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Abstract

:

In this paper, using the numerical simulation analysis software MATLAB and Fire Dynamics Simulation (FDS), the corresponding gas leakage diffusion model and turbulence leakage diffusion module were used to study the diffusion law and fire hazard of vinyl chloride monomer after leakage in different atmospheric environments. The concentration distribution results for vinyl chloride diffusion obtained by numerical simulation were compared and analyzed. The fire hazard area of leakage diffusion is defined by the hot fire concentration of vinyl chloride gas, and the influence of the gas-phase oxidation reaction of vinyl chloride on leakage diffusion is also discussed. The conclusion shows that as the atmospheric environment stabilizes, the peak concentration of vinyl chloride leakage and the diffusion area decrease correspondingly, the fire risk area gradually shrinks, the fire risk decreases, the affected area gradually expands, and the toxicity risk increases. When it is not in a stable state, the formaldehyde derived from the gas-phase oxidation reaction aggregates together with vinyl chloride to form a mixed gas cloud. Although the scope of influence is reduced, the concentration of harmful gases in the area is higher, and the fire risk of the mixed gas is increased.
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1. Introduction


The petrochemical industry is fundamental to the national economy. In recent years, with the continuous advancement of science and technology, the development trend has become increasingly rapid. Vinyl chloride (C2H3Cl), as a process gas that is extremely widely used in the fields of fluorine chemicals and polymer chemicals, is a very unstable, flammable, explosive, toxic, and harmful hazardous gas. It is a colorless, liquefiable, and highly fire-prone gas with a boiling point of minus 13.9 °C, a critical temperature of 142 °C, and critical pressure of 5.22 MPa [1]. Once a large area of leakage occurs, coupled with the external environmental conditions, it rapidly spreads to form a corrosive and toxic gas cloud. When the concentration of vinyl chloride exceeds the concentration of hot fire, if it encounters an open flame or electric spark, it is very likely to cause secondary disasters, such as a fire or explosion [2,3]. This represents a serious threat to the life and safety of personnel and property in the leakage area, leads to shutdowns and environmental damage, causes huge economic losses, and places great pressure on accident-handling, evacuation, rescue operations.



Poisoning and even explosion accidents caused by the leakage and diffusion of vinyl chloride are not uncommon [4,5]. In 2004, a leak occurred in the vinyl chloride polymerization unit at the Formosa Plastics Plant in Illinois, USA [6]. The vinyl chloride monomer exploded, and the fire spread and ignited a nearby PVC (Polyvinyl chloride) warehouse. The accident eventually caused five deaths and three serious injuries. In 2018, a leak occurred in the vinyl chloride gas tank of Shenghua Company in Hebei Province, China [7]. The leaked gas quickly spread to the roads surrounding the plant and exploded in an open flame. The accident caused 23 deaths and 22 injuries, including vehicle drivers on both sides of the road.



Many researchers have studied the leakage and diffusion of vinyl chloride and other gases by using simulation software, such as FDS and MATLAB. In 2015, Huang et al. [8] used FDS software tools to simulate and study the variation law of ammonia leakage and diffusion concentration with time and space, which was essentially consistent with the results of theoretical calculations, and they verified the feasibility of FDS simulation. In 2016, Wang et al. [9] used MATLAB simulation software and the Gaussian plume model to study the influencing factors of the leakage and diffusion of a liquid ammonia storage tank and determine the dangerous area of liquid ammonia diffusion poisoning. In 2019, Liu et al. [10] used ALOHA software to simulate and analyze the influence of the size of the leakage opening of a vinyl chloride storage tank and the environmental wind speed on its leakage spread and explosion hazard zone. In 2019, Xing et al. [11] used FLUENT software to simulate and analyze the flow field after the leakage and diffusion of vinyl chloride and to study the impact of environmental wind speed on the consequences of the leakage and diffusion of vinyl chloride. Foreign scholars conducted earlier studies on the law and mechanism of gas leakage and diffusion [12,13]. In 2019, Majumdar et al. [14] used the ISC-AERMOD diffusion model to analyze the concentration distribution of pollutant components in the air around a refinery and study their impact on ambient air quality. Full-scale experimental research in the 1970s and 1980s was also relatively comprehensive and in-depth, including the proposed and continuously optimized leakage diffusion model, etc. [15,16], whereas research on vinyl chloride was more focused on its diffusion in water or PVC production media or on its law and reaction mechanism. In general, research on the leakage and diffusion of vinyl chloride gas mainly focuses on the initial conditions and the influence of environmental factors, the characteristics and mechanism of explosions, the analysis of environmental human hazards and the extent of accident damage, etc., and related research on the consequences of its gas-phase reaction. There is relatively little work in this field.



