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Abstract: After the occurrence of a hydrogen fluoride leakage accident that triggered massive losses 
in Gumi, South Korea in 2012, the government and companies have been interested in installing 
mitigation systems to minimize the loss of a leakage accident. What lacks in previous researches 
studying mitigation systems is an evaluation of how much a mitigation system can reduce the 
impact of accidents. Therefore, modeling-based simulations of mitigation systems should be 
urgently developed to analysis of the performance of a mitigation system. This study aims to design 
a mitigation system to handle a leakage accident of a storage tank and determine its design 
specifications through the use of modeling. The basic concept is that when leakage occurs, leakage 
material in a dike is drained to a remote impoundment installed under the ground, while the 
material in the storage vessel is transferred to a reserve tank by a pump at the same time. To evaluate 
the efficacy of this system. hydrogen fluoride and benzene storage vessels are tested. The simulation 
results indicate that the proposed mitigation system can contribute to the reduction in the dispersion 
area for the materials as well as a large reduction in the leakage material. 
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1. Introduction 

The use of hazardous materials has rapidly increased due to the advent of new high-tech 
industries and the growth of traditional industries. Accordingly, the likelihood of major accidents 
has also increased. Among the various major chemical accidents, vessel leakage or rupture is one of 
the main root causes of catastrophic events and can lead to triggering hazardous material dispersion, 
fire and explosion [1]. The Fixborough disaster in England in 1974, [2] and a toxic gas release in 
Seveso, Italy in 1978 [3] are representative examples of a material release from vessels. In the case of 
South Korea, the leakage accident of HF (hydrogen fluoride) in Gumi in 2012 caused a lot of damage 
around a residential area and this has become a major turning point in the field of chemical process 
safety in South Korea. Later, two regulations (the Act on registration, evaluation, etc. of chemicals 
and the Chemical substances control Act) were enacted in 2018. 

Additionally, the government has increased the supervision of the monitoring of chemical plants 
and recommended worksites to install mitigation equipment or systems to minimize the impact of 
accidents. However, the lack of information regarding the performance of mitigation systems makes 
it difficult to adopt and install them.  

In the last few decades, there have been a few studies that verified the performance of mitigation 
systems. There are two main methods for evaluating the performance of mitigation systems. The first 
is a set of experiments. Rana, M. A. et. al. tested two water curtain systems to identify the effectiveness 
of liquefied natural gas (LNG) release [4]. Suardin, J. A. et. al. tested fire suppression materials to 
reduce the radian heat of an LNG pool fire [5]. However, to test these mitigation systems, sufficient 
space is required and many serious risks should be considered. Therefore, these experiments cannot 
be conducted at the level of academic laboratories.  
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As an alternative method to experiments, computational simulations have been gaining more 
popularity. Lim, H.Y. et al. measured the effectiveness of physical barriers when HF and chlorine are 
leaked [6]. Prashanth, I. et al. simulated the performance of a safety barrier for onshore gas drilling 
operations [7]. Busini, V. and Rota, R. simulated the mitigation barriers to interrupt the travel of LNG 
using computational fluid dynamics (CFDs) [8]. Liu, D. and Wei, J. simulated continuous dense gas 
leakage based on a modified plate model [9]. Most simulation-based studies have employed 
computational fluid dynamics (CFDs) and to focus on the gas dispersion and how mitigation systems 
interrupt the travel of a gas.  

In our previous study [10], a mitigation system in which a reserve vessel is installed next to a 
storage vessel was proposed. In this system, two vessels are connected with a pipe and the chemical 
material in a storage vessel is moved to a reserve vessel by a pump when leakage occurs, reducing 
the amount of leakage. However, the dangerous materials that can leak to the outside should be 
handled properly. The NFPA (National Fire Protection Association) 30 code provides a remote 
impounding system as a secondary containment [11]. The material leaked to the outside is transferred 
to a remote impoundment by an adequate draining path. The volume of the remote impoundment 
must be larger than that of the storage vessel to contain all the materials. However, in the case of 
South Korea, securing a sufficient site for installing a large remote impoundment inside an existing 
plant is rarely feasible. Therefore, in this study, a new mitigation system involving a reserve tank and 
a remote impoundment is introduced and simulated. To account for the lack of a site, this system can 
be operated by two pumps. The modeling of this system is based on the fluid dynamics equations 
and the proper design specifications such as pump capacities are investigated. 

This paper is organized as follows. In Section 2, the description and the basic modeling of a new 
mitigation system are explained. Sections 3 and 4 show the results of the case studies and the 
consequence analysis under this mitigation system. The final section presents the conclusion. 

