersion.

In this work, SBAM is employed to simulate a high-pressure sour gas release in
a platform under several wind conditions. A sensitivity analysis of the wind speed is
presented, since this represents a key parameter for the assessment of consequences related
to hazardous substances’ releases [35].

In the literature, there are already several works that focus on wind sensitivity anal-
ysis of gas dispersions for QRA purposes. In [36,37], CFD analyses of the influence of
wind on flammable gas clouds for hazardous area classification and on the H2S disper-
sion consequences are respectively proposed. In [38], gas dispersion wind is analyzed
through the empirical-based software PHAST and in [39], a CFD-based empirical model for
hazardous area classification is proposed. It must be remarked that none of these studies
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consider real-life complex geometrical arrangements because of the high computational
cost and the associated complexity. To close this gap, this work proposes an alternative
approach, employing SBAM, which allows us to deal with high-pressure releases, con-
gested environments and high gradients in the main parameters (such as concentrations
and speed).

The first objective of the present work is to describe an efficient way to perform
a set of simulations with different wind conditions via CFD, without the need for high
computational efforts. In fact, when dealing with external flows, CFD could require
a prohibitive computing power, as large computational domains are needed to correctly
reproduce the flow-field around the object of interest (e.g., a plant). Secondly, the wind
intensity impact on the resulting damage areas and risk-related figure of merits is analyzed.

In the next section, the case study is introduced, as well as the flammability and toxicity
limits related to the involved gas mixture. Section 2 is devoted to the methodology, and it
is divided into the following two parts: the first part is related to the wind field simulation,
while the second part is related to the dispersion. In Section 3, the results related to the gas
dispersion under several wind conditions are discussed, and some conclusions and useful
insights are proposed in Section 4.

Case Study

Figure 1 shows a platform geometry, in which the main components are represented
by simple geometric shapes and secondary equipment is neglected.
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Figure 1. Geometry of the platform production deck, with the release point in yellow and a schematic
representation of the wind direction.

The domain ceiling is represented as transparent for visual purposes. For the sake
of simulation, it is a plated ceiling. The cardinal points south (S), east (E), north (N) and
west (W) are indicated to univocally identify the lateral faces of the platform. The domain
dimensions are Lx = 30 m, Lz = 20 m and H = 5 m. The release position is represented by
the yellow bullet in Figure 1, and its coordinates are x = 3 m, y = 2.5 m and z = 10 m, while
the release direction is

→
x . The wind direction is schematically represented in the upper left

corner of Figure 1. The other relevant parameters are as follows:

• Release pressure and temperature: prel = 50 bar and Trel = 300 K;
• Release hole diameter: drel = 3 cm;
• Released gas mixture mole composition: 99 mol% CH4, 1 mol% H2S;
• Wind velocities: Uref = 2-4-6-8-10 m/s;
• Ambient temperature: Ta = 300 K.

The release pressure and hole diameter (when a circular hole is assumed) are chosen
in agreement with [40], which suggests the most frequent values for these parameters
basing on the review of loss of containment accidents in the O&G field. Trel is defined by
assuming that the leakage involves a piece of equipment, such as a pipeline or a tank, in
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thermal equilibrium with the external environment. The mixture composition that is chosen
is realistic, considering that a natural gas well with a much higher H2S concentration is
unlikely to be exploited due to its toxicity level. Different values of Uref are chosen to assess
their impact on flammability and toxicity quantitative consequences, in terms of volumes
and masses. The following flammability and toxicity limits for the involved substances are
introduced to determine the zones of installation where a flammable or toxic concentration
can be reached in case of an accident:

• LFL: lower flammability limit;
• UFL: upper flammability limit;
• IDLH: immediately dangerous to life and health concentration;
• LC50: lethal dose at which 50% of the population is killed in a given time following

exposure.

The reference values for each species taken from [41–43] are presented in Table 1.

Table 1. CH4 and H2S flammability and toxicity limits.

LFL (mol. conc.) UFL (mol. conc.) IDLH (ppm) LC50 (ppm)

CH4 0.05 0.16 / /

H2S 0.045 0.455 100 713

Since both gases are flammable, the LFL and UFL of the released mixture can be
evaluated using the Le Chatelier’s rule, as was the case in [44], considering that the mole
concentration of CH4 (CCH4) is 99% and the H2S mole concentration (CH2S) is 1%.

LFLmix =
100

∑ Ci/LFLi
(1)

where i indicates the i-th species. Considering an analogous formula for the UFL and the
values in Table 1, the following values are obtained for the mixture:

• LFLmix = 4.994%;
• UFLmix = 16.104%.

These flammability limits values are considered for the representation of the flammable
areas and the calculation of the flammable quantities in the discussion of results in Section 3.

