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Application of Computational Fluid Dynamics in the Study of the Caribbean 

Petroleum Corporation Gasoline Vapour Dispersion.  

Chimaobi Alutu, Zaki El-Hassan, Tony Leslie, Andy Durrant, Cristina 

Rodriguez  

School of Computing, Engineering and Physical Sciences, University of the 

West of Scotland, Paisley PA1 2BE, UK 

ABSTRACT 

Computational Fluid Dynamics (CFD) is used to predict the dispersion of a gasoline vapour 

cloud. The model was validated using the results of the analysis of Buncefield incident (2005) 

in the UK and a new method of simulation that involves the interaction of liquid fuel and air 

during the dispersion was introduced. The Caribbean Petroleum Corporation (CAPECO) 

incident (2009) was simulated using the developed CFD modelling method.  

The results of CFD analysis of this incident focused on the release of flammable liquid fuels 

that was followed by the formation of vapour clouds. The effect of wind speed and the gasoline 

evaporation surface area were analysed. 

The CFD simulations showed that the main factors affecting the dispersion and behaviour of 

the vapour clouds are release surface area, wind speed, topography, turbulence and obstacles 

in the area. The simulation results showed similar behaviour to that observed in the real-life 

incidents in terms of the vapour cloud behaviour and the extent of damage.  

This work used the realizable k − 𝜀 model which was previously validated for the dispersion 

of dense gases. This turbulence model was helpful in the study of the wind speed (nil to low) 

characteristics of the CAPECO dispersion accident and the dispersion of the liquid gasoline 

droplets was successfully simulated using ANSYS FLUENT’s built-in Discrete Phase Model 

(DPM). This work simulated evaporation of gasoline liquid and droplet dispersion in a wide 

area and from a large source with the presence of obstacles. Dispersion of the gasoline droplets 

was successfully accounted for by the inclusion of the DPM sub-models for cloud dispersion, 

namely, the stochastic tracking and the Discrete Random Walk model (DRW). It could be 

concluded that this work validates the feasibility of using the DPM sub-model application for 

the simulation of volatile liquids evaporation and dispersion through a domain that includes 

several obstacles and high levels of congestion. 
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1 Introduction 

The process industry-including oil and gas industry-needs to consider safety seriously, and it 

tends to rely upon conventional design procedures and expert abilities of the engineers and 

scientists involved in achieving this. As systems grow and become more intricate, techniques 

for safety and loss prevention also need to evolve to account for these new complexities (Yeoh 

and Yeun, 2009). To comprehend, explain and predict accidents and their consequences in the 

process industry, diverse logical strategies are utilised, including experiments and 

mathematical modelling. Conducting extensive experiments is costly and demands significant 

efforts and, usually, scaled-down model experiments are conducted as an alternative. 

Therefore, validated computational techniques for process simulation are now increasingly 

being used for the analysis and design of process systems and their behaviour. A recent addition 

to this is the increased use of CFD techniques to provide more detailed insight into the 

behaviour of systems when momentum or heat transfer is involved. This is now extended to 

the study of gas and vapour, explosions and fires, as well as accident investigation. 

For most safety problems such as accidents, fires or explosions, applying CFD instead of 

traditional experimental and analytical methods is advantageous because of the safety issues 

involved in the experiment and the incident visual representations capability of CFD models 

over analytical methods. These CFD models would provide both numerical and visual results 

from the multiple parametric studies that can be carried out with better accuracy and this will 

be useful for the inherently safer design and construction of new improved facilities. Also, it 

allows for the optimisation of existing equipment with a substantial reduction of lead times 

which results in enhanced efficiency and lower costs (Yeoh and Yeun, 2009). 

The dispersion of flammable gas clouds from overfilling accidents in the storage tank facilities 

of oil and gas industries such as the incidents at Buncefield (UK), Amuay Refinery 

(Venezuela), Jaipur (India) and San Juan (Puerto Rico) involve the release of volatile 

flammable liquids which produce a continuous large flow of vapour due to the large volumes 

of air entrainment as a result of the falling cascade of the volatile liquid fuel from the tank 

(Atkinson et al., 2015). The air continues to mix with and dilute the vapour within the 

immediate vicinity of the tank. Depending on the recirculation extent and the distance from the 

tank, the mixing is reduced, and the vapour progresses in a stratified pattern due to the reduction 

in the velocity of the heavy cold vapour current from the tank (Atkinson et al., 2015). The 

presence of nearby congestion can introduce turbulence back into the vapour stream, thereby 
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causing more air entrainment and increasing the distance covered by the vapour and this was 

widely observed and recognised during experiments (Seeto and Bowen, 1983; Deaves, 1992; 

Havens, 1992; Lees, 2005). Gases denser than air when dispersed may show several fluid flow 

regimes characteristics: buoyancy-dominated, stably stratified, and passive dispersion. 

Some of the models used for the simulation of gas dispersion include TRACE (SAFER 

systems, 2009), PHAST (DNV, 2007), SLAB (Ermak, 1990), HGSYSTEM (Witlox and 

McFarlane, 1994), SCIPUFF (Sykeset al., 2007), HEGADAS (Colenbrander, 1980), ALOHA 

(EPA and NOAA, 2007) and DEGADIS (Spicer and Havens, 1989). These models have not 

accounted for the presence of obstacles such as other units, equipment, and buildings 

downwind of the dispersion which would play a huge role in the turbulence effects around 

objects and enclosures, and the role turbulence plays in dispersion and propagation of fires. 

Mouilleau and Champassith (2009) pointed out in their work that PHAST, although suitable 

for the simulation of open field dispersion, is not a 3D model and cannot account for the effects 

of obstacles. 

Due to turbulence effects, a suitable turbulence model is required to simulate and predict more 

realistic gas dispersion patterns when accounting for obstacles. Several turbulence models have 

been applied and compared by researchers with experimental results including the Shear Stress 

Transport (SST) model of Menter (1993), the Standard k-ε model of Launder and Spalding 

(1972), SSG Reynolds Stress Model (SSG-RSM)  of Speziale, Sarkar and Gatski (1991) and 

the Standard k-ω model of Wilcox (1988). The SSG-RSM provided the best fit with 

experimental results but required huge computational time (Sklavounos and Rigas, 2004). 

SSG-RSM was also shown by Cormier et al. (2009) to provide better results when compared 

to the renormalisation group (RNG) k-ε model using the experimental data of Cormier et al. 

(2009).  

