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Abstract

This manuscript shows how the connection and interaction between a process dynamic simulator and an accident simulator allow improving the training of operators, accident investigation, and safety management, by better modeling the biunique exchange of information among the process units and the accidental event. The paper presents and discusses an industrial accident simulated within the supply section of a toluene hydrodealkylation to benzene plant. The triggering event is a liquid spillage of toluene from a fortuitous hole in a pipe. The liquid spreads and evaporates on the ground. A sudden spark ignites the pool that starts burning. The heat radiated by the flame partially hits the surrounding units producing an increase of temperature and pressure. The conventional control system is not able to control the erratic behavior of the process once the accident has occurred. Consequently, the control room trainee has to select the proper shutdown procedure by either opening a safety valve or cutting off the inlet flowrate. The manuscript discusses the aforementioned accidental outcomes produced by the evolving interaction between the commercial simulator DYNSIMTM (SIMSCI-ESSCOR, 2006) and the dedicated accident simulator AXIM (Brambilla and Manca, 2007).
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1. Introduction

Chemical and industrial facilities handling dangerous materials should comply with the same overall safety objectives. Moreover, stakeholders have the primary role and responsibility respect to accident prevention, preparedness and response. Hazard identification and risk assessment are necessary for an extensive understanding of possible risks to operators, citizens, environment, and property. It would be better if hazard identification and risk assessment were undertaken from the earliest stages of design and construction, by addressing the causes of human and technological failures, as well as the accidents originated by natural disasters or deliberate acts (e.g. terrorism). It should be remarked that it is not possible to completely suppress the accident risk, and that accident prevention is better than accident remediation. Therefore, it is critical to develop suitable risk preparedness, in order to minimize the magnitude of adverse effects.
The primary objective of safety programs within chemical facilities is the prevention of accidents. In this field, the goal should be to improve the safety by acting on technological issues, management systems, and staff skills in order to approach the ultimate objective of zero accidents. The safety improvement can be assisted by dedicated software that allows simulating possible accidents and quantifying their consequences. Thus, effective mitigation systems can be introduced and/or process modifications implemented on-line. However, a further step ahead can be achieved by considering not only the accident itself but also the interactions between the accident and the process. A dynamic process simulator, describing the non‑stationary evolution of the plant when some disturbances occur, can investigate process conditions. On the other hand, an accident simulator allows evaluating its evolution. At our knowledge, until today, the accident outcomes and the process dynamics have never been considered together and no commercial software assists in evaluating their interactions.

This manuscript shows how the connection and interaction between a process dynamic simulator and a dynamic accident simulator allow improving operators training, accident investigation, and safety management, by better modeling the feedbacks existing among the process units and the accidental event. Furthermore, the coupling of process and safety issues into a functional and user‑friendly tool can help both trainers and safety managers increasing their process knowledge under unusual conditions.
In the following sections, we will discuss the advantages deriving from the suggested coupling by applying this innovative risk analysis technique to a case study. Finally, some possible future improvements will be proposed in the conclusions.

2. Coupling a dynamic process simulator to a dynamic accident simulator

The coupling of a dynamic process simulator to a dynamic accident simulator allows the simultaneous evaluation of process conditions and accident evolution. This is quite important when the accident consequences affect the plant, e.g. when a fire occurs. While liquid pools or gas releases do not influence directly the plant, a fire is a heat source that radiates the surrounding process units, structures, and operators, and can lead the process to deviate from the standard operating conditions. In particular, the proposed coupling allows quantifying the dynamic effects of a pool fire, caused by the release of a flammable liquid substance, onto the process units around the fire. To achieve this goal, the accident should be simulated in a negligible CPU time to make a real‑time simulation feasible. As a result, Computational Fluid Dynamics (CFD) models are not practicable to describe the fire dynamics.
The aforementioned interactions can be achieved only if the two simulation modules are tightly coupled, i.e. the process and accident simulators communicate automatically at each integration step of the corresponding two distinct differential‑algebraic equation systems that describe respectively the plant and accident dynamics. This is not a trivial activity since the process and accident simulators have to exchange biuniquely input/output data by means of a common interface, which is often not available or quite difficult to design and code.