Vinyl chloride produces a photochemical smog reaction in the atmosphere, and its strong volatility causes it to be easily photodegraded in the atmosphere, which is also its main degradation pathway. In the gas phase, vinyl chloride is partially oxidized to form formaldehyde, formic acid, and hydrogen chloride, and its conversion rate is affected by the degree of atmospheric stability. Therefore, in this paper, we selected the corresponding gas diffusion theoretical model and turbulence leakage diffusion model and used the numerical simulation analysis software MATLAB and FDS to deeply study the diffusion law and accident evolution characteristics of vinyl chloride under different levels of atmospheric stability, and analyzed the risk of its leakage and diffusion. The development trend and hazard prediction of vinyl chloride leakage accidents are very important for the safe production and application of vinyl chloride in chemical enterprises, leakage prevention management, emergency treatment after accidents, rescue and evacuation, etc.




2. Leakage Diffusion Simulation Analysis


2.1. Diffusion Theory Model


There are many processes of gas leakage and diffusion, and the mechanism is very complicated. Beginning in the 1970s, research scholars in developed countries. such as European countries and the United States, began to study and successively propose mathematical theories of leakage and diffusion related to various specific assumptions. After gradual improvement, some fairly mature diffusion theory models were finally formed—for example, the Gaussian model, BM diffusion model, Sutton diffusion model, FEM3 diffusion model, box and similar models, shallow diffusion model, plate model, ISC-AERMOD model [13], etc.



The Gaussian model is widely used due to its simplicity, numerical accuracy, and easy calculation. Therefore, the Gaussian plume sub-model was selected for this study, combined with MATLAB software for numerical analysis. We also discussed the gas cloud change and concentration distribution characteristics of vinyl chloride after leakage and diffusion under different levels of atmospheric stability.



The Gaussian plume model is used to describe the formation process of the continuous leakage and diffusion of a smoke cloud and the spatial concentration distribution when the gas cloud is stable [17]. The model sets the space coordinate system according to the right-hand rule of the environmentally dominant wind direction, selects the center position of the vinyl chloride leakage as the spatial origin, and takes the positive x-axis direction as the environmentally dominant wind direction, and the settings of the y-axis and z-axis follow the right-hand rule to characterize the steady state of continuous leakage. The formula of the Gaussian plume model is expressed in Formula (1):
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(1)







The parameters in Formula (1) and their meanings are shown in Table 1.



The classification of atmospheric stability is determined by reference to many factors, such as environmental wind speed, degree of sunshine, day and night, degree of overcast cloud cover, and weather conditions. Refer to Table 2 for specific selection [18,19].



The Pasquil–Gifford model is used to determine the diffusion coefficient. The value of the diffusion coefficient,    σ y   ,    σ z   , is related to the degree of atmospheric stability in Table 1. Therefore, when the degree of atmospheric stability has been selected, the difference between the rural and urban diffusion environments can be calculated. Please refer to Table 3 to select the diffusion coefficient in the Gaussian plume model [19,20].




2.2. MATLAB Numerical Analysis


Using MATLAB numerical analysis software and the Gaussian plume model, we examined the spatial distribution of the concentration field of the vinyl chloride monomer at different atmospheric stability classes, from unstable to stable, namely class A, C, and E, and performed continuous leakage simulation analysis.



The simulation adopts a three-dimensional coordinate system, takes the coordinate origin as the leakage source, and sets the area 200 m downwind and 100 m crosswind as the main leakage investigation range.



Based on the actual site conditions of a chemical plant and the setting parameters of the vinyl chloride storage device, the model sets the leakage intensity of the vinyl chloride monomer leakage source as Q = 8 kg/s, and the vertical ground leakage is upwards. The average wind speed in the dominant wind direction of the regional environment is u = 3 m/s. The sum of height of leakage outlet from the ground,    H r    = 2 m, and the rising height of flue gas   Δ H   = 5 m, so the effective height of the leakage source is H = 7 m. Referring to Table 2, the atmospheric stability class and diffusion coefficient shown in Table 4 were adopted in combination with the leakage source.