2. Methodology
2.1. Wind Field Simulation

When simulating gas dispersion in an open environment, particular attention must be
paid to the generation of the wind field. The case study considered in this paper presumes
the generation of the wind field inside the platform, where the gas dispersion takes place.
The standard procedure to correctly obtain a wind field that interacts with a body is to
build a larger computational domain that contains the body, in order to impose the velocity
boundary conditions as far as necessary. Several works have used this approach, especially
for the study and optimization of tall buildings, which are exposed to relevant wind
intensities [45–47]. These works hint that the sizing of the computational domain must
assure a fully developed pressure field behind the body, since the pressure coefficient is of
interest when designing a building. Considering this constraint, the following dimensions
suggested for the domain are expressed as a function of the body height (H):

• The wind inlet must be imposed at 5H from the body;
• The outlet BCs must be imposed at 15H from the body;
• The height of the domain should be 6H.

These choices guarantee a fully developed pressure field around the body, but, on the
other side, imply high computational effort due to the large computational domain size.
Moreover, if gas dispersion must be simulated in the domain, a fine grid resolution must
be guaranteed in the volume, leading to an unsustainable computational cost. This work
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proposes an alternative criterion for the computational domain sizing, that is, the domain
has to be large enough to guarantee a fully developed velocity profile that impacts the
platform. Figure 2 presents the platform geometry and the external box that represents the
computational domain. The distance between the platform borders and the box sides is
indicated by L. The following four different box sizes are investigated by varying L:

• L = H = 5 m;
• L = 2H = 10 m;
• L = 3H = 15 m;
• L = 4H = 20 m.
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Figure 2. External box for the wind simulation with probe lines (in red). The letters S, E, W, N
indicated the lateral sides of the box while the other two faces are named top and bottom.

Lh represents the platform distance from the ground (the sea, in this case); it is the
only physical boundary that is kept constant and equal to 10 m, a plausible platform height
above the sea level. The simulations are performed in ANSYS Fluent, by setting up a steady-
state simulation that solves a RANS formulation of the governing equations. In particular,
the k-ω SST model is used, as it is suggested for most of the industrial applications [48].
A wall with no slip condition is imposed on the box bottom and on the platform walls.
The logarithmic wind profile defined by Equation (2) is imposed through a user-defined
function on the S and E box faces.

u(y) = Ure f ·log(y/z0)/log
(

yre f /z0

)
(2)

Uref is the reference velocity that is set equal to 10 m/s. In fact, it is expected that the
dimensioning of the domain, which is performed for the largest Uref, is conservative for the
lower velocities, since it is reasonable to assume that a lower velocity contributes to the
profile development. The reference height yref, which corresponds to Uref, is set equal to
Lh + H = 15 m and the surface roughness z0 is set equal to 0.1, assuming that the open sea
surface is similar to land with mature crops [49]. The wind direction is set to be consistent
with the one indicated in Figure 1. Moreover, the turbulent kinetic energy k and the specific
dissipation rate ω are prescribed at the inlet faces (S and E). These parameters are evaluated
through Equations (3) and (4), as proposed in the ANSYS Fluent manual [48], where they
are expressed as a function of the turbulence intensity I, the reference velocity Uref and the
turbulent length scale l.

k =
3
2

(
Ure f ·I

)2
(3)
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ω =
k0.5

Cµ·l
(4)

The turbulent intensity I is evaluated through the correlation proposed by IEC [50], as
shown in Equation (5), where Iref is set equal to 0.14 to obtain the average of its possible
value range (0.12–0.16).

I = Ire f ·
(

0.75 + 5.6 ·U−1
re f

)
(5)

The constant Cµ is a turbulence model constant that is equal to 0.09 [48] and the
turbulence length l is evaluated by the expression l = 0.4δ suggested in [48], where the
boundary layer thickness δ is evaluated as suggested in [51] for turbulent flows. The
resulting turbulence parameters values imposed at the boundaries are k = 5.05 m2/s2 and
ω = 391 s−1.

On the top box boundary, a symmetry condition is imposed, as demonstrated in [45,46].
Atmospheric pressure is imposed on the N and W boundaries. The fluid is assumed to be
incompressible due to the low-speed velocities involved, and the energy equation is not
solved as there is no thermal imbalance. An unstructured tetrahedral mesh is generated in
the domain with a higher element density in the deck region and a progressively coarser
discretization towards the outer boundaries. In particular, in the region inside the deck,
a maximum element size of 0.5 m is imposed, with a face refinement value of 0.15 m for
the objects with a 1.2 growth rate. A control volume is set around the deck that imposes
an element size of 1 m, while in the remaining portion of the domain, a target size of 1.5 m is
set. Face refinement is imposed at the inlet boundaries with a 0.5 m size and the refinements
are generated at the object walls and on the ground to guarantee a y+ value between 30
and 300, which is the suggested range needed to solve the boundary layer through wall
functions [48]. These specifications are used for all the simulations and the total number of
elements obtained for the cases with L = 5-10-15-20 m is ~1.7-1.8-2-2.1 × 106, respectively.
The results obtained via the simulation of the different domain sizes are compared by
taking the velocity profiles on the three probe lines (one for each axis direction) depicted
in red in Figure 2, which are dimensioned for the smallest domain (L = 5 m). The velocity
profiles obtained on these lines are shown in Figures 3–5.

