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Abstract—As one of the most frequently occurring accidents 

in a petrochemical enterprise, a vapor cloud explosion (VCE) is 

likely to occur when the vapor cloud is formed due to the 

leakage of a major hazard installation (MHI) storing massive 

flammable and explosive media. In particular, a VCE in the 

storage area of petrochemical enterprise may cause domino 

accidents if it is out of control. Considering the safety and 

economy of large-scale accident experiment, this paper 

proposes a three-dimensional (3D) reconstruction method to 

describe VCE triggered by MHI. The method describes 3D 

hazard characteristics of VCE based on the Netherlands 

Organization (TNO) multi-energy method. To enhance the 

sensing cognition of VCE, a 3D reconstruction system is 

developed based on the virtual reality (VR) idea. Finally, the 

system is applied in an actual petrochemical enterprise to 

simulate the dynamic effects and the consequences of VCE. The 

results show that the 3D reconstruction system is of lifelike and 

visual characteristics, which not only embodies the great 

practical application value of the VR technology in the field of 

safety engineering, but also provides references for safety 

management, disaster prediction, risk assessment, emergency 

response and safety planning of petrochemical enterprises. 

 

Index Terms—Vapor cloud explosion, major hazard 

installation, virtual reality technology, three-dimensional 

reconstruction. 

 

I. INTRODUCTION 

Safety is an important prerequisite for ensuring human 

survival and quality of life. A large number of chemical 

industrial parks have been built with the rapid development of 

industries. The number of hazard installations that store large 

quantities of hazardous substances increases as well. Once 

occurrence of an accident, it usually causes massive 

casualties and huge economic loss. It is a great challenge for 

safety management of hazard installations especially major 

hazard installations (MHI) in chemical industrial parks. 

In a view of safety management of MHI, a lot of research 

work has been done [1]-[4]. Due to the characteristics of MHI 
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accidents and the limitation of various objective factors, it is 

impossible for people to analyze the consequences of 

accidents by the means of the real experiments. With the rapid 

development of computer technologies, computer simulations 

make up for these defects, such as the widely used commercial 

software packages named DNV SAFETI [5] and PHAST [6]. 

These simulators can perfectly reflect the two-dimensional (2D) 

level information of accident consequences . However, the 

numerous accident cases, including leakage, diffusion, fire 

and explosion, show that consequences are often of 

three-dimensional (3D) characteristics. In the aspect of 3D 

simulation of accidents, there are also some software packages, 

such as the simulators named Kemeleon FireEx [7] and FLACS 

[8] based on computational fluid dynamics (CFD). Although 

these simulators can accurately describe the 3D 

characteristics of accidents, the efficiencies are very low so 

that the professionals will take much time to obtain the 

analysis results. With the wide application of virtual reality 

(VR), geographic information sys tem (GIS) and 3D 

visualization technologies in the fields such as military [9], 

medical [10], [11], architecture [12], [13] and other engineering 

fields [14], [15], these technologies have been gradually 

introduced and applied in the field of safety engineering. 

However, these simulators didn’t realize the 3D reconstruction 

of major accidents in chemical industrial parks, especially in 

terms of 3D effects including occurrence, development and 

consequence simulation of MHI accidents. As is known to all, 

explosion that is one of the most destructive accidents in the 

petrochemical industry usually happens in a flash. Vapor 

cloud explosion (VCE) is one of the most typical explosions. If 

an original VCE is reconstructed by computer technologies, it 

will be much more meaningful for safety management and 

accident prevention of MHI. 

In order to address the limitations above, we developed a 

tool called 3DRS_VCE (three-dimensional reconstruction 

system of vapor cloud explosion) in this work. The 

contributions of 3DRS_VCE are as follows. First, 3DRS_VCE 

can establish the virtual environment (VE) of VCE to 

reconstruct the accident scene that contains the surrounding 

geographic information. It is a flexible tool for managers to 

supervise the enterprise, especially hazard installations. 

Second, 3DRS_VCE is designed to perform the consequence 

evaluation of VCE, which can analyze and predict the 

evolution trend of consequences. Third, 3DRS_VCE can also 

vividly display the analysis results in the VE by 

human-computer interaction. It can provide technical support 

for supervision of hazard installations, disaster prevention, 

emergency response and safety planning of petrochemical 
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enterprises, etc. 

The organizational structures of this paper are as follows. In 

section II, we introduce the methods of quantitative 

consequence assessment which is used to describe 3D 

characteristics of VCE, and the development methods of 

3DRS_VCE to help understand the design and implementation 

processes. In section III, 3DRS_VCE is applied in an actual 

petrochemical enterprise to demonstrate its workflow and 

functions. Then we discuss the application results in section 

IV. Finally, the application prospects of 3DRS_VCE and the 

future research are presented in section V. 