The works of other researchers (Zhang et al., 2009; Gavelli et al., 2010; Tauseef et al., 2011) 

have shown that the use of the realisable k-ε model provided better precision and accuracy due 

to the model's ability to perform better with flows involving boundary layers under strong 

adverse pressure gradients, rotation, recirculation, and separation. Tauseef et al. (2011) 

reported that Zhang et al. (2009) compared their findings with experimental results and there 

was a good agreement with simulation results within 2.2% of the experimental data used. 
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The modelling of gas dispersion in the oil and gas industries and chemical process plants had 

been studied extensively by several researchers and their studies included experiments as well 

as the application of several CFD tools for the modelling of vapour clouds dispersion. 

The FDS CFD code created by NIST (McGrattan et al., 1996) to model and simulate fire and 

smoke dispersion has been used by researchers such as Mouilleau and Champassith (2009) and 

Dadashzadeh et al. (2016) for the modelling of gas dispersion. The FDS code applies the Direct 

Numerical Simulation and Large Eddy Simulation techniques with the Smagorinsky Sub-grid 

scale model. Simulations of gas dispersion with CFD FLACS code have been done extensively 

by Middha and Hansen (2009); Hansen et al. (2010); Qiao and Zhang (2010) and Kim et al. 

(2013). The Open Field Operation and Manipulation code (OpenFOAM) has also been applied 

for dispersion simulation (Mack and Spruijt, 2013; Benintendi, 2014; Fiates et al., 2016). Other 

codes that have been applied for the dispersion simulation of gases and volatile liquids include 

but not limited to CFD-ACE code which was used by Wilkening and Baraldi (2007), Gerbec 

et al. (2017) used Unified Dispersion Model (UDM), the ADREA-HF CFD code was used by 

Giannissi et al. (2015) and Efthimiou et al. (2017). ANSYS FLUENT has been used by Tauseef 

et al. (2011) and Bubbico et al. (2014). All these works have contributed to the advancement 

in the application of CFD in the modelling and prediction of process accidents by producing a 

wealth of knowledge and simulations of different volatile liquids and gases. These works have 

focused mainly on gas release simulation, many involved the simulation of liquefied natural 

gas, carbon dioxide, hydrogen, methanol mixtures, Freon, etc. This work will contribute to this 

advancement in the application of CFD by introducing a new method of simulating the 

evaporation of liquid gasoline and the vapour cloud dispersion. 

2 Methodology 

2.1 Case Study – CAPECO accident 

There was a large explosion at the Caribbean Petroleum Corporation (CAPECO) facility in 

Bayamon, Puerto Rico on 23 October 2009 during a routine trans-fill of gasoline from the 

tanker ship to the onshore tank farm of CAPECO. About 4600 m3 of gasoline were spilled from 

the tank as the overfill occurred. The gasoline sprayed and vaporized from the pool formed in 

the containment dike of Tank 409 and the vapour from the gasoline formed a dangerous cloud 

of explosive gasoline-air mixture. The gasoline pool enlarged, and some escaped through the 

dike drainage into the wastewater treatment area. The liquid gasoline encountered an electrical 

source in the wastewater treatment area that acted as the ignition source. Due to the vapour 
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cloud already spread across the site, a large explosion occurred leading to the destruction of 

property both on-site and in the neighbouring areas. The explosion and fire led to the 

destruction of other tanks on the farm causing pool fires (a so-called “domino effect”). In total, 

17 of the 48 storage tanks on-site were involved in this series of explosions (CSB, 2015). 

2.2 CFD modelling 

The effect of wind speed on the gasoline vapour cloud release and dispersion will be evaluated 

and analysed. The wind speed at the moment of gasoline release of the San Juan Puerto Rico 

region, where the CAPECO tank farm is situated, was compared against the regional yearly 

average moderate and high wind speeds (Table 2.1). These include: 

• 2.24 m/s (CSB, 2015), which was the recorded wind speed during the CAPECO release, 

and this wind speed was classified as low wind speed by Atkinson et al. (2016). 

• 4.20 m/s, moderate wind speed of the region provided by Weather Spark (2016). 

• 5.60 m/s, high wind speed of the region provided by Weather Spark (2016). 

The surface available for liquid evaporation plays a huge role in determining the amount and 

rate of evaporation; therefore, the three wind speeds will be compared considering full 

containment surface area release.  

The approach here is to run a steady state simulation using a RANS-based turbulence model to 

achieve convergence for the air flow and then the Discrete Phase Model (DPM) is switched on 

for the dynamic convergence of the particle injection in a transient mode for  26 minutes 

(duration of time before the explosion) as reported by the CSB (2015) report to achieve 

evaporation and vapour dispersion.  

The turbulence model was defined in ANSYS FLUENT. In this work, the realizable 𝑘 − 𝜀 

turbulence model with standard wall treatment is used to account for the turbulence 

experienced within the domain following the validation of its applicability by Zhang et al. 

(2009) and Tauseef et al. (2011). The storage tanks and dike areas act as an obstacle for air 

movement and it is anticipated that a spike in air velocity around these obstacles will lead to 

increased turbulence. This, in turn, will affect the behaviour of the gasoline vapour cloud that 

forms. 

The species transport model was used to account for the interaction between the materials 

involved, which are gasoline and air. This is further modified by using the material setting 

within the ANSYS FLUENT platform to specify the relationship by excluding water and 
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carbon dioxide from the selected species as the two compounds are the by-product of 

combustion and here only the dispersion simulation was considered. The Semi-Implicit Method 

for Pressure-Linked Equation (SIMPLE) was used for the pressure-velocity coupling (Blazek, 

2001; Versteeg and Malalasekera, 2007). To account for the release of gasoline into the 

domain, the Discrete Phase Model (DPM) which was validated for liquid evaporation in 

ANSYS FLUENT by Tan et al. (2011) was used with the gasoline liquid defined as the 

dropwise particle surface injection into the flowing air. The dispersion model for the gasoline 

vapour cloud particles tracking across the domain was set using the Discrete Random Walk 

model. After the injection was fully defined, the DPM iteration steps count was set to zero and 

this stage is calculated transiently for the recorded 26 minutes of the CAPECO vapour cloud 

dispersion before the explosion (CSB, 2015; Atkinson et al., 2016). The transient calculation 

was done by running the first 5 minutes of dispersion with a time step of 0.5 seconds with 10 

iterations and 3 seconds with 10 iterations thereafter for the remaining 21 minutes of dispersion. 