Safety 2022, 8, x FOR PEER REVIEW 7 of 23 
 

 

 

Figure 3. Velocity profiles along line 1 for different L values. The portion of the velocity profile 

between the black dashed lines impacts the platform. 

 

Figure 4. Velocity profiles along line 2 for different L values. The portion of the velocity profile 

between the black dashed lines is inside the platform. 

 

Figure 5. Velocity profiles along line 3 for different L values. The portion of the velocity profile 

between the black dashed lines is inside the platform. 

Figure 3 highlights that the logarithmic velocity profile that impacts the platform is 

consistent in all the simulations, and that there is a progressive increase in the mean ve-

locity as L decreases. In fact, the further the inlet BC is imposed, the more similar the ve-

locity profiles that impact the platform are, as suggested by the blue and magenta curves 

Figure 3. Velocity profiles along line 1 for different L values. The portion of the velocity profile
between the black dashed lines impacts the platform.

Figure 3 highlights that the logarithmic velocity profile that impacts the platform is
consistent in all the simulations, and that there is a progressive increase in the mean velocity
as L decreases. In fact, the further the inlet BC is imposed, the more similar the velocity
profiles that impact the platform are, as suggested by the blue and magenta curves that
correspond to the L = 15 m and L = 20 m domains, respectively. Since line 1 is adjacent
to the platform, in relation to the heights 10 m (deck floor) and 15 m (deck ceiling), there
is evidence of velocity discontinuities due to the no-slip condition imposed at the walls.
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Figures 4 and 5 show the velocity profiles along line 2 and 3, respectively. These two lines
pass across the platform; hence, some velocity discontinuities are expected in relation to
the crossed obstacles. As for line 1, the trends show the same behavior; the farther the box
boundaries (i.e., the higher the L), the closer the velocity profiles. Since the velocity profile
obtained in the domain with L = 20 m seems to be qualitatively similar to the one obtained
with L = 15 m, no further relevant changes were expected by increasing L. This result is
confirmed by the relative percentage errors of the mean velocity shown in Table 2. The
mean velocity percentage errors on the three probe lines are evaluated for the cases with
L = 5-10-15 m, with respect to the case with L = 20 m.
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Table 2. Percentage mean velocity differences on probe lines 1, 2 and 3 obtained in the simulations
with external box length of L = 5-10-15 m, with respect to the L = 20 m box.

L = 5 m vs. L = 20 m L = 10 m vs. L = 20 m L = 15 m vs. L = 20 m

Line 1 4.47% 2.46% 0.87%
Line 2 9.2% 2.51% 1.08%
Line 3 9.15% 6.36% 1.9%

It can be concluded that the domain with L = 15 m is sufficient to obtain a fully
developed velocity profile that impacts the platform, since the relative percentage error
is below 1.9% for all the probe lines. This choice allows a strong reduction in the domain
size, and consequently in the computational effort, for the wind simulation, as confirmed



Safety 2022, 8, 80 8 of 21

by the following practical considerations. Using the criteria listed at the beginning of the
paragraph, the resulting domain should have been the following:

• (5H + Lx + 15H)·(5H + Lz + 15H)·6H = 468,000 m3,

While with the criteria proposed here, the resulting computational domain volume is
as follows:

• (3H + Lx + 3H)·(3H + Lz + 3H)·(10 + H + 3H) = 90,000 m3.

A volume reduction of ~80% is obtained. Furthermore, this domain is used only for
the wind simulation, while the dispersion is assessed in the smallest possible domain, the
platform itself (highlighted in Figure 2, in which volume is L·xLz·H = 3000 m3). Once the
wind field is simulated in the box that contains the platform, the three velocity component
profiles on the platform faces exposed to S and E, highlighted in light grey in Figure 2,
are extrapolated to be used as boundary conditions in the dispersion simulations (see
Section 2.2.1). In general, this method allows us to simulate several dispersion scenarios
characterized by a different release position and/or direction but with the same wind
conditions, considering only the platform as the computational domain, and thus saving
computational time.

For the purposes of the sensitivity analysis proposed in this work, the release position
and direction, as well as the wind direction, are fixed, while the wind intensity is varied. The
wind velocity profiles related to Uref = 2-4-6-8 m/s are simulated in the L = 15 m domain.