2. The Mathematical Modeling of a Leakage and a Mitigation System  

This study proposes a mitigation system for handling liquid leakage. It is assumed that there are 
no phase transitions during a leakage, i.e., the vaporization of a fluid is excluded, since the maximum 
amount of leakage should be considered to determine the specifications of a mitigation system. And, 
the vessel type is a vertical cylindrical. Before a mitigation system is designed, the fluid velocity 
through a leak hole of a vessel should be calculated. Figure 1 shows the leakage of a vessel. Equation 
(1) represents the fundamental equation of Torricellis's theorem based on the energy conservation 
law where 𝑔 and 𝜌 are the gravitational acceleration and the liquid density [10]. 𝑣ଵ and 𝑣ଶ are the 
velocity at the top of a fluid and a leak hole. ℎ
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If 𝑣ଵ is the same as the change in fluid level per unit of time, then 𝑣ଶ can be represented by 

equation (2) as;  
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Figure 1. The leak of a vertical vessel. Position 1 is the top level of a fluid and Position 2 indicates the 
leak at the bottom of the vessel. The cross sectional area of the fluid is A1 and the red circle is the leak 
hole with a radius r. 
 

When a leakage progresses, the empty space of a vessel also increases, thus the pressure (𝑃ଵ) and 
the volume of inert gas are changed. To evaluate the change in 𝑃ଵ , Van der Waals's equation 
(equation (3)) is employed where V, T and n are the total volume, temperature and moles of the 
inert gas, respectively. a and b are parameters and R is an ideal gas constant. In this study, the inert 
gas is nitrogen and the moles of nitrogen can be calculated based on an initial vessel condition and it 
is assumed that the temperature of the empty space is constant. 
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Figure 2 shows a diagram of the proposed mitigation system. A storage vessel is connected with 
a reserve tank. If leakage occurs, the chemical material in the storage vessel is automatically 
transferred to the reserve tank by a pump (Pump 1). Also, the material that leaks to the outside is 
trapped in a dike. This flows to a remote impoundment along the drain path. Because of the lack of 
a site for storing all the material, the remote impoundment is also connected to the reserve tank and 
the fluid is transferred by another pump (Pump 2). Thus, there are two pumps and their optimal 
capacities should be evaluated through the consideration of the fixed conditions.  

When 𝐾ଵ and 𝐾ଶ are the pump capacities, equations (4), and (5) can be derived as; 
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In equation (5), ℎ
௥
 is the fluid level of the remote impoundment and the radius of the leak hole 

is 𝑟. Since the material of the storage tank flows into the remote impoundment, there is a time delay, 
𝑎. In this study, by considering of the length of a drain path, a is set to 2 seconds. 𝑢 is a unit step 
function and the value of this function is 1 if ℎ

௥
(t) − 0.5 is positive, otherwise, the value is 0. This 

indicates that Pump 2 is only operated when the level of the remote impoundment is above 0.5 m 
and this is the constraint for the protection of the pump facility. The key issue is that a pump should 
be operated safely and continuously. If the pump capacity is too excessive, the pump may turn off 
repeatedly and this can trigger a pump failure. Moreover, this system requires a control to prevent 
the overflow of the remote impoundment. Thus, to guarantee continuous operation and to control 
overflow, the optimal pump capacity should be investigated by considering an accident scenario. In 
this study, these differential equations were simulated in MATLABTM. 
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Figure 2. The diagram of a proposed mitigation system. A remote impoundment is installed under 
the ground. 

3. Case Studies 

To verify the performance of the proposed mitigation system, two vessels are tested. To 
simulate, the following conditions should be previously determined. 

 
• The diameter and position of the leak hole 
• The starting time of the mitigation system after a leak occurs 
• The conditions of the atmosphere 
• The operating conditions in the vessel 
 

Table 1. Vessel specifications of the HF and benzene tanks. 

 Radius (m) Height (m) Initial level of a fluid (m) 
HF vessel 1.7 5.6 5 

Benzene vessel 2.7 11 9.9 
 

The vessel specifications, leak properties, and other conditions are summarized in Table 1. The 
position of the leak hole is at the bottom of a vessel, i.e., the height of the leak is 0 m. It is assumed 
that there is no time delay between the leak occurrence and the operation of the mitigation system. 
This implies that the mitigation system can be operated as soon as the accident occurs. These case 
studies aim to investigate the optimal pump capacities. In this study, the capacity of Pump 1 in Figure 
1 is fixed beforehand and that of Pump 2 should be investigated. A pump should transport a fluid as 
quickly as possible. Moreover, if the pump capacity is too large, the pump can be switched on and 
off repeatedly as mentioned earlier. Therefore, it is really important to determine the optimal capacity 
of Pump 2.   

 Figures 3, 4 and 5 shows the results for the HF leakage where the diameter of the leak hole is 6 
inch and its height is 0 m. Figure 3 shows the level of the HF in the remote impoundment when the 
capacity of Pump 2 is 50 m3/hr which is the optimal and smallest capacity to prevent the overflow of 
the remote impoundment. Figures 4 and 5 show the operations of Pump 2 and the level of the HF in 
the remote impoundment. It is concluded that this system can continuously work in case of the 
assumed scenario. 
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Figure 3. The volume of the HF in the storage vessel, a remote impoundment and a reserve vessel when a leak 

of the HF from the storage vessel occurs. The diameter of the leak hole is 6 inch.  