The calculations were performed using HP Z230 Workstation with 3.40 GHz Intel XEON 

System and 8 GB RAM. Each simulation took approximately 16 days to complete. The steady 

state simulation stage lasted up to 36 hours while the transient calculation took the bulk of the 

rest of the time. 

2.2.1 Initial gasoline particle definition 

The boundary conditions for air inlet and mixture outlet were defined using the climate data 

for CAPECO. The velocity inlet was set for a series of wind speeds with constant temperature 

of 26.11oC. Table 2.1 presents the velocities representing the wind speeds of the different 

climate change of seasons in a year in the San Juan area.  

Table 2.1 Climate condition 

Wind Speed Velocity Inlet (m/s) Temperature (°C) 

Nil/ low  2.24 26.11 

Moderate  4.20 26.11 

High  5.60 26.11 

 

The setup of the gasoline liquid droplets was challenging as the ANSYS FLUENT material 

database did not provide options for liquid gasoline and air mixture. To remedy this, octane 

liquid C8H18 that already exists in ANSYS FLUENT material database was selected and in the 

specie transport model, the octane and air mixture was selected as the transport mixture species. 
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These materials were further modified by changing their material properties to match those of 

a simplified gasoline mixture provided in Gant and Atkinson (2006) report on similar gasoline 

incident at Buncefield, UK as shown in Table 2.2. 

Table 2.2 Simplified gasoline mixture at 26.11°C 

Gasoline Mixture 

Components 

Mass Fraction 

(% w/w) 

Molar Fraction 

(% mol/mol) 

Relative Molecular 

Mass (g/mol) 

Pure Liquid Density 

(kg/m3) 

Butane (C4H10) 9.6 16.7 58.1 599.1 

Pentane (C5H12) 17.2 24.1 72.2 619.9 

Hexane (C6H14) 16.0 18.7 86.2 654.7 

Decane (C10H22) 57.2 40.6 142.3 726.2 

 

In the material definition section for the octane liquid, the density was replaced with the 

simplified gasoline mixture density (680.46 kg/m3), the specific heat capacity was changed to 

2220 J/kg.K and the molecular mass was changed to the average molecular mass of 57.77 

kg/kmol while the remaining material properties were left as default as they fall within the 

range acceptable for gasoline mixture. The material property name was changed from octane 

liquid to gasoline liquid with the material chemical formula changed to C4-C10. The octane-air 

mixture was modified to gasoline-air mixture with the density set as incompressible-ideal-gas 

as it is expected to remain constant within the particle parcel during flow, the specific heat 

capacity was set to be resolved by the mixing law. The octane vapour material property for the 

specific heat capacity was set to be solved by using the kinetic theory option. The chemical 

formula of octane vapour could not be changed to match C4-C10 created for this simplified 

gasoline. Therefore, the default formula of octane C8H18 is used to represent the simplified 

gasoline mixture and properties used in this simulation. The lower explosive/flammability limit 

(LEL/LFL) and the upper explosive/flammability limit (UEL/UFL) of the simplified gasoline 

mixture are 1.6% (mol/mol) and 8.1% (mol/mol) respectively. 

The initial gasoline injection variables were defined in the DPM, the liquid gasoline droplets 

were set with each droplet having a uniform diameter of 0.001 m and uniform surface injection. 

The choice for this gasoline particle droplet diameter size is in line with the experimentally 

determined diameter size of 0.002 m reported by Gant and Atkinson (2006) for similar gasoline 

mixture for the Buncefield incident. The total mass flow rate for the injection particles was set 
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to 50 kg/s as reported by Atkinson et al. (2016). The initial droplet velocity was set as 3 m/s 

with the assumption that droplets falling from the tank would still have momentum 

immediately after hitting the ground. The temperature of the gasoline droplet particles was set 

to match the 26.11°C and the standard parcel release method was set to complete the particle 

definitions. 

2.3 Computational domain 

The scenario is built with the information from the CAPECO accident with some assumptions 

introduced to enable the implementation of the simulation strategy to allow for the analysis of 

the behaviour of the vapour cloud released within the 26 minutes that preceded the explosion. 

It is assumed that the gasoline droplet evaporation from the containment dike area of the Tank 

409 was uniform. 

The geometry of the storage tanks site was created using ANSYS Design Modeller and it shows 

the full storage tanks farm with all the major storage units represented. To reduce the added 

cost of computation as a result of the transient CFD calculation of the vapour dispersion for 26 

minutes, it was decided to exclude the pipes between the storage tanks and other confinements. 

The geometry was built to represent the actual tank farm site area with the domain represented 

as shown in Figure 2.1 to be 500 m × 500 m × 50 m. This domain represents approximate 

length and width of the tank farm with an enclosure of 50 metres height that provides the fluid 

interface for gasoline liquid and air. 

The triad directions represent the wind directions with respect to the wind direction at the time 

of the incident. The y-direction represents the south wind, the -y direction represents the north, 

the x-direction represents the east, the -x-direction the west and the z-direction represents the 

upward direction to the atmosphere. 
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Figure 2.1 CAPECO geometry and enclosure 

2.3.1 Boundary conditions 

In Figure 2.1, the boundary faces labelled A-E were set up as follows: 

Boundary A: 

This is the inlet boundary, the wind speed/velocity inlet was set at 2.24 m/s which was recorded 

at the time of the incident. The turbulence intensity was set at 5% and the hydraulic diameter 

of the inlet boundary was calculated as 90.9 m. The temperature was set at 299.11 K and the 

species mole fraction for oxygen was set to its molar composition in air of 0.21. The DPM 

phase boundary condition type was set to “escape”. 

Boundary B: 

This is the outlet boundary for the mixture of wind and escaping gasoline vapour cloud and it 

was set as pressure outlet allowing ANSYS FLUENT to calculate the different unknown 

parameters at this boundary. The temperature was maintained at the inlet temperature of 299.11 

C 
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K. The turbulence intensity was set to 5% and the hydraulic diameter was evaluated as 90.9 m. 

The DPM phase boundary condition type was set to “escape” as was the case with the inlet. 

The pressure drop was retained as zero since the gasoline vapour and air mixture is treated as 

incompressible given that temperature and pressure gradients show very little change across 

the domain and the concentration of gasoline is small when the flow is fully developed. 