In terms of fire and explosion risk of vinyl chloride, it forms an explosive mixture with air, the explosion limit is 3.6~33% (volume), and the lower flammability limit (LFL) value of vinyl chloride is 3.6%. Considering that there are many open fires or electric sparks of electrical equipment in actual production, vinyl chloride may burn and cause fire before reaching the lower explosion limit. Therefore, according to the safety regulations for hot work in plants, the hot work concentration of vinyl chloride gas is 0.4% (volume). Combined with the density of vinyl chloride, the hot work concentration is 8.62 g/m3. The leakage of vinyl chloride storage devices is generally large, so the fire hazard area is defined by the fire concentration.



The numerical analysis results of continuous leakage of vinyl chloride monomer at different atmospheric stability classes, A, C, and E, are given below. The x-axis indicates the distance from the downwind direction of the leakage source, the y-axis indicates the distance from the side wind direction of the leakage source, and the z-axis indicates the gas diffusion concentration at this position. The color changes from blue to orange, indicating that the concentration value changes from low to high.



When the vinyl chloride monomer leaks continuously, the vinyl chloride sprayed from the leak is gradually diffused under the influence of the stability of the external environment, and at the same time, it is continuously supplemented by the leak source; finally, a stable vinyl chloride vapor cloud is formed. The change in its concentration is shown in Figure 1. There is a large difference in the concentration of vinyl chloride under different levels of atmospheric stability. When the atmospheric stability is class A, the concentration distribution on the horizontal plane is similar to that of a bullhorn, and there is almost no gentleness around it. The transition zone and the more stable class C and stable class E concentration distribution types are similar to a hump shape, with a higher and sharper peak area; there is also a gentle transition area, the center is high, and the surrounding area is low.



When other conditions are stable and only the degree of atmospheric stability is changed, the concentration of vinyl chloride leaks and eventually forms a stable vinyl chloride gas cloud that changes significantly. As the degree of atmospheric stability changes from unstable to stable, i.e., from A to E, the vapor cloud is gradually weakened by convection and other fluctuations, from an unstable, small-scale, high-risk concentration area to a region with the main wind directed upwards. In the case of elongated crosswinds widening upwards and when the concentration in the central agglomeration area decreases, the concentration area distribution changes from an ellipse with a smaller focal length to a prolate ellipse. According to the hot fire concentration of vinyl chloride gas of 8.62 g/m3, the regional distribution of fire hazard concentration when different atmospheric stability classes A, C, and E are defined is shown in Figure 2. Table 5 below shows the distribution of high-concentration hazardous areas.



Analyzing Figure 3, along the main wind direction, as the distance from the leakage source increases, the concentration of vinyl chloride increases rapidly and reaches the highest concentration, and then gradually decreases until it is completely diluted by air. As the atmospheric stability changes from unstable to stable, from A to E in the main wind direction, the distance from the concentration peak to the leakage source gradually increases, the maximum concentration of the leakage area decreases, the downward trend after the peak slows down, and the influence area is larger.



Analyzing Figure 4, as the distance from the leakage source increases in the crosswind direction, in a symmetrical concentration distribution field, the peak concentration of vinyl chloride is consistent with the upward change of the main wind, and the central concentration value is the highest. This trend is essentially the same as the prevailing trend. As the degree of atmospheric stability changes from unstable to stable, i.e., from A to E, the upward and downward trend slows down, the maximum concentration value in the crosswind direction continues to decrease, the area of toxic hazard becomes narrowed, and the scope of influence is gradually expanded.



As the degree of atmospheric stability changes from unstable to stable, i.e., from A to C to E, and the vinyl chloride vapor cloud is gradually weakened by convection and other fluctuations, it changes from an unstable, small-scale, high-risk concentration area to a situation in which the area in the main wind is elongated, the crosswind is widened, the concentration in the central agglomeration area decreases, and the distribution of the concentration area changes from an ellipse with a smaller focal length to a prolate ellipse. As the atmospheric environment changes from a highly unstable state to a relatively stable state, the peak concentration of vinyl chloride in the leakage diffusion area of vinyl chloride gradually decreases, the fire risk gradually decreases, the fire risk area shrinks, and the toxic risk area continues to expand.




2.3. FDS Numerical Simulation


Vinyl chloride reacts with oxygen in the air in the gas phase, and the reaction equation is expressed in Formula (2). Vinyl chloride (C2H3Cl) and oxygen (O2) react under atmospheric, light, and other relevant conditions to produce formaldehyde (HCHO), formic acid (CHOOH), and hydrogen chloride (HCl).