There are some tangible benefits deriving from the interaction of a process simulator with an accident simulator. First of all, a trainer can adopt this tool to supervise the activities of trainees, by judging the operator’s knowledge of procedures, the response to unusual situations, as well as his/her human and technical reliability. As far as accident investigation is concerned, the aforementioned software coupling allows examining and understanding the accident dynamics, so to mitigate the effects of future accidents and/or prevent them. Moreover, the accident simulator allows analyzing the system vulnerabilities while identifying the appropriate corrective actions. This tool is also useful under emergency preparedness to better plan the emergency response.

The proposed integration between a process dynamic simulator and an accident simulator is not only powerful from both a technical and a safety point of view, but allows also assessing the human factors issue. In fact, from a safety management perspective, the data gathered on the behavior of operators when simulating the plant management under emergency conditions are much more revealing than a desk exercise on emergency response.
3. Case study

In order to analyze the advantages of this innovative risk assessment technique, we investigated a specific case study. We focused our attention on a possible industrial accident in the supply section of a toluene hydrodealkylation to benzene plant (Douglas, 1988; Luyben et al., 1999). The triggering event is a liquid spillage of toluene from a fortuitous hole in a pipe. A certain amount of liquid is spilled onto the ground, where it starts spreading and evaporating. At a trainer-defined condition after the release onset, a sudden spark ignites the spreading pool and produces a pool fire. The heat radiated by the flame impinges partially the surrounding units and produces an increase of both temperature and pressure. Within this scenario, the dynamic process simulator allows determining the liquid flow rate spilled from the hole, that may change in time due to modifications of the process variables (i.e. the pressure inside the pipe) or to deliberate actions (i.e. the closure of an emergency valve on the feed line). In the meantime, the accident simulator evaluates the liquid pool behavior, quantifying the pool dimensions (radius and height) and the evaporation rate. When the pool starts burning, the flame diameter, length, and the emissive power are evaluated dynamically. From the plant geometry, the accident simulator determines the view factors between the flame and the surrounding process units and, eventually, the radiative heat impinging on their surface.

Therefore, while the dynamic process simulator evaluates the liquid flow rate and the modification of plant conditions due to the additional incoming heat flux, the accident simulator determines the amount of heat radiated to the surrounding equipment. The data are exchanged biuniquely and dynamically.

This scenario assumes also that the conventional control system is not able to control the erratic behavior of the process once the accident has occurred. Consequently, the control room trainee has to select the proper shutdown procedure by either opening a safety valve or cutting off the inlet flow rate. At the same time, the field trainee is invited to pay attention to both the heat radiation and the toxic release thresholds.

4. Dynamic Simulation

To simulate the aforementioned case study, we coupled the commercial dynamic process simulator DYNSIMTM (Simsci-Esscor, 2006) to the specifically developed dynamic accident simulator AXIM (Brambilla and Manca, 2007). DYNSIM is field-proven software and, together with HYSYSTM, shares a large portion of dynamic process simulators market. AXIM was developed for real-time accident simulation and is based on the improvement of some literature models concerning: the spreading and evaporation of liquid pools (Brighton, 1985; Webber and Brighton, 1986; Webber, 1987, 1990, 2000; ABSG Consulting, 2004), and the pool fire dynamics (McCaffrey, 1979; Rew and Hulbert, 1996; Engelhard, 2005; Fay, 2007; Raj, 2006, 2007a,b).
The simulation assumes that, before the occurrence of the accident, the plant is in steady-state conditions. When the accident occurs, the ignition is not synchronous with the liquid spill. Actually, the liquid spreads up to an ignition source that is 2.5 m far from the center of the pool. Consequently, the pool starts burning 9 minutes and 42 seconds after the occurrence of the hole in the pipe when a spark ignites the evaporating toluene. The flame radiates a time-varying heat flux towards the surrounding units according to the amount of liquid in the pool, the evaporation rate, and the atmospheric and wind conditions. In particular, we focused our attention on the effects of the radiated heat to both an intermediate small process drum and a larger storage tank. The broken pipe receives the toluene flowrate from the intermediate process drum.