Boundary C: 

This is the boundary that consists of the Tanks (including Tank 409) and the ground 

surrounding them. These surfaces are impermeable so there is no wind or vapour cloud flow 

through them and therefore were treated as solid walls with the no-slip condition set as there is 

zero velocity of viscous fluids relative to this boundary.  

Boundary D: 

This represents the containment area from where the spilling gasoline liquid was collecting and 

vaporising. This area measured 19638 m2, the topology of this area of the site was accounted 

for by applying an extrusion level of 1 m higher than the other surface in order to replicate the 

site arrangement as was reported by CSB (2015). In the DPM model, gasoline injection was 

setup with surface injection type and boundary D was selected as the release surface. Droplet 

particle type was selected and liquid gasoline C8H18 selected as the evaporating species. The 

Discrete Random Walk stochastic tracking model was set for the turbulent dispersion and the 

parcel release method was set to standard. The tracking parameters were set for the maximum 

number of steps (5000) and the step length factor of 5. Due to the transient nature of the 

calculation, the unsteady particle tracking was turned on for the particle treatment with the 

number of continuous phase iterations per DPM iteration set to 5 (i.e. particles are tracked after 

every five continuous phase iterations). The particles were injected at fluid flow time step and 

tracked with the fluid flow time step with total time step for the residence time of 26 minutes. 

Boundary E: 

This represents the areas far afield at a greater distance from the release point and they were 

treated as walls. 

2.4 Mesh  

The meshing of the CAPECO CFD domain is important due to the need to capture all the details 

in order to produce a realistic simulation of the real-life events.  
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Several meshes were created and analysed based on the effects the different sizes and mesh 

settings had on the results produced by the test simulation. These test meshes were created 

based on the information provided by Gant and Atkinson (2012) in their grid sensitivity 

analysis for the Buncefield incident. They compared results of petrol concentration for two 

meshes 7 cm and 15 cm cell sizes for a relatively small-sized geometry. They concluded that 

the flow was insensitive to the roughness of the ground and the resolution of the grid had 

limited effects on the predictions. Therefore, this work compared the velocity results at height 

2 metres above ground from the steady state air/wind simulation for six meshes as shown in 

Table 2.3. This was used to determine the mesh independence to ensure minimal/ negligible 

difference in results.  

The proximity and curvature were applied in the mesh settings, the minimum proximity size 

function was varied between six meshes. The six meshes consist of three tetrahedral assembled 

meshes and three that are not assembled meshes. The minimum proximity size for the non-

assembled meshes are 0.08 m, 0.14 m, and 0.27 m, while the assembled meshes minimum 

proximity sizes are 0.12 m, 0.21 m, and 0.42 m. These mesh sizes were selected to produced 

high grid resolution compare to that used by Gant and Atkinson (2012). The inflation of five 

layers with a transition rate of 0.272 and a growth rate of 1.2 was kept constant for all the 

meshes. The proximity minimum size accounts for the mesh rendering near edges, corners and 

near-wall but in places within the domain such as the far regions of the domain where the effect 

of velocity and pressure gradients are minimal, the maximum tetrahedral sizes are applied 

(Figure 2.2). 

The section plane at height 2 m from the domain ground was created and the contour display 

for air/ wind velocity magnitude results produced for all the meshes at this height. This showed 

that at these mesh sizes (0.08 m, 0.14 m, 0.12 m, and 0.21 m), the variation in the velocity 

difference was very minimal compared to the variation between 0.42 m and 0.27 m mesh sizes. 

Although 0.12 m mesh size produced the highest number of elements (14695367), the 

simulation took too long to converge. On the other hand, the 0.08 m sized mesh was faster and 

produced better predictions for the wind velocity near obstacles (Figure 2.3) and because of 

this the mesh sized 0.08 m was used for the simulation. This conforms to the findings of 

Atkinson et al. (2016) on the behaviour of wind at different heights, as wind data is usually 

recorded at 10 m height meaning that the wind speed near ground at 2 m could be reduced 

significantly with respect to the roughness length.
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  Figure 2.2 Top left is the domain grid showing the detailed mesh of the different 

components of the tank farm. Bottom left is the close up of the release area with 

high mesh resolution and and the bottom right is the close up of the tanks and 

release surface showing mesh details and different mesh cell size representation. 
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Table 2.3 Mesh independence test with air/ wind velocity magnitude comparison for the six meshes 

Mesh 

Assembly 

Method 

No of 

Elements 

Minimum 

Size (m) 

Maximum 

Tetrahedral Size (m) 

Velocity Readings Collected at 2 Metres Above the Domain Ground 

Maximum 

Velocity at 

First Obstacle 

(m/s) 

Maximum Velocity at 

Centre of Domain (m/s) 

Change in 

Velocity 

(Difference) 

Inlet 

Velocity 

(m/s) 

 4320337 0.27 53.80 3.35 1.90 1.45 2.24 

Tetrahedrons 6243692 0.42 53.80 3.42 2.04 1.38 2.24 

 6662648 0.14 26.90 2.85 1.56 1.29 2.24 

Tetrahedrons 9637581 0.21 26.90 2.98 1.73 1.25 2.24 

 10343641 0.08 15.96 2.43 1.21 1.22 2.24 

Tetrahedrons 14695367 0.12 15.76 2.48 1.25 1.23 2.24 
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Figure 2.3 The air velocity magnitude contour display for 2.24 m/s wind speed and section plane at height 2 m from the domain ground showing 

velocity increase from blue to red on the contour colour chart. The air enters the domain from left side as shown in Figure 2.3, the air velocity 

reduces significantly as it reaches the first obstacles. However, the uncongested areas of the domain maintained higher air velocity. 