   C 2   H 3     Cl + O   2  →    HCHO + CHOOH + HCl   



(2)







Under normal conditions, formic acid and hydrogen chloride liquefy to form a white, droplet-like acidic mist. After the formation of toxic formaldehyde gas, it diffuses together with the leaked vinyl chloride. We investigated a case wherein the atmospheric environment is unstable, there is low atmospheric pressure and weak ambient wind, light and other conditions dominate, and the conversion rate of the oxidation reaction increases accordingly. At this time, we consider the reaction and the mixture to participate in the diffusion; when the atmospheric environment is stable, the influence of sunshine, etc., is relatively weak, and the wind speed becomes the dominant factor. At this time, only pure vinyl chloride is involved in the diffusion.



Using FDS numerical simulation software, referring to the technical manual of FDS, the effective height of the vinyl chloride monomer leakage source was set to 2 m, the leakage rate V = 3.05 m3/s, and the vertical ground leaked upward. We set a    300   m   ×   100   m   ×   20   m    rectangular parallelepiped open-space grid with a grid spacing of 0.5 m, and the leakage source was a surface source of    0.2   m   ×     0.2   m   . We performed a numerical simulation of the spatial distribution of the concentration field of the non-point source of vinyl chloride monomer leakage under different atmospheric stability classes and continuous leakage.



When the atmospheric environment is unstable, conditions such as low air pressure, weak ambient wind, and light are dominant. The partial photolysis of vinyl chloride produces gaseous formaldehyde, and its partial conversion rate is approximately 20%. The reaction proceeds evenly in the gas cloud. After the mixed gas diffuses together, the yellow represents the boundary of the over-standard area. The concentration distribution of vinyl chloride after leakage and diffusion according to the simulation is shown in Figure 5.



When the atmospheric environment is unstable, the leaked vinyl chloride diffuses and gradually forms a gas cloud, and at the same time, a uniform gas-phase oxidation reaction occurs, accompanied by the formation of a formaldehyde gas cloud. The whole presents a distribution pattern with a high concentration of leakage source and diffusion edge and a low concentration in the middle area. As the diffusion time increases, the central high-concentration area diffuses, and the whole extends outward. Although the concentration of the formaldehyde gas cloud is lower than that of vinyl chloride, it is still considerably high. The area is more obvious and has a larger range.



When the atmospheric environment is stable, the influence of the atmosphere, sunshine, etc., is weak, and wind speed becomes the dominant factor. Only the diffusion of pure vinyl chloride and the leakage of vinyl chloride monomer were considered. We took the regional environmental average wind speed, u = 3 m/s, and the concentration distribution after leakage and diffusion, as the figure below shows. The x-axis indicates the distance from the downwind direction of the leakage source, the y-axis indicates the distance from the side wind direction of the leakage source, and the z-axis indicates the gas diffusion concentration at this position. The color changes from blue to red, indicating that the concentration value changes from low to high.



It can be seen from the change trend in Figure 6 that when the atmospheric environment is stable, the effect of the diffusion trend of vinyl chloride is relatively obvious when there is no wind. The downwind side is fan-shaped, and the end is semicircular, extending outward, whereas the crosswind direction gradually expands to the maximum width. The gas cloud is distributed symmetrically along the axis as a whole, with the highest concentration at the center of the leakage source and a thread-like high-concentration zone along the wind direction, which lengthens with diffusion time.



Compared with when the atmospheric environment is unstable, the wind speed has a significant impact on the form, speed, range, and concentration distribution of the gas cloud formed by the leakage and diffusion of vinyl chloride. When the atmospheric environment is unstable, vinyl chloride is relatively concentrated after leakage. Although the scope of influence is small, toxic formaldehyde has a stronger agglomeration effect and is difficult to handle, which increases the number of harmful gases in the area. In addition, the mixed gas of formaldehyde and air is flammable and explosive, and the risk of fire is greater. In actual diffusion, the reaction also generates an acidic mist of formic acid and hydrochloric acid, which is very harmful [21].





3. Discussion


The concentration distribution results of two different simulation methods in the main wind direction were processed to obtain Figure 7.