 
Figure 4. The operation of Pump 2 when the pump capacity is 50 m3/hr. 
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Figure 5. The level of the HF in the remote impoundment. This result shows that Pump 2 can prevent the 

overflow of the remote impoundment. 

 
 Figures 6, 7, and 8 show the results of the benzene leakage when the diameter of the leak hole 

is 4 inch and its height is 0 m. Figure 6 shows the level of benzene in the remote impoundment in the 
case when the capacity of Pump 2 is 238 m3/hr. With this capacity, it is certain that a fluid can be 
transported as quickly as possible while preventing the overflow of the remote impoundment. Figure 
7 indicates that this system does not suffer from the switching on and off of Pump 2. Figure 8 shows 
the level of benzene in the remote impoundment. These case studies show that optimal design 
specifications including a pump capacity can be determined by considering the conditions of the 
vessels. 
 

 
Figure 6. The volume of benzene in the storage vessel, a remote impoundment and a reserve vessel when the 

leak of the benzene from the storage vessel occurs. The diameter of the leak hole is 4 inch.  
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Figure 7. The operation of Pump 2 when the pump capacity is 238 m3/hr. 

 

Figure 8. The level of the benzene in the remote impoundment. This result shows that Pump 2 can 
prevent the overflow of the remote impoundment. 

4. Consequence Analysis 

The Emergency Response Planning Guidelines (ERPGs) specified by the American Industrial 
Hygiene Association are the most well-known guidelines for emergency response and planning [12].  

In the ERPGs, three concentration ranges (ERPG-1, ERPG-2 and ERPG-3) for each chemical 
material are defined and these corresponding three ranges are associated with light, medium and 
heavy risks, respectively. Among them, ERPG-2 is the most important standard for emergency 
response and planning, since concentrations above ERPG-2 can cause people to suffer from serious 
and irreversible health effects The detailed descriptions for the ERPGs are as follows; 

• ERPG-1 : This is the maximum concentration below of which nearly all individuals can be 
exposed to for up to 1 hour without experiencing effects other than mild transient adverse 
health effects or perceiving a clearly defined, objectionable odor [12]. 
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• ERPG-2 : This is the maximum concentration below of which nearly all individuals can be 
exposed to for up to 1 hour without experiencing or developing irreversible or other serious 
health effects or symptoms that could impair an individual’s ability to take protective action 
[12]. 

• ERPG-3 : This is the maximum concentration below of which nearly all individuals can be 
exposed to for up to 1 hour without experiencing or developing life-threatening health effects 
[12]. 

 
Table 2. Input data for the simulation of ALOHA. 

Input Data 

Wind speed (m/s) 1.5 

Direction of the wind NNW 

Ground roughness Open Country 

Cloud cover Partly Cloud(5) 

Atmospheric temperature (°C) 25 

Stability class B 

Puddle area (m2) 41 

Mass (HF) (ton) 45.396/36.522 

Humidity (%) 50 
 

 
(a) 

 
(b) 

Figure 9. The range of ERPGs when the HF leak occurs.: (a) In the case of no mitigation system; (b) In 
the case a mitigation system is operated. The difference in ERPG-2 is only 4 m (638 m and 634 m). 

In this study, the ALOHA (Areal Locations of Hazardous Atmospheres) software developed by 
the EPA (Environmental Protection Agency) and NOAA (National Oceanic and Atmospheric 
Administration) is employed to perform the consequence analysis. Figure 8 shows the results of 
ERPG-2 with and without a proposed mitigation system when the leak in the HF vessel occurs. The 
simulation conditions for ALOHA are listed in Table 2. On the basis of the maximum distance for 
ERPG-2, the reduction effect of a proposed mitigation system is 0.6%, shown in Figure 8. This 
reduction effect is insignificant even though a proposed mitigation system can reduce the amount of 
material leaked outside by 19.6%. The main reason for this is that the dispersion of liquids is mainly 
determined by the cross sectional area of a dike. Even if there is no significant change in ERPG-2, the 
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proposed mitigation system can contribute to reducing a large amount of material leaked to the 
outside. To obtain accurate results for the dispersion, more precise models should be employed.    

5. Conclusion 

Although a few worksites have installed this type of mitigation system, there has been no 
scientific method to evaluate the mitigation impact. To understand the impact of a mitigation system, 
the proposed mitigation system based on the remote impoundment is designed and evaluated based 
on mathematical modeling and consequence analysis. When a leak occurs, the material in a storage 
vessel is transported by a pump and the material in the dike flows into a remote impoundment 
installed under the ground. Through case studies, it is confirmed that the proposed mitigation system 
can handle materials safely and has a large impact on the reducing the impact of an initial accident. 
When designing this type of mitigation system for a vessel, this study can also provide scientific 
approaches and guidelines to determine the proper design specifications and help to reduce cost, 
efforts, and time for performing the set of experiments.  
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