 

Velocity Magnitude 
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3 Results and Discussion 

3.1 Particle tracking analysis 

The number of gasoline droplet particles contained in each of the parcels tracked is 70000 with 

1765235 the total number of parcels tracked for low wind speed. With the initial particle 

injection parameters remaining the same, the total number of parcels tracked for moderate wind 

speed is 392935 and 471935 total parcels was tracked for the high wind speed. The DPM 

evaporation/ devolatilisation rate of 21.02 kg/s was reported for the low wind speed, 13.23 kg/s 

for moderate wind speed and 17.17 kg/s for the high wind speed. The evaporation rate for low 

wind speed seems high when compared to the faster wind speeds but when compared to the 

number of parcels tracked it shows that the faster wind speeds produced more evaporated 

particles as shown in Table 3.1. The number of evaporated particles for moderate wind speed 

is the highest followed by high wind speed and lastly the low wind speed. However, the particle 

residence time as shown in Figures 3.2, 3.3 and 3.4 provided the duration of the particles within 

the domain before escape. The evaporated particles produced by the low wind speed remained 

within the domain for average of 322 seconds which is 42.5% longer than the faster wind 

speeds. These particles stayed predominantly within and near the release area (Figure 3.2) 

while the particles that stayed longer for the faster wind speeds are found mainly in the second 

and third bund areas and near the domain exit (Figures 3.3 and 3.4). The reason for the observed 

could be down to the faster movement of particles in moderate and high wind speeds. The 

particle size distribution curve in Figure 3.1 shows that 60% of the particles tracked for the low 

wind speed have particle diameter size of 800 microns or smaller, 600 microns or smaller for 

moderate wind speed and 700 microns for high wind speed, while 30% of all the tracked 

particles for the low wind speed have particle diameter of 500 microns or smaller and the faster 

wind speed have particle diameter of 240 microns or smaller. The overall mean diameter size 

for the low wind speed is 890 microns with 1.5% of the particles under 40 microns. This means 

that the evaporation process would have reduced the size of 1.5% of the particles tracked for 

the low wind, allowing these particles to be transported some distance while the heavier 

particles would remain closer to the release source due to the action of gravity. Whereas the 

overall mean diameter of moderate and high wind speeds are 490 microns and 540 microns 

respectively with 1% of the particles tracked for the moderate wind speed under 40 microns 

while 1.2% of the particles tracked for the high wind speed are under 40 microns. The reduction 

in particle size for the faster wind speed when compared to the low wind speed could be 

attributed to the aerodynamic forces and collisions as a result of turbulence due to high wind 
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velocity and the interactions with the obstacles within the domain. Therefore, the particles in 

the faster wind speed appear to be spending less time within the domain as shown in Figures 

3.3 and 3.4 with the average particle escape time of 290 seconds and 250 seconds for the 

moderate and high wind speed, respectively. The average particle escape time for low wind 

speed is 820 seconds which means that in low wind conditions particles spend 65% more time 

within the domain. This longer residence time of particles in low wind condition will control 

the level/ amount of gasoline present in the cloud. The distribution of heavy particle sizes in 

low wind condition will produce high concentration at the lower layer of the cloud showing 

the characteristic of the nil to low wind behaviour of vapour cloud and this behaviour is key in 

determining the intensity of explosion expected from this type of cloud. It is expected to 

produce a huge blast wave due to the high concentration of the gasoline in the vapour cloud. 

3.2 Cloud shape  

The height and proximity of congestion and confinement determine the path followed by the 

gasoline vapour cloud and as the vapour is denser than air, it is expected to flow close to the 

ground. The expected movement/flow of the gasoline vapour cloud close to the ground surface 

makes its encounter with congestions and confinement inevitable and will introduce turbulence 

and entrapment, therefore the congestions and confinements control the shape and movement 

of the cloud. The arrangement of these obstacles will also affect the shape of the cloud as the 

vapour cloud usually follows the fully resolved flow path created by the steady state 

convergence of wind (Figure 2.3). The cloud shape predicted for the low wind speed in Figure 

3.5 shows the influence of the congestions (storage tanks) as represented in the CFD domain 

on the behaviour of the cloud and this in turn affected the shape of the cloud. The top view of 

the domain as shown in Figure 3.5 shows predominantly blue contour indicating diluted 

gasoline vapour which is expected given the relative molecular masses of gasoline and air. The 

top right and bottom left of Figure 3.5 represent higher concentration of gasoline vapour cloud 

lying near the ground predominant at the release source and decreases further field due to 

mixing and dilution with air. The cloud shape is upwelling uniformly out of the release surface 

of the first bund in all direction, it appears to be restricted by the CFD domain boundary at the 

north (-y), east (-x) and west (x) directions but in the south (y) direction it avoids most of the 

large obstacles in the second and third bund areas, instead the cloud followed the uncongested 

parts of the domain. This behaviour of the cloud is indicative of a low wind situation as was 

explained by Atkinson et al. (2016) when discussing the behaviour of heavy hydrocarbon 

vapour cloud in nil or low wind scenario. 
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Table 3.1 DPM iteration summary for gasoline particle injection at the end of the 26 minutes time step 

Wind Speed (m/s) Fate Number 

Elapsed Time (s) 

Minimum Maximum Average 

2.24  

Incomplete 49326111 6.09E-02 1.56E+03 3.61E+02 

Evaporated 1122398 1.57E+00 1.55E+03 3.22E+02 

Escaped - Zone 6 211971 3.78E+01 1.54E+03 5.26E+02 

Escaped - Zone 7 38273 1.66E+02 1.54E+03 8.16E+02 

4.20  

Fate Number 

Elapsed Time (s) 

Minimum Maximum Average 

Incomplete 18592299 1.69E+00 1.58E+03 1.97E+02 

Evaporated 2468955 1.79E+00 1.56E+03 1.37E+02 

Escaped - Zone 7 278749 9.71E+01 1.58E+03 2.88E+02 

5.60  

Fate Number 

Elapsed Time (s) 

Minimum Maximum Average 

Incomplete 18738521 1.19E+00 1.56E+03 1.89E+02 

Evaporated 2255652 1.80E+00 1.533e+03 1.34E+02 

Escaped - Zone 7 412898 9.32E+01 1.55E+03 2.49E+02 
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Figure 3.1 Particle size distribution curve for the three wind speeds. The curve for the moderate and fast wind speeds show similar pattern with 

regard to the degree of particle size reduction when compare to the low wind speed curve. 
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Figure 3.2 Gasoline particle distribution for the 2.24 m/s wind speed at the end of the 26 minutes dispersion time showing the path followed by 

the particles. The contour indicates the position of particles within the domain with blue colour representing low residence time and red indicating 

high residence time. It also shows that particles predominantly remained close to the release surface. 

Particle Residence Time 
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Figure 3.3 Gasoline particle distribution for the 4.20 m/s wind speed at the end of the 26 minutes dispersion time. The particles path is more 

streamline to show the effects of the wind with most of the particles evacuating the release surface. The contour represents the time the particles 

spent within the domain with blue colour representing low residence time (predominant) and red indicating high residence time (minimal). 

Particle Residence Time 
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Figure 3.4 Gasoline particle distribution for the 5.60 m/s wind speed at the end of the 26 minutes dispersion time. Similar to Figure 3.3, the contour 

represents the particle duration time within the domain before escape, with blue colour (predominant) representing low residence time and red 

colour (minimal) indicating high residence time. 