2.2. Wind Sensitivity Analysis
2.2.1. CFD Model Overview: SBAM

The model used to perform the simulations, SBAM, is thoroughly described in [32]
and its predictive capabilities are studied in [33]. If a gas is released at high pressure (10 bar
or more), an under-expanded jet arises [52] with the formation of a normal shock, known as
the Mach disk. This phenomenon occurs in a small region, near the release point, where the
flow is compressible (Ma > 0.3) [53]. Moving away from the release point, the gas velocity
becomes subsonic (Ma < 0.3), the flow can be assumed as incompressible, and gas dispersion
occurs in the remaining and largest part of the domain (e.g., a platform). Consequently, the
splitting of the phenomenon into a supersonic and compressible discontinuous flow (the
release) and a subsonic, incompressible and smooth flow (the dispersion) is convenient for
modelling purposes.

SBAM consists of simulating the release in a small domain and the source box (SB),
which is dimensioned and modeled to contain all the compressibility effects and to capture
the discontinuities in the Mach disk region, whilst guaranteeing a subsonic flow condition
at its outlet boundaries. The results of this simulation in terms of velocity and hazardous
gas mass fraction profiles on the outer faces of the SB represent the interface with the
dispersion simulation, as they are some of its boundary conditions, whilst no turbulence
parameter is involved in this coupling between the two simulations. Since the compressible
phenomena are exhausted in the SB, the incompressible flow condition can be assumed in
this last simulation.

This approach allows for relevant computational cost savings, especially in the case
when several dispersion scenarios must be simulated, for example for QRA purposes. In
fact, the same SB results can be used for many dispersion simulations that vary the release
position and direction in the domain. In addition, if a set of relevant SBs characterized by
different release pressures, release diameters, etc. are pre-calculated and the results are
stored in a library, only the dispersion phase must be calculated case by case. This can lead
to an increase in the speed of the analysis since the dispersion simulation is simpler and
cheaper than the SB simulation. In the following sections, an overview of the numerical
implementation is presented, since the methodology resembles the one used in [32,33].
However, additional details are provided in Appendix A.
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SBAM: Source Box Simulation Setup

The SB is dimensioned following the procedure explained in [32] and using the
parameters presented in the case study description; hence, the resulting characteristic
length of the SB of this case study is LSB = 1.38 m.

Since the analysis is carried out in the framework of a platform, an obstacle is placed
right in front of the release point inside the SB to account for and represent the real
congested layout. In fact, it is highly probable that the gas jet after an accidental release
impacts the multiple pipeline connections that exist on the platform, before dispersing
through the larger bodies. In this case, a cylinder with a diameter of 30 cm is located at
a distance of 45 cm from the release point. According to [32], the SB geometry is reduced to
a fourth of its size due to symmetry exploitations, and an unstructured tetrahedral mesh
that consists of ~4.5 × 105 elements is generated, with a varying size from 1.75 mm, near
the Mach disk region, to 4 cm at the outlet regions.

The simulation is performed in a steady state. The mixture CH4-H2S-air is loaded in
the Fluent setup and the “Species Transport” model without chemical reactions is used.
A pressure inlet of 50 bar, a CH4 mole fraction equal to 0.99 and a H2S mole fraction equal to
0.01 are imposed at the domain inlet to achieve the chosen pressure and simulate a sour gas
release. The ideal gas law is solved to account for the strong density variations expected in
the Ma > 0.3 regions. A pressure outlet set at the atmospheric pressure is imposed on all the
external SB surfaces to reproduce the open surrounding environment. A wall with no-slip
condition is imposed at the obstacle surface. More details about the governing equations
and mesh features are available in Appendix A and Tables A1 and A2.

SBAM: Dispersion Simulation Setup

The simulation domain is shown in Figure 1 and the external box is not considered in
this simulation. The roof and the floor of the deck are plated walls, typical of gas extraction
platforms, in order to limit the damage areas involved in an accidental scenario following
a leakage.

The dispersion simulation is performed in a steady state, since the analyzed case stud-
ies involve a continuous release with a fixed mass flow rate and wind direction, and the
final purpose is the estimation of the dangerous volumes and areas in their final configura-
tions. In fact, SBAM is targeted to obtain QRA related results, guaranteeing higher accuracy
with respect to the widely used empirical methods, and a computational effort reduction
with respect to a standard CFD approach. In addition, in view of CFD-QRA integration,
a transient simulation will lead to high computational costs. An unstructured tetrahedral
mesh is generated with a total number of ~6.7 × 106 elements, with face refinements at the
source location and obstacle faces.