Table 1 reports the geometric data of these vessels, where the “Distance” value are the space between the centers of the flame and of the process units.

Table 1: Process units influenced by the pool fire.

	Process unit
	Diameter [m]
	Height [m]
	Distance [m]
	Liq. level [m]

	Intermediate vessel
	1
	2
	4
	0.5

	Storage tank
	6
	5
	10
	3.0


We assumed that it takes fifteen minutes for the control-room operator to perceive the accident and to alert the field-operator asking him to intervene by physically closing the upstream emergency valve. Once the flow has been intercepted, the pool fire extinguishes rather quickly according to the pool liquid volume and the high burning rate (0.066 kg/m2 s, Rew and Hulbert, 1996). Figures 1 and 2 show the effects of the pool fire respectively on the intermediate drum and on the storage tank. 
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Figure 1: Influence of the pool fire on the intermediate process drum
As can be seen, when the pool is ignited, the vessel temperatures increase. Note that a higher temperature derivative corresponds to the highest value of flame radiation, which occurs in the first 30 seconds. After some minutes, when the pool fire reaches a more stable regime, the temperature derivative decreases. Finally, the radiative flux rapidly extinguishes when the upstream emergency-valve is closed and the liquid spill is over. The maximum temperature increase is higher in the intermediate drum (8 K) respect to the storage tank (0.4 K), although the heat flux impinging the intermediate vessel is significantly lower (due to its dimension and view factor).
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Figure 2: Influence of the pool fire on the storage tank

When the flame extinguishes, the temperature of the intermediate drum goes back quicker to the steady-state value because of the lower material inertia. These bits of information are quite important for the formation of control-room and field operators.

The toluene flow rate emitted by the hole in the pipe varies for less than 4% during the 15 min spillage (from 5.59 to 5.83 kmol/h), because the intermediate vessel pressure is not significantly affected by the temperature increase. In fact, toluene is a high-boiling liquid and its vapor pressure is rather low at the vessel temperatures reached during the accident.

The storage tank experiences an increase of temperature that has a few secondary effects: 

· the liquid volumetric expansion that causes an increase of the liquid level; 

· a partial evaporation of the liquid toluene;

· the increase of the pressure in the storage tank according to the gas holdup.

The combination of the aforementioned effects results in a liquid level increase of 1.1 mm and in a pressure increase of 0.46 kPa. These increments are small because the operator stops the liquid leakage in a short time and the liquid pool vanishes quickly. If the fire lasted longer and, consequently, the temperature rise were higher, the pressure increase and the associated risk would be higher too. This case study was set up to show the feasibility of coupling the dynamic simulators for training purposes. However, it can also be used to quantify the consequences of the worst-case accident (i.e. absence of operator’s intervention), with more significant temperature and pressure increases. In this case, there would be a higher influence of the accident on the process conditions.
5. Conclusions

The dynamic analysis demonstrated that an industrial accident might affect the plan behavior, making it deviate from the nominal operating conditions. In particular, the effects of a pool fire onto two vessels were investigated. By observing the process dynamics, an increase of both temperature and pressure was recorded. The variation of these process variables slightly influenced the liquid spillage from the hole in the pipe. On the other hand, as far as the accidental outcomes are concerned, the liquid spread and evaporation determined the flame shape, both in terms of diameter and length. We quantified the magnitude of this double interaction, highlighting that it is worth of attention in the risk-assessment activity as well as in operators training.
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