Particle Residence Time 
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The cloud shape predicted for the moderate and high wind speeds in Figures 3.7 and 3.8 is 

influenced by high level of air mixing with the gasoline vapour cloud in the upper part of the 

cloud. As the wind speed increases, it is expected that turbulence and the rate of air entrainment 

increases. This will encourage increased dilution rate of the total released gasoline vapour 

detrainment. Therefore, causing the cloud to travel faster. This air entrainment will encourage 

evaporation due to the temperature difference of the entrained air and gasoline droplets, and 

the aerodynamic interaction between the obstructions and particles. These particle-particle and 

particle-obstruction collisions will further break down the particle sizes of the gasoline vapour 

cloud leading to most of the cloud escaping the computational domain. The shape of the cloud 

appears to be clusters at the edge of the first and second bund areas within the congested area 

of the tank farm while the uncongested areas of the tank farm is clear.  

The behaviour of the vapour cloud and shape in the presence of the obstacle was well captured 

in the work of Tauseef et al. (2011) although only one obstacle was represented in the domain 

they simulated. The later work by Tauseef, Rashtchian and Abbasi., (2011) involving the 

presence of more obstacles showed the influence of three LPG storage tanks on the shape of 

the cloud which forms almost a U-shape as it moved away from the release point, compared to 

the dome like circular shape seen in their previous work involving only a single obstacle. This 

clearly points out the major difference in the vapour cloud shape experienced in an 

unobstructed/ uncongested open area; because the factors that mostly affect the cloud shape in 

an uncongested open area are usually the wind speed and the ground topography while in areas 

with congestions turbulence produced by the air and vapour interaction with obstacles will 

introduce more air entrainment, and the velocity in this region will increase slightly thereby 

affecting the movement and shape of the cloud.
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Mass fraction of C8H18 Mass fraction of C8H18 

Mass fraction of C8H18 

Figure 3.5 Top left is the mass fraction contour display of the gasoline 

vapour cloud for the low wind speed showing the heavy diluted outer 

regions of the cloud. Top right is the mass fraction contour display of the 

gasoline vapour cloud for the low wind speed showing the higher 

concentration of the cloud near the ground at the release area and diluted 

gasoline vapour further away from the release source. Bottom left is the 

mass fraction contour display of the gasoline vapour cloud for the low 

wind speed showing the concentration distribution between 0.016 to 0.03 

of the cloud near the ground with higher concentration at the release area 

and decrease in concentration as the gasoline vapour cloud moves further 

away from the release source.  
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Figure 3.6 CAPECO tank farm VCE affected area (CSB, 2015).
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Figure 3.7 Mass fraction contour display of the gasoline vapour cloud for the moderate wind speed showing clusters of gasoline cloud at the end 

and beginning of the first and second bund. This shows very little amount of gasoline vapour cloud remaining within the domain and is attributed 

to the effects of the faster wind speed. 

Mass fraction of C8H18 
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Figure 3.8 Mass fraction contour display of the gasoline vapour cloud for the high wind speed showing clusters of gasoline cloud at the end and 

beginning of the first and second bund. Similar to the moderate wind speed, the effects of faster wind speed in the reduction/ removal of dense 

gasoline vapour cloud within the domain is clear when compared to the low wind speed. 

 

Mass fraction of C8H18 



  

Page 27 of 38 

 

3.3 Cloud size 

The size of the vapour cloud predicted for the three wind speeds as shown in Table 3.2 gives 

the total value of the gasoline vapour cloud mass, volume, and area. The predicted area covered 

by the low wind speed vapour cloud is significantly larger at 113544.24 m2 when compared 

with the area covered when the faster wind speeds were involved. 

Table 3.2 Sumarry of gasoline cloud size within the tank farm for the three wind speeds 

Wind Speed (m/s) Mass of Cloud (kg) Volume of Cloud 

(m3) 

Area Covered by Cloud 

(m2) 

Low  2.24 49670.70 29194.80 113544.24 

Moderate 4.20 1840.92 1524.50 5869.85 

High  5.60 1722.74 1421.30 5116.82 

 

CSB final report on the CAPECO accident (2015) estimated the area covered by the gasoline 

vapour as 107 acres which is about 433013.64 m2. A direct comparison will show that the CFD 

model underpredicted the area by 74%. But the 107 acres reported for the area covered by the 

gasoline vapour cloud included a large part of the Wetlands, part of the WWT and the south 

east of the tanks farm in the real event (Figure 3.6) and these areas have not been included in 

the CFD computational domain as the focus was on the cloud interaction with the multiple 

obstructions within the tanks farm. Considering the amount of the vapour cloud excluded due 

to these areas not being included in the CFD simulation domain, it was not a surprise the CFD 

prediction of the area covered by the cloud within the tanks farm was smaller than the 

estimation made by CSB (2015). Considering the area within the tank farm, the CFD prediction 

of the areas affected agrees with the images of the VCE affected areas within the tank farm 

(Figures 3.5 and 3.6). 

Figure 3.5 shows the top and ground views for the concentration of the cloud that falls within 

the flammable limit meaning that this is the cloud volume of gasoline vapour that will explode 

if it comes in contact with an ignition source. This is important because it shows the areas 

within the tank farm that will sustain the most overpressure as a result of vapour cloud 

explosion (VCE) as is shown in Figure 3.6 which represents CAPECO tank farm area that 

sustained most of the damage. 
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The predicted cloud size for the moderate and high wind speed is very small compared to the 

low wind speed. CFD predicts a reduction in size of about 95% from that in low wind scenario. 

This agrees with the overall trend in the predicted behaviour of vapour cloud for the faster wind 

speed based on the particle treatment summary for the mass and energy transfer due to 

evaporation, particle velocity and temperature change (Table 3.1 and Appendix 1). 

3.4 Domain topography for low wind  

The gasoline vapour dispersion in low wind condition is regarded as gravity driven which 

means that the topography of the area plays a huge role in the evolution of the cloud shape 

because any elevation on the ground experienced downwind at a height of 2-3 metres will 

sufficiently halt the progress of the vapour cloud that is gravity driven (Atkinson et al., 2017). 