 

II. METHODOLOGIES 

A. 3D Characteristic Analysis of VCE 

According to the mechanism of accident, the explosive 

vapor cloud is easily formed due to the flammable and 

explosive substances mixing with the air. In case of an ignition 

source in it, there will be a great possibility of VCE, 

accompanying with blast wave overpressure. As the blast 

wave expands in the surrounding space, VCE is of the evident 

3D characteristics. In order to scientifically and vividly 

describe the 3D consequences of VCE, the 3D geometry of 

VCE and calculation methods of the characteristic parameters 

are established as follows. 

 

 
Fig. 1. The geometric model of VCE. 

 

Fig. 1 shows the geometric shape of VCE. The process of 

VCE occurrence can be described as follows. 

Once occurrence of leakage from hazard installations 

storing flammable and explosive substances, the vapor cloud 

is formed by mixing with the surrounding air. When the vapor 

cloud is ignited by a fire source, a spherical combustion 

surface occurs as the center of combustion. And then the 

combustion surface expands towards the surrounding space. 

With the expansion of combustion surface, the spherical 

combustion surface gets much bigger and the surrounding 

vapor cloud is ignited further. In this case, the extent of 

combustion gets much stronger and the blast wave is formed 

due to the rapid speed of expansion. 

At present the Netherlands Organization (TNO) 

multi-energy method is a common and classic algorithm of 

simulating and predicting VCE. When the method is used by 

selecting an appropriate intensity of explosion, the scaled 

peak overpressure and dimensionless positive phase duration 

can be obtained from the characteristic curves of blast wave, 

as shown in Fig. 2 [16]. Fig. 2(a) shows the relationship 

between the scaled peak overpressure and the dimensionless 

distance, and Fig. 2(b) shows the relationship between the 

dimensionless positive phase duration and the dimensionless 

distance. Each curve corresponds to an intensity of explosion 

source. And the intensity is usually equal to 7 for a certain 

limited space similar to the storage tank area in chemical 

industrial park [17]. 

The damage extent of VCE depends on the characteristic 

parameters including the peak overpressure of blast wave and 

the positive phase duration of blast wave. The method of 

calculating characteristic parameters is established by the 

least square method based on the characteristic curve 

(corresponding to No. 7 shown in Fig. 2). The peak 

overpressure of blast wave, Ps (Pa), can be calculated by [17] 

      ' 2 ' 3 'exp 0.9126 1.5058ln 0.1675ln 0.0320lns aP P r r r     (1) 

where Pa (Pa) is the air pressure, and r’ is the dimensionless 

distance calculated by 

 
1/3' / / ar X E P                                  (2) 

where X (m) is the distance from object to the center of 

explosion source, and E (J) is the energy of explosion 

calculated by 

1.8 e cE m H                                        (3) 

where η is the equivalent coefficient of vapor cloud which 

usually equals 0.04, me (kg) is the quality of fuel involved in 

explosion, and ΔHc (J/kg) is the combustion heat value of fuel. 

The positive phase duration of blast wave, T (s), can be 

calculated by [18] 

    1/3 ' 2 'exp 1.2500 0.5038ln 0.1118lnT E r r        (4) 

In addition, the radius of death, R1 (m), is calculated by Eq. (5) 

as a result of the head affected by blast wave. The radius of 

serious injury, R2 (m), is calculated by Eq. (6) corresponding to 

50% of ear drum membrane broken by blast wave. The radius 

of slight injury, R3 (m), is calculated by Eq. (7) corresponding 

to 1% of ear drum membrane broken by blast wave [17], [18]. 

 
0.447

1 1.98 / pR E Q                             (5) 

 
1/3

2 9.187 / pR E Q                            (6) 

 
1/3

3 17.877 / pR E Q                           (7) 

where Qp is the combustion heat value of propane. 

 

 
(a)                                                     (b)  

Fig. 2. The characteristic curves of blast wave. 

 

B. 3D Reconstruction Method of VCE 

To efficiently calculate the characteristic parameters and 
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vividly describe the consequences of VCE, a 3D 

reconstruction system of simulated VCE named 3DRS_VCE is 

developed in this paper. The development process and 

implementation methods are as follows. 

Based on the 3D characteristic analysis  methods of VCE, the 

technical proposal of 3DRS_VCE is designed in Fig. 3. 

According to the characteristics of distributed MHI, there are 

other geographic information except MHI. The geographic 

information affects the occurrence of accident and its 

evolution. And the accidents can also affect the surrounding 

environment. To objectively describe the consequences of 

accidents, the surrounding geographic information must be 

considered in the process of consequence analysis. Therefore, 

it is necessary to reconstruct a 3D scene of accidents. And the 

3D geographic information can be stored in the database as a 

map. 