The inlet boundary conditions are imposed on the platform faces exposed to S-E
(Figure 1), where a velocity inlet is imposed to reproduce the wind velocity by loading
the profiles extrapolated from the previous wind simulations, taken with the different
velocity values Uref = 2-4-6-8-10 m/s. On the faces exposed to N-W, a pressure outlet is
used to impose an atmospheric pressure. In fact, as the lateral faces of the deck are open,
the gas cloud can escape the domain. The deck floor and ceiling and all the obstacles inside
the deck are modelled as walls with no-slip conditions. The results of the SB simulation
are used as boundary conditions of the dispersion simulation and a box with the same
dimensions as the SB is created in the domain in the release position, where CH4 m.f. (mass
fraction), H2S m.f. and velocity profiles are imposed. More details about the governing
equations and mesh features are available in Appendix A and Tables A1 and A2.

3. Results and Discussion
3.1. Source Box Results

In Figure 6, the 3D visualization of the jet simulated in the SB is depicted, and some
geometrical features of the SB can be observed, including the release hole, the SB shape
shown in light grey (a cube with length LSB) and the cylindrical obstacle. The figure shows
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also that the jet has a supersonic core near the release point (red barrel structure) and
rapidly slows down, also because of the interaction with the obstacle.
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Figure 6. The 3D visualization of the jet flow velocity in the SB. SB shapes are depicted in light grey
and the release point and SB obstacle are depicted in dark grey.

The under-expanded jet structure is widely described from a theoretical point of
view [52]; therefore, it is important to check if the simulation results are in good agreement
with the theory. In Figure 7, a velocity contour plot on the SB middle-section clearly shows
the presence of the Mach disk; in fact, a normal shock is represented by a discontinuity of
the velocity that decreases from ∼1000 m/s to ∼10 m/s for a few cm (considering that the
release hole diameter is 3 cm). In addition to these qualitative considerations, in Table 3,
the Mach disk position obtained in the CFD simulation is compared with the theoretical
simulation given by [52].
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Figure 7. Velocity contour plot on the SB middle plane transversal to the obstacle.

Table 3. Theoretical vs. CFD Mach disk position.

Xm (Theory) (m) Xm (CFD) (m) Relative Error (%)

0.1368 0.1300 4.97

A relative error smaller than 5% hints that the solution effectively reproduces the Mach
disk position. All these considerations are useful to confirm the physical consistency of
the solution. The CH4 mass fraction profiles, H2S mass fraction profiles and the velocity
profiles (for the sake of brevity, the velocity magnitude profiles are shown instead of the
three components) on the SB faces (Figures 8–10) are extrapolated and used as boundary
conditions in the dispersion simulation. The contours show how the flow remains around
the cylinder due to the Coanda effect and a larger jet splits on the SB midplane, due to its
higher momentum on the jet axis. The SB simulation time is about 24 h on a Dell Tower
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7810 with an Intel Xeon e5-2630 v3 CPU with a 2.4 GHz core frequency (8 cores; 16 threads),
a 64 GB RAM and a 1 TB HDD.
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3.2. Dispersion Results

The results of the five dispersion simulations taken with the different Uref are analyzed
in terms of relevant quantities from a safety point of view. The flammability of the mixture
represents a possible source of danger for people and damage to equipment integrity due
to the possible ignition and consequent jet fire, flash fire or explosion. The high level of
toxicity of H2S represents one of the most relevant sources of harm for workers’ health. The
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risks for people and the environment are two of the main outcomes of a QRA, and, for this
purpose, an accurate reproduction of the associated consequences is crucial.

The irreversible injuries and high lethality areas for flammability and toxicity are
defined according to the current regulations [54]. In Figure 11, the irreversible injury area
for flammability (mixture concentration: ≥0.5 LFL) is represented in yellow and the high
lethality area (flammable area) is represented in red. Both the areas are considered on
a platform section at a height equal to 1.5 m, which is of interest, as it represents the average
height at which human targets can be found.
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The zones shape changes according to the wind intensity; the larger the Uref, the more
the damage area shape resembles a plume with a concordant direction to the wind direction.
In the case with Uref = 2 m/s, the influence of wind seems to be overcome by the jet inertia,
since the development of the damage areas seems to be not affected by the wind direction.
It must be also pointed out that the contour plane is 1 m under the release height and the gas
dispersion is highly influenced by the interaction with the obstacles at that height. In fact,
the lower the wind intensity, the higher the effect of the gas impingement on the objects. In
particular, in the case with Uref = 2 m/s, the flammable area has a “branch” in the bottom
left corner, which is caused by gas reflection on an obstacle at the center of the platform.
An analogous situation can be observed for Uref = 4 m/s, where the yellow region spreads
in the counterwind direction, while only a wind speed larger than or equal to 6 m/s seems
to be able to relevantly influence the cloud shape. In fact, as Uref increases, the wind inertia
becomes strong enough to severely affect the gas cloud development. A similar analysis can
be carried out by looking at the toxicity consequence areas; the irreversible injuries areas
(H2S concentration ≥ IDLH) in yellow and high lethality areas (H2S concentration ≥ LC50)
in red, both taken at the same section, are shown in Figure 12. Due to the very low IDLH
threshold level, as expected, the irreversible injuries areas due to toxicity are larger than
the ones related to flammability. For all the considered wind velocities, a large portion of
the platform is occupied by a cloud that is toxic for humans. On the contrary, the high
lethality areas related to toxicity are smaller than the flammable ones for all the considered
wind velocities. The LC50 area is very small due to the very low value of H2S percentage
in the released mixture, which soon mixes with the surrounding air, reaching a dilution
level below the LC50. The high lethality area due to flammability is more relevant than
the one related to toxicity, as both gases are flammable, but only the H2S is toxic and its
percentage in the mixture is very low. Despite this, its toxicity level is so high that the
situation is reversed for the irreversible injuries area due to the extremely low value of
the IDLH. To gain an insight into the 3D distribution of the cloud, the irreversible injuries
volumes related to flammability and toxicity for the case with Uref = 10 m/s are reported in
Figures 13 and 14, respectively.