The topographic position of Tank 409 at a higher ground compared to the other tanks in the 

farm led to the dispersing gasoline vapour cloud moving predominantly in the southern 

direction with the cloud expanding into south east and south west directions of the tank farm 

towards the edge of the refinery and the Waste Water Treatment (WWT) works. This was fully 

represented in the CFD domain geometry and was explained when describing Boundary D that 

the topology of Tank 409 containment area was accounted for by applying an extrusion level 

of 1 m higher than the other containment surface. 

The final depth of the vapour cloud immediately adjacent to Tank 409 containment dike was 

predicted by CFD to be around 12 m deep towards the x direction that corresponds to the west 

direction towards the WWT plant and to the -y direction corresponding to the north direction 

towards the Wetlands, the vapour cloud height remained steady in y direction corresponding 

to the south direction and gradually reduced near the domain exit (Figure 3.5). The only 

information about cloud height from the CAPECO final accident report from CSB (2015) was 

an eyewitness information which stated that the workers on duty on the day of the accident 

noticed the fog formation some distance away from the gasoline release source during their 

routine checks, they identified the fog to be at an approximate height of 1 m a few minutes 

after the release started. The eyewitness reported the coolness of the air as they approached the 

fog and the fog condensed on their hands even though the temperature of the area at the time 

was about 26.1°C. This visible mist could be explained by the CFD prediction of the gasoline 

particle minimum and mean temperature of -11.64°C and 15.1°C respectively for the low wind 

speed. This can explain the formation of the fog as the sudden drop in temperature of the 

surrounding area due to the interaction with the evaporating gasoline particles will cause the 
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water vapour in the air at 26.11°C to condense and form ice crystals. This visible mist will 

grow and follow the dispersed particles of the gasoline from the release source across the area 

covered by the particles as the cold particles will prevent the condensed water droplets from 

evaporating thereby sustaining the mist/ fog.  

The CFD prediction of the cloud height shows vapour cloud height increased as more gasoline 

was vaporised, and a larger cloud was formed with time. The portion of the cloud that falls 

within the flammable limits range was up to a height of about 0.12 m for the low wind speed. 

The CFD predicted the height of the total cloud at approximately 12 m at the end of the 26 

minutes dispersion before the explosion. For most part of the cloud, the highest concentration 

of the gasoline vapour was within 2 m height from the ground while the remaining upper part 

of the cloud (2-12 m) was heavily diluted by the air entrainment. It can also be said that this 

upper part of the cloud was impacted by the evaporation process with significantly reduced 

particle sizes of sub-40 microns in this region. 

3.5 Turbulence  

The results presented in Figures 3.3 to 3.4 clearly show the turbulent behaviour of the air and 

gasoline particles closer to the obstructions in the second and third bund area. It is worth 

pointing out the importance of the methodology applied in this CFD simulation process 

regarding the steady state calculation of wind speed before the introduction of the liquid 

gasoline droplets. With the level of congestion present in the domain and at CAPECO tank 

farm it is important to include the presence of turbulence in order to correctly replicate the real-

life dispersion of the gasoline vapour cloud and it could be said that the contours confirm this. 

The CFD was able to predict the fast movement of particles within the domain as Figures 3.3 

and 3.4 for the moderate and high wind speeds confirm that particles at the released source are 

almost cleared from the first bund area within the domain with most of the particles spending 

300 seconds for moderate wind speed and 250 seconds for high wind. The effect of turbulence 

due to the faster wind could also explain the mean particle size difference of almost 50% 

smaller for the faster wind speed when compared to the low wind speed. The CFD predicted 

particle velocity in y direction confirms that on average the moderate wind speed particles are 

moving at 0.9 m/s and 1.4 m/s compared to the average particle movement of 0.16 m/s in the 

low wind speed. The predicted maximum particle speeds for the moderate and high wind 

speeds are 28 m/s and 108 m/s, respectively. The turbulence would have encouraged the 

collision of particles and more evaporation of particles. Air entrainment will cause the dilution 
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of the particle, increasing the speed of the particle leading to more particle escaping the domain. 

Therefore, this will significantly affect the number of particles left in the domain that falls 

within the UFL and LFL. 

3.6 Summary 

• The nil to low wind scenario produced large vapour cloud size (both in mass and 

volume) compared to the faster wind speeds. 

• The nil to low wind scenario produced the largest area coverage within the CFD 

domain. 

• The nil to low wind scenario produced the highest gasoline concentration when 

compared to the amount produced by the other wind speeds. Comparison of Figure 3.5 with 

Figures 3.7 and 3.8 clearly indicates higher concentration near the release source in the case of 

low wind speed throughout the area near the ground within the cloud in the domain. For 

moderate and high wind speeds, there was very little gasoline vapour cloud remaining within 

the computational domain. 

This comparison sheds light on the importance of the climatic conditions such as wind speed 

in the dispersion of dense gases through congested areas. It has also highlighted the effect of 

topography, turbulence, and congestions on the dispersion of dense gases. 

The ability of low wind conditions to produce and maintain high concentrations of flammable 

vapour cloud (e.g. gasoline) throughout the lower reaches of the cloud was observed in these 

simulations and with abundance of ignition sources at low levels, this makes such releases very 

dangerous. This behaviour was responsible for the severity of gasoline vapour explosions in 

the incidents at Buncefield and CAPECO. 

The severity of vapour cloud explosion at the initial ignition stages is dependent on the 

concentration of the vapour cloud and the conditions produced in low wind scenarios could be 

regarded as the worst case and most dangerous scenario. Due to the larger cloud dilution 

experienced in the higher wind conditions. it is expected that the possibility and severity of the 

resulting explosions will be less than those for low wind conditions. 

The CFD simulation results showed the ability of low wind speeds to produce large volume 

and area coverage of vapour cloud over a larger distance than moderate and high wind speeds. 

This behaviour shows that very strong wind is required for the dispersion of dense gases away 

from the release sources to ensure that concentrations remain below the LFL.  
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The simulations also showed a similar pattern to the results of the analysis by Atkinson et al. 

(2017) that was based on the earlier work of Briggs et al. (1990) on the removal of dense gases 

from valleys using cross winds. It shows that the level of detrainment of the gases in conditions 

of high wind speeds is high and the dense gas rapidly disperses as was shown by the simulation 

results. 

It is also important to point out that the 2.5 m/s wind speed over the surface of the evaporating 

pool of volatile liquid may be regarded as moderate to high because the actual wind speed 

reading is usually measured at 10 meters above the ground surface as explained by Atkinson 

et al. (2017).  