Comparing the numerical analysis results of MATLAB, when the atmospheric stability is poor, the diffusion of vinyl chloride shows the characteristics of small range and high concentration. Under the Gaussian plume model, the high-concentration area migrates significantly downwind from the leakage source, forming a gas cloud. In the gathering area, the area where the concentration exceeds the standard is large, and the fire risk is increased; when the atmosphere is stable, the Gaussian plume model does not consider the gas-phase oxidation reaction, the concentration is attenuated, the spread range is increased, the excessive concentration is reduced, and the fire risk is reduced. FDS is added to the derived mixed gas to form a mixed gas cloud of vinyl chloride and formaldehyde at the same time. The fire risk of the explosive mixed gas is further increased. At the same time, it is affected by the acidic mist, which is extremely harmful to evacuation and rescue operations during an emergency or accident. When the atmosphere is stable, the conclusions obtained by the two methods are essentially the same; when the atmospheric stability is poor, because the FDS simulation considers the gas-phase reaction, the results obtained are more confident than the former.




4. Limitations and Future Work


In the process of numerical simulation, a more ideal model was adopted, and only part of the working conditions was selected for preliminary research. Therefore, it still needs in-depth research and continuous improvement. Due to the high hazard of vinyl chloride and the restriction of strict experimental conditions, the corresponding experimental comparative study has not been carried out. Most of existing studies use similar alternative gases, but vinyl chloride has no good alternative gas, and the results of alternative gas are not very accurate, which still needs further exploration. In addition, the current research work was only aimed at a two-dimensional plane simulation and quantitative analysis of vinyl chloride leakage and diffusion. In subsequent research work, we will extend our study to three-dimensional simulation and visualization platform system of vinyl chloride leakage and diffusion and quickly solve the concentration field with initial and boundary conditions, division of rapid-response hazard-level areas, and further emergency rescue management and personnel evacuation in line with the actual scene.




5. Conclusions


In this paper, the numerical analysis software MATLAB was used to study the influence of the atmospheric stability described by the Gaussian plume model on the leakage and diffusion of vinyl chloride. FDS was used to investigate the presence or absence of the gas-phase oxidation reaction of vinyl chloride and the derived gas cloud under different classes of atmospheric stability. We considered the law of diffusion and the comparative analysis of the risk of leakage and diffusion. The research in this article also provides some references for guiding an emergency response to vinyl chloride leakage accidents and on-site evacuations and rescues. Through the analysis in this article, the following main conclusions can be drawn.




	
Under the Gaussian plume model, as the degree of atmospheric stability tends to be stable, the diffusion concentration area of the vinyl chloride vapor cloud transitions from an ellipse with a smaller focal length to an oblong ellipse, the peak concentration decreases accordingly, and the fire risk area gradually shrinks. The fire hazard decreases, the affected area gradually expands, and the toxic hazard increases.



	
When the atmospheric environment is unstable, the conversion rate of the gas-phase oxidation reaction to form formaldehyde is increased. After vinyl chloride leaks, it accumulates. Although the impact range is small, the toxic formaldehyde has a stronger agglomeration effect and is difficult to handle, the concentration of harmful gases in the region is higher, and the fire hazard of the mixed gas is increased.
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Figure 1. Graph of the concentration changes of vinyl chloride at a height of 2 m from the leak source under different atmospheric stabilities. (a) Concentration when atmospheric stability is class A. (b) Concentration when atmospheric stability is class C. (c) Concentration when atmospheric stability is class E. 
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Figure 2. Regional distribution map of vinyl chloride concentration at a height of 2 m from the leak source with different atmospheric stabilities. (a) Concentration when atmospheric stability is class A (g/m3). (b) Concentration when atmospheric stability is class C (g/m3). (c) Concentration when atmospheric stability is class E(g/m3). 
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Figure 3. Diagram of concentration changes of the main wind direction of vinyl chloride at a height of 2 m from the leakage source with a stable atmosphere. 
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Figure 4. Concentration changes in crosswind direction of vinyl chloride under different atmospheric stabilities. 
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Figure 5. Z-plane (H = 2 m) diffusion concentration area distribution map when the atmosphere is unstable (top view). (a) Concentration distribution of vinyl chloride (left) and formaldehyde (right) at t = 60 s. (b) Concentration distribution (ppm) of vinyl chloride (left) and formaldehyde (right) at t = 120 s. 
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Figure 6. Distribution map of the diffusion concentration in the Z plane (H = 2 m) when the atmospheric environment is stable at t = 60 and 120 s (top view). (a) Concentration distribution of vinyl chloride in the Z plane at t = 60 s(ppm). (b) Concentration distribution of vinyl chloride in the Z plane at t = 120 s(ppm). 
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Figure 7. Concentration distribution diagram of MATLAB and FDS simulation methods in downwind direction. 
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Table 1. Gaussian diffusion formula parameters.






Table 1. Gaussian diffusion formula parameters.