This comparison confirms the previous considerations about the 2D distributions on
the platform section at a height of 1.5 m. Despite the fact that only the Uref = 10 m/s case is
shown, the difference in the two volumes is representative of all the other cases, no matter
if the wind influence is less relevant. To better analyze the scenarios, Table 4 shows some
useful parameters, including the flammable volume Vflam, the volume related to 0.5LFL
V05LFL, the toxic volume related to LC50 VLC50, the toxic volume related to IDLH VIDLH,
and their percentage ratios with respect to the total domain volume, including Σflam, Σ05LFL,
ΣIDLH and ΣLC50, respectively.
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Table 4. Risk-oriented quantities obtained in the 5 dispersion simulations.

Uref (m/s) Vflam (m3) V05LFL (m3) VLC50 (m3) VIDLH (m3) Σflam (%) Σ05LFL (%) ΣLC50 (%) ΣIDLH (%)

2 831.36 1672.64 170.56 1948.93 32.57 65.53 6.68 76.35
4 241.44 807.94 49.43 1228.09 9.46 31.65 1.94 48.11
6 119.48 599.21 39.85 866.60 4.68 23.47 1.56 33.95
8 84.58 444.05 29.18 627.97 3.31 17.40 1.14 24.60

10 83.77 339.64 27.81 533.67 3.28 13.31 1.09 20.91
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The values in the table confirm the qualitative results shown in the contour and volume
plots (Figures 11–14); toxicity is the most relevant parameter for the irreversible injuries
areas as much as flammability is for the high lethality areas. In particular, in the worst case,
the 2 m/s case, VIDLH occupies almost 76% of the platform, while V05LFL reaches a value
of about 65% of the total volume. This trend is confirmed in all the cases no matter the
wind intensity, as VIDLH > V05LFL is always verified. Concerning the high lethality regions,
VLC50 occupies almost 7% of the platform, while Vflam occupies about 30%. This difference
is relevant, but it must be considered that, even if the released mixture is composed of
only 1% of H2S, i.e., only 1% of the mixture has toxic properties, its effect on the damage
areas is substantial. As expected, the higher the wind velocity, the lower the consequence
volumes. The wind contributes to the dilution of the volumes, and consequently helps
the flammable/toxic cloud to escape from the platform. To better understand the wind
influence on the volumes, Figures 15 and 16 can be observed.
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It is interesting to notice that above a certain wind velocity, a saturation effect appears
in all the graphs. The flammable volumes (Figure 15) demonstrate similar behavior as
a function of the wind, and after a strong decrease from Uref = 2 m/s to Uref = 4 m/s,
the value is stabilized. Looking at Figure 16, VLC50 also shows a sharp decrease between
Uref = 2 m/s and Uref = 4 m/s and then shows stabilization, while VIDLH seems to not display
a similar saturation effect and its decrease is still relevant, dropping from Uref = 4 m/s to
Uref = 10 m/s. This is not surprising; in fact, in absolute terms, VIDLH assumes such large
values because of its low threshold level (100 ppm) and this suggests that it is difficult to
achieve sufficient dilution inside the platform to make the concentration decrease under
that value. It must be pointed out that the reported values are related to the platform
domain; in fact, the volumes outside the platform are not of interest for the analysis.
In addition, it should be underlined that the damages related to the toxicity are only related
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to the toxic cloud, while on the other hand, the damage areas related to the flammability
can be larger than the flammable cloud, as in cases of ignition, a flash fire or a VCE (vapor
cloud explosion) can develop. In the last case, the damages caused by the VCE depend
on the explosion blast wave and the lethal effects are not contained in the previously
identified damage areas. In any case, it is worth noting that a small amount of H2S can
lead to significant damage. Although CH4 and H2S are largely lighter and heavier than
air, respectively, no stratification phenomena are observed in the domain. This can be
explained by considering that in these scenarios, the inertia of the jet and of the wind are
dominant; hence, the flow is merely convective and the diffusion effects are overwhelmed.
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4. Conclusions

In this paper, a method to reproduce a wind field to be used in several gas dispersion
simulations is presented and is used to perform a wind sensitivity analysis of a high-
pressure sour gas release on an offshore platform.