The CFD predictions presented in this work with regard to the CAPECO incident have 

provided some level of understanding of the behaviour of the liquid gasoline from the particle 

evaporation, particle interaction with air and obstacles and the gasoline vapour cloud 

dispersion. However, one should exercise care in the interpretation of the modelled gasoline 

vapour cloud concentration. The liquid gasoline particle release condition in the DPM setup 

simulated the liquid droplet injection uniformly from the floor of the whole bund area 

containing Tank 409 with 3 m/s speed upwards to replicate the secondary splashing of the 

liquid gasoline falling from tank vents from about 19 m height. In the real CAPECO incident, 

the gasoline vapour flow within the containment area and tanks was driven by the sprays of 

liquid gasoline falling from height from the tank vents and on hitting the ground may have 

involved turbulent mixing with some local high velocities. This could have produced a richer 

gasoline vapour cloud concentration that is well mixed with more degree of stratification than 

the gasoline cloud modelled. 
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4 Conclusion 

This study presents the simulation results of gasoline vapour cloud dispersion using the 

realizable k-ε turbulence model that Tauseef et al. (2011) previously validated combined with 

the Discrete Phase Model for volatile liquid dispersion of Tan et al. (2011). 

This work used the analysis of Gant and Atkinson (2012) of the Buncefield gasoline vapour 

cloud explosion (2005) that took place in Buncefield, UK, to validate the CFD simulation 

model to mimic the events following the release and dispersion of a flammable volatile liquid. 

The developed CFD simulation procedure was then used to analyse the CAPECO gasoline 

dispersion and vapour cloud explosion accident at San Juan, Puerto Rico (2009) using the 

information provided by United States CSB (2015) that analysed the accident. The process 

included the creation of a CFD domain that represented the incident area to simulate and predict 

the dispersion behaviour of the gasoline vapour cloud in real time during the 26 minutes 

between the start of the vapour release and the vapour cloud explosion. 

The effects of wind speeds on the dispersion of the gasoline vapour cloud and the effects the 

wind had on the gasoline vapour present with concentrations within the explosive limits range 

were simulated. The events were analysed using CFD simulations and comparisons were made 

with results of the analysis carried out by Atkinson et al. (2017).  

The simulation results confirmed that the low wind speed environmental conditions provide 

the worst-case scenario for flammable volatile liquid release and dispersion when compared 

with the moderately high and high wind speeds. This is because of the amount of the gasoline 

vapour cloud that remained within the flammable limits range within the CFD domain for 

extended period increasing the probability of encountering an ignition source and VCE. 

The results obtained from these CFD simulation models showed good agreement with witness 

statements and the reports of the damage analysis from the CAPECO incident and they were 

also in good agreement with the findings of other researchers (Tauseef et al., 2011; Gant and 

Atkinson, 2012; Atkinson et al., 2017) who carried out some relevant dispersion studies. 

This work compares well with the work done by Tauseef et al. (2011) that also provided similar 

observations in relation to the effect of turbulence, obstacles and wind speed on the dispersion 

of explosive vapour clouds.  

Considering the results of the low wind speed scenario, this present study provided a more 

realistic CFD prediction of the CAPECO accident gasoline dispersion showing the 
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characteristics of flow associated with very low wind speed, as well as the effects of topography 

and turbulence (congestions/obstacles) on the cloud behaviour.  

The results presented in this work also showed that the gasoline vapour cloud close to the 

ground is very high in concentration and not diluted by accelerated mass transfer as expected 

for very low wind speed conditions and agree well with the findings of Atkinson et al. (2017). 
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Appendix 1 DPM iteration summary of gasoline particle mass and energy transfer  

Wind Speed 

  Mass Transfer Summary Energy Transfer Summary 

Fate Number Mass (kg) Energy (J) Change of Energy (J) 

  Initial Final Change Initial Final Sensible Latent Total 

2.24 (m/s) 

Incomplete 49326111 1.23E+06 9.41E+05 -2.87E+05 -6.30E+11 -8.27E+11 -3.44E+11 1.48E+11 -1.96E+11 

Evaporated 1122398 2.79E+04 0.00E+00 -2.79E+04 -1.43E+10 0.00E+00 -5.95E+07 1.44E+10 1.43E+10 

Escaped - Zone 6 211971 5.27E+03 2.82E+03 -2.45E+03 -2.71E+09 -2.18E+09 -7.37E+08 1.26E+09 5.27E+08 

Escaped - Zone 7 38273 9.52E+02 6.33E+02 -3.19E+02 -4.89E+08 -4.85E+08 -1.60E+08 1.65E+08 4.32E+06 

Net  1.26E+06 9.44E+05 -3.17E+05 -6.48E+11 -8.29E+11 -3.45E+11 1.64E+11 -1.82E+11 

 Fate Number Mass (kg) Energy (J) Change of Energy (J) 

   Initial Final Change Initial Final Sensible Latent Total 

4.20 (m/s) 

Incomplete 18592299 4.63E+05 1.71E+05 -2.92E+05 -2.38E+11 -9.00E+10 -3.04E+09 1.51E+11 1.48E+11 

Evaporated 2468955 6.14E+04 0.00E+00 -6.14E+04 -3.16E+10 0.00E+00 -1.31E+08 3.17E+10 3.16E+10 

Escaped - Zone 7 278749 6.93E+03 6.94E+02 -6.24E+03 -3.56E+09 -3.43E+08 9.97E+04 3.22E+09 3.22E+09 

Net  5.31E+05 1.71E+05 -3.60E+05 -2.73E+11 -9.04E+10 -3.17E+09 1.86E+11 1.82E+11 

 Fate Number Mass (kg) Energy (J) Change of Energy (J) 

   Initial Final Change Initial Final Sensible Latent Total 

5.60 (m/s) 

Incomplete 18738521 4.66E+05 1.73E+05 -2.93E+05 -2.39E+11 -9.26E+10 -4.39E+09 1.51E+11 1.47E+11 

Evaporated 2255652 5.61E+04 0.00E+00 -5.61E+04 -2.88E+10 0.00E+00 -1.20E+08 2.89E+10 2.88E+10 

Escaped - Zone 7 412898 1.03E+04 1.89E+03 -8.38E+03 -5.28E+09 -9.47E+08 7.73E+06 4.32E+09 4.33E+09 

Net  5.33E+05 1.75E+05 -3.60E+05 -2.74E+11 -9.35E+10 -4.50E+09 1.85E+11 1.80E+11 

 