	Parameters
	Units
	Meanings





	C (x, y, z, H)
	g/m3
	The concentration value of the stable gas cloud after the leakage and diffusion of vinyl chloride at the spatial coordinates (x, y, z)



	H
	m
	The effective height of the leakage source, which is usually the sum of the height of the leakage outlet from the ground,    H r   , and the flue gas rise height   Δ H  , i.e.,      H = H   r   +  Δ H  



	Q
	kg/s
	The source strength of the leakage source, also known as the leakage rate



	u
	m/s
	The average wind speed in the direction of the external environment dominating the wind, usually taken as the elevation of wind speed value at 10 m



	    σ y    
	m
	The diffusion coefficient orthogonal to the x-axis, i.e., the vertical direction of the main wind direction



	    σ z    
	m
	The diffusion coefficient in the plumb direction orthogonal to the horizontal plane
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Table 2. Atmospheric stability class.
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Ambient Wind Speed (m/s)

	
Daytime Sunshine

	
Cloudy Day or Night

	
Night




	
Strong

	
Moderate

	
Weak

	
Low Thin Cloud

≥ 0.5

	
Cloudiness

≤ 0.375






	
<2

	
A

	
A~B

	
B

	
D

	
F

	
F




	
2~3

	
A~B

	
B

	
C

	
D

	
E

	
F




	
3~5

	
B

	
B~C

	
C

	
D

	
D

	
E




	
5~6

	
C

	
C~D

	
D

	
D

	
D

	
D




	
>5

	
C

	
D

	
D

	
D

	
D

	
D
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Table 3. Diffusion coefficient of the Gaussian plume model.






Table 3. Diffusion coefficient of the Gaussian plume model.





	
Atmospheric Stability Class

	
     σ y    ( m )    

	
     σ z    ( m )    






	
Rural conditions

	
A

	
      0.22 x       (   1 + 0.0001 x   )    0.5       

	
   0.22 x   




	
B

	
     0.16 x      (   1 + 0.0001 x   )    0.5       

	
   0.12 x   




	
C

	
     0.11 x      (   1 + 0.0001 x   )    0.5       

	
     0.08 x      (   1 + 0.0002 x   )    0.5       




	
D

	
     0.08 x      (   1 + 0.0001 x   )    0.5       

	
     0.06 x      (   1 + 0.0015 x   )    0.5       




	
E

	
     0.06 x      (   1 + 0.0001 x   )    0.5       

	
     0.03 x      (   1 + 0.0003 x   )    0.5       




	
F

	
     0.04 x      (   1 + 0.0001 x   )    0.5       

	
     0.016 x      (   1 + 0.0003 x   )    0.5       




	
Town conditions

	
A~B

	
     0.32 x      (   1 + 0.0001 x   )    0.5       

	
     0.24 x      (   1 + 0.0001 x   )    0.5       




	
C

	
     0.22 x      (   1 + 0.0001 x   )    0.5       

	
   0.20 x   




	
D

	
     0.16 x      (   1 + 0.0001 x   )    0.5       

	
     0.14 x      (   1 + 0.0003 x   )    0.5       




	
E~F

	
     0.11 x      (   1 + 0.0001 x   )    0.5       

	
     0.08 x      (   1 + 0.0015 x   )    0.5       
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Table 4. Diffusion coefficient at different atmospheric stabilities.






Table 4. Diffusion coefficient at different atmospheric stabilities.





	Atmospheric Stability
	     σ y    ( m )    
	     σ z    ( m )    





	A
	    σ y  =   0.22 x      (   1 + 0.0001 x   )    0.5       
	    σ z   = 0.20 x    



	C
	    σ y  =   0.11 x      (   1 + 0.0001 x   )    0.5       
	    σ z  =   0.08 x      (   1 + 0.0002 x   )    0.5       



	E
	    σ y  =   0.06 x      (   1 + 0.0001 x   )    0.5       
	    σ z  =   0.03 x      (   1 + 0.0003 x   )    0.5       
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Table 5. Distribution of high-concentration hazardous areas.






Table 5. Distribution of high-concentration hazardous areas.





	
Atmospheric Stability

	
Maximum Concentration Value(g/m3)

	
Highest Concentration Value Position

(Leakage Source from Downwind Direction (m))

	
Concentration Exceeding Area




	
Downwind Distance (m)

	
Crosswind Distance (m)






	
A

	
13.64

	
17.5

	
12~31

	
4




	
C

	
10.88

	
44.5

	
33~65

	
3.5




	
E

	
7.41

	
119.5

	
-

	
-
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