Based on the analysis methods of characteristic parameters, 

the consequences can be analyzed in the reconstructed virtual 

scene by combining the initial data of hazard installations. To 

improve the efficiency of calculation, a module of 

consequence assessment is designed as well. 

To visually describe the results of assessment, 3D effects 

including occurrence of VCE and its influence ranges are 

shown in the virtual scene. The different influence ranges 

corresponding to different extents of damage can be analyzed 

and displayed in a form of 3D effects to meet users’ needs. 

 

 
Fig. 3. The technical proposal of system. 

 

This system is developed by Delphi as the main 

programming tool to improve the efficiency of designing 

human-computer interaction interfaces, and SQL Server as the 

database. OpenGL is a 3D graphics library with strong 

independence. Its advantages include flexible operation, 

real-time control and transplanting cross platform. OpenGL is a 

perfect tool considering interactive modeling, expansibility, 

cross-platform and implementation level, etc. However, 

OpenGL is insufficient for complex 3D scene so that it takes 

much time to program tedious code of entity modeling. 

GLScene, which is a component package of OpenGL, provides 

the visual design components so that the complexity of 

OpenGL can be simplified, and flexibly reconstructs  3D scene 

by combining with Delphi. Thus, OpenGL/GLScene is 

introduced as the 3D development tool in this work, as shown 

in Fig. 3. By using OpenGL/GLScene, the following sections 

describe the implementation methods of the main modules in 

the process of simulating VCE, such as 3D virtual scene, 3D 

effects of explosion and 3D visualization of consequences. 

Reconstructing a 3D virtual scene is actually the process of 

3D entity modeling and rendering. The 3D geometric model of 

object is rendered in the 3D coordinates. By a series of 

transformations and processing, 3D coordinates can be then 

transformed to the pixel positions on the computer screen, so 

that the corresponding 3D graphics can be drawn and 

displayed. Based on OpenGL/GLScene, the process of 

reconstructing 3D virtual scene is described as follows. 

 Scene layout by setting light source and viewpoint. 

 With the prerequisite of programming sky and ground, 3D 

entity modeling including MHI and other objects. 

 Rendering the established geographic elements and 

virtual environment by setting colors and textures. 

 Displaying the 3D virtual scene on the 2D screen by 

transformations including projection and viewport. 

The process is modularized in this system to provide users 

with a convenient function of reconstructing arbitrary 3D 

virtual scenes. 

VCE is usually a violent burning phenomenon that occurs 

instantaneously. OpenGL/GLScene animation, which is based 

on VR idea including visualizing the abstract objects, 

embedding sound and visual effects, is introduced in this work 

to simulate the dynamic effects of VCE occurrence. The main 

steps are as follows. 

 Defining a picture material library. 

 Saving the preprocessed pictures in the library. 

 Playing these pictures rapidly based on the principle of 

mankind vision. 

The process of implementation is shown in Fig. 4, where 

visual effect is achieved by programming and invoking the 

unit file of explosion effect, and sound effect is achieved by 

creating a library of loading sound source and a class of 

playing sound source. Then the visual and sound effects are 

played synchronously by setting an animation metronome 

which is a switch controlling accident simulation. 

According to the Eq. (5)-Eq. (7), the casualty radii, such as 

death, serious injury and slight injury, are efficiently analyzed 

in the module of consequence assessment. In this paper, the 

casualty radii are drawn and displayed to enhance the sensing 

cognition of accident severity. The implementation process of 

drawing casualty radii is described as shown in Fig. 5, where 

analysis result Ri is transmitted as the initial value of R which 

compares with tank radius Rt recalled from the database. The 

comparison result decides whether the list of affected objects 

is firstly output. Then the casualty radius is drawn and 

displayed by defining an object class named TGLSphere and 

setting its properties including color, slices, stacks and radius. 

The list of affected objects shows the buildings and tanks 

which are within the influence range. 
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Fig. 4. The implementation method of 3D visualization of VCE. 

 

 
Fig. 5. The process of drawing casualty radius of VCE. 

 

 
Fig. 6. 3D reconstruction scene. 

 

III. RESULT  

In accordance with the above methodologies, 3DRS_VCE 

was developed and applied in an actual petrochemical 

enterprise. The following sections introduce the details of 

simulating an accident of VCE triggered by MHI to 

demonstrate the workflow and functions of 3DRS_VCE. 

A. Case Profiles 

There are five propane tanks with a volume of 3500m
3
, five 

propane tanks with a volume of 3000m
3
, three butane tanks 

with a volume of 10000m
3
, one butane tank with a volume of 

6500m
3
 and two horizontal tanks with a volume of 100m

3
 at the 

storage area of the enterprise. The natural conditions of the 

city in which the enterprise operates are as follows: annual 

mean wind speed equals 2.4m/s, annual mean temperature 

equals 21.9C and annual mean relative humidity equals 81%. 