The wind field is obtained by simulating the air flow around the platform, considering
a sufficiently large external box. The latter is dimensioned, assuring that a fully developed
wind velocity profile impacts the platform. The results show that the external box sides
must be at a distance from the platform boundaries that is equal to 3 times the platform
height. This methodology allows computational cost savings for the following reasons:

• A new criterion for the dimensioning of the wind simulation domain is defined; the
volume is reduced by ~80% with respect to the state-of-the-art methodologies.

• The gas dispersion can be simulated in a smaller domain (in this case, in the platform)
and not in a larger external box.

• Once the wind field is available, the results can be used to simulate several dispersion
simulations.

Moreover, the wind fields related to the wind speeds equal to 2-4-6-8-10 m/s are
calculated and used in the dispersion simulations, realized through SBAM, to assess their
influence on the flammable and toxic consequences.

The case studies are characterized by a release of sour gas (99% CH4-1% H2S) at 50 bar
from a circular hole with a diameter of 3 cm. The results show that, despite the very low
amount of H2S released, the threat zones related to toxicity are relevant. In particular, the
irreversible injuries areas related to toxicity are larger than the flammability areas, because
of the very low IDLH of the H2S (100 ppm).

The dangerous zones and toxicity and flammability areas are strongly influenced by the
wind intensity. In fact, as the wind increases, the dilution is enhanced, and the dangerous
volumes decrease. Nonetheless, after a certain value of wind speed, the dangerous volume
variation is less accentuated, and saturation effect appears, except for the IDLH volume.
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Wind intensity is a crucial parameter for the assessment of the consequences of the
accidental release of hazardous gases, as it largely affects the damage areas, especially in
cases of low wind conditions.

Indeed, before taking decisions and defining additional preventive/protection mea-
sures, a careful analysis must be performed, considering both the obtained results and other
interesting parameters, e.g., the type of equipment involved in the dangerous volumes, the
distribution of the workers (people) inside the platform, etc.

The methodology shows that it is possible to save computational effort when perform-
ing these kinds of analyses, which are likely to be included in a QRA. In fact, threat areas
and volumes obtained through these kinds of simulations can serve as input parameters
for event tree analysis (ETA) in order to obtain a risk estimation [55]. Other useful insights
can be gained by the results obtained from a contingency planning point of view, since
safer areas on the platform could be identified, as well as preferable escape routes on the
plant perimeter.
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Appendix A

In this appendix, the governing equations and the numerical methods employed in
SBAM are summarized and the main features of the mesh used for the SB and dispersion
simulations are described. As a turbulent flow is involved, the Reynolds averaged formula-
tion of the equations is presented. The quantities are divided into the mean and fluctuating
components. For example, the velocity components are written as ui = ui + u′i, where i = 1,
2, 3 denotes the Cartesian coordinates. In the following equations, the overbar is dropped
from the mean for graphical purposes.

Appendix A.1. Governing Equations

Appendix A.1.1. Mass Conservation Equation

∂ρ

∂t
+

∂

∂xi
(ρui) = 0 (A1)

where ρ is the fluid density. In the SB, where compressible effects are relevant, the density is
evaluated through the ideal gas law, while in the dispersion simulation, the incompressible
form of this equation is solved [48].

Appendix A.1.2. Momentum Conservation Equation

∂

∂t
(ρui) +

∂

∂xj

(
ρuiuj

)
= − ∂p

∂xi
+

∂

∂xj

[
µ

(
∂ui
∂xj

+
∂uj

∂xi
− 2

3
δij

∂ul
∂xl

)]
+

∂

∂xj

(
−ρu′iu

′
j

)
(A2)
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where p is the static pressure, µ is the molecular viscosity and δij is a Kronecker delta (note
that j indicates a cartesian coordinate as well as i) [48]. The last term on the right is a partial
derivative of the Reynolds stress, which must be modeled in order to solve the equation.
For this purpose, the two equation turbulence models described in the following section
are employed.

Appendix A.1.3. Turbulence Model Equations

In both the SB and the dispersion simulations, a RANS formulation of the momentum
conservation equations is solved. In particular, the SST k-ω and the standard k-ω are
employed in the SB and dispersion simulation as turbulence models, respectively. In the
following section, the transport equations for the turbulent kinetic energy k and ω the
specific dissipation rate [48] are presented.