B. Simulation Results 

(1) 3D reconstruction of accident scene 

Based on the process of 3D entity modeling and rendering 

in section II, a virtual scene of VCE is reconstructed by 

utilizing OpenGL/GLScene, as shown in Fig. 6. 3DRS_VCE 

eventually simulates the geographic elements  corresponding 

to the actual scene, such as MHI (including vertical tank, 

horizontal tank and spherical tank), buildings, green area, 

water area, road and so on. The efficiency of establishing 3D 

scene is greatly high to meet the needs of reconstructing the 

arbitrary accident scene in petrochemical enterprise because 

each geographic element is modularized. 

 (2) Consequence assessment and analysis  

In the reconstructed accident scene shown in Fig. 6, 

3DRS_VCE can quickly calculated and analyzed the 

consequences of VCE by Eq. (1)-Eq. (7) after setting variable 

parameters by the initial data from accident scene. The 

analysis results as shown in Fig. 7, including the peak 

overpressure of blast wave, duration of blast wave, radius of 

death, radius of serious injury and radius of slight injury, are 

shared with the module of 3D simulation. In addition, 

3DRS_VCE can also estimate the number of casualties and 

property losses caused by VCE if setting the densities of 

population and property. 

 

 
Fig. 7. Parameters setting and consequence analysis. 

 

 
Fig. 8. 3D effect of explosion. 
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Fig. 9. 3D visualization of different influence ranges. 

 

 
Fig.10. The list  of affected objects. 

 

(3) 3D visualization simulation 

Based on the method shown in Fig. 4, 3D effects of 

explosion are achieved as shown in Fig. 8. Based on the 

analysis results shown in Fig. 7, influence ranges, 

corresponding to different damage extents including death, 

serious injury and slight injury, are drawn and displayed with 

different colors in Fig. 9 by the method shown in Fig. 5. Finally, 

the lists of affected objects within different influence ranges, 

as shown in Fig. 10, can also be output by the method shown 

in Fig.5. 

 

IV. DISCUSSION 

A. Analysis of Simulation Results 

Based on the methods in section II, the overpressure and 

duration of blast wave can be efficiently calculated by 

3DRS_VCE in this work. The relationship between 

overpressure and distance is described as shown in Fig. 11, 

and the relationship of duration and distance is described as 

shown in Fig. 12. The simulation results show that the trends 

of the relationships are the same as the characteristic curves 

proposed by TNO in Fig. 2.  

B. Comparison of Simulation effects 

From the simulation results, 3DRS_VCE is of 3D immersive 

sense and high efficiency besides the reliability of 

computational model. 

(1) 3D immersive sense 

Compared with the traditional 2D simulators of accidents 

introduced in section I, the 3D reconstruction system 

embodies the superiorities including much more perfectly 

describing the 3D characteristics of accidents and more 

vividly displaying the consequences in the virtual accident 

scene, as shown in Fig. 6, Fig. 8- Fig. 10. The 3D reconstruction 

system can also achieve the 3D visualization functions 

including the accident occurrence, animation effects and 

dynamic consequences in the virtual scene, to enhance the 

sensing cognition of VCE. 

(2) High efficiency 

Compared with other 3D simulators based on CFD, the 

calculation efficiency of 3D reconstruction system is much 

higher, as shown in Fig. 7. Because the 3D reconstruction 

system is developed based on TNO method that is one of 

classic algorithms. It is well known that CFD is based on a grid 

for the analysis of accidents, so that the professionals will take 

much more time to obtain the analysis results [8], [19]. The 

high efficiency of consequence assessment is significant for 

accident prevention and prediction, and taking emergency 

measures to stop from the domino effect of accidents.  

 

 
Fig. 11. The relationship between overpressure and distance. 

 
Fig. 12. The relationship between duration and distance. 

 

V. SUMMARY AND FUTURE WORKS 

The results of simulation application show that 3DRS_VCE 

can vividly describe the 3D characteristics of VCE. It shows 

that the 3D characteristic analysis  method of VCE is 

reasonable, and the 3D simulation system that is developed 

based on the 3D reconstruction method is feasible and reliable 

to simulate the actual geographic information, the process of 

accident occurrence, dynamic effects and consequences 

visualization. The modularized 3D reconstruction method 

proposed in this paper can not only simulate the major 

accidents including explosion in petrochemical enterprises, 

but also simulate large-scale accidents or disasters in other 

fields. 

In the future research, we will introduce internet of things 

and artificial intelligence technologies into this tool to 
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establish an intelligent platform for real-time monitoring and 

risk early warning of major accidents, predicting the evolution 

trends of consequences to prevent the domino effect of 

accidents. The platform will provide decision support for 

disaster prevention, emergency response and safety planning 

of industrial and urban areas. 
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