∂

∂t
(ρk) +

∂

∂xi
(ρkui) =

∂

∂xj

(
Γk

∂k
∂xj

)
+ Gk −Yk + Sk (A3)

∂

∂t
(ρω) +

∂

∂xi
(ρωui) =

∂

∂xj

(
Γω

∂ω

∂xj

)
+ Gω −Yω + Sω (A4)

where i and j denote the Cartesian components, Gk and Gω are generation terms due to mean
velocity gradients, Γk and Γω are diffusivity coefficients and Yk, Yω are dissipation terms.
The SST k-ω model employs the same equations, except for an addendum in the right-hand
side of the second equation, Dω, which represents the cross-diffusion term [56,57].

Appendix A.1.4. Species Transport Equation

The species interaction is modeled through a convection–diffusion equation for each
species i, to evaluate the mass fraction Yi.

∂

∂t
(ρYi) +∇ ·

(
ρ
→
v Yi

)
= −∇ ·

→
Ji + Ri + Si (A5)

→
Ji = −

(
ρDi,m +

µt

Sct

)
∇Yi − DT,i

∇T
T

(A6)

where Ri is the rate of production due to chemical reactions, Si is a source term and
→
Ji is

the mass diffusion term, evaluated through the formulation for turbulent flows. Di,m and
DT,i are the mass and thermal diffusion coefficient, respectively, and Sct is the turbulent
Schmidt number set equal to 0.7 [48].

Appendix A.1.5. Energy Equation

The following energy equation is solved:

∂

∂t
(ρE) +

∂

∂xi
[ui(ρE + p)] =

∂

∂xj

(
ke f f

∂T
∂xj

+ ui
(
τij
)

e f f

)
+ Sh (A7)

where E is the energy, ke f f is the effective conductivity, Sh is a source term and
(
τij
)

e f f is
the deviatoric stress tensor.

(
τij
)

e f f = µe f f

(
∂uj

∂xi
+

∂ui
∂xj

)
− 2

3
µe f f

∂uk
∂xk

δij (A8)

where µe f f is the effective viscosity [48].
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Appendix A.1.6. Numerical Methods

A coupled pressure–velocity algorithm and a second-order upwind discretization
scheme are employed. A pseudo-transient formulation of the equations is chosen to
guarantee higher stability of the solution by exploiting under-relaxation factors and to help
the convergence solution, which is judged considering the residuals and two monitored
quantities as the velocity and gas species mass fractions at the outlet boundaries [48].

Appendix A.2. Grid Features

A grid independence study was performed for both the SB and the dispersion simula-
tion, adopting the Grid Convergence Index (GCI) methodology for unstructured meshes [58].
The GCI gives a measure of the percentage distance of the computed solution to the asymp-
totic numerical value. This methodology requires the generation of three different meshes,
a fine mesh (mesh 1), a medium mesh (mesh 2) and a coarser mesh (mesh 3).

For the SB simulations, the three meshes consist of ∼4.5 × 105, ∼2 × 105 and ∼1 × 105

elements and the quantities for the GCI estimation are the average velocity, H2S mass
fraction and CH4 mass fraction at the outlet. The GCIs related to the finest mesh (GCI12)
and to the medium mesh (GCI23) are then estimated. Moreover, it is checked that the
solution is in the asymptotic range by solving the following expression:

Kasymp =
GCI23

rp
e f f · GCI12

' 1 (A9)

where re f f is the effective mesh refinement factor and p the formal order of accuracy of the
algorithm. The results related to the SB simulation are summarized in the following table.

Table A1. Grid Convergence Index values for the SB simulation.

Average Velocity CH4 Mass Fraction H2S Mass Fraction

GCI12 0.0205 0.0003 0.0003
GCI23 0.0783 0.0090 0.0090
Kasymp 1.05 0.99 0.99

At first, it can be noted that the condition for the asymptotic range is satisfied for all
quantities; therefore, we can deduce that the solution is well converged. Mesh 1 is considered
to be accurate enough for the calculations, since its error (GCI12) is lower than 0.0205.

The same procedure is applied to the dispersion case, where the three meshes consid-
ered consist of ~6.7 × 106, ~3.2 × 106, ~1.3 × 106 elements and the considered quantities
for the GCI calculations are the average velocity at the outlet and the flammable and toxic
volumes. The results are summarized in the following table.

Table A2. Grid Convergence Index for the dispersion simulation.

Average Velocity Flammable Vol. Toxic Vol.

GCI12 0.0104 0.0160 10−5

GCI23 0.0217 0.0348 1.5 × 10−4

Kasymp 1.01 1.01 1.00

The condition for the asymptotic range is satisfied for all quantities; therefore, we can
deduce that the solution is well converged. Mesh 1 is considered to be accurate enough for
the calculations, since its error (GCI12) is lower than 0.016.
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