STUDY OF EFFICIENCY PARAMETERS FOR USING FIRE-EXTINGUISHING AEROSOLS TO SUPPRESS FLAMMABLE LIQUID FIRES IN OPEN SPACES
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Abstract. In modern industrial and economic activities, a significant amount of flammable and combustible liquids is stored in open spaces, creating a high fire risk, especially during wartime when emergency response is constrained. Automated fire suppression systems based on fire-extinguishing aerosols represent a promising solution due to their simplicity, efficiency, and reliability. This study aims to determine the optimal conditions and parameters for using fire-extinguishing aerosols to suppress flammable liquid fires in open spaces. Experimental findings indicate that a generator with a 2800–2880 g charge, positioned at a 4.5-meter height, effectively extinguishes a model fire of class 55B. Key parameters include an aerosol discharge intensity of 160 g/s, a concentration of 140–180 g/m³, a discharge duration of 18–20 seconds, and an aerosol cloud retention time of 50–60 seconds. These parameters ensure sufficient aerosol concentration to halt combustion even under open-space conditions. The results are applicable to the design and implementation of automated fire suppression systems for high-risk facilities, reducing risks to human lives and material losses, particularly during wartime conditions.
1. Introduction
In industrial and economic activities, a significant amount of flammable and combustible liquids is utilized. 
A substantial portion of these substances is stored and circulated within industrial equipment located in open spaces. 
This creates a heightened risk of fires at gas stations, power plants, tank farms, and other facilities.

The average response time of fire and rescue units to the scene of an emergency is 10 minutes or more [1, 2], and in Ukraine, it can be considerably longer due to missile and bomb attacks. Moreover, travel to the scene and on-site firefighting operations are associated with the risk of repeated attacks, resulting in irreparable losses among the personnel of Ukraine's emergency rescue services [3]. Additionally, considering the linear rates of flame spread over the surface of flammable liquids [4, 5], a fire can cover a significant area and reach peak combustion temperatures in a short time (up to 5 minutes).

Statistical data [6] indicate that if fire brigades arrive more than 20 minutes after the outbreak, the firefighting duration increases by a factor of 5 or more, requiring triple the number of fire trucks and human resources compared to a response time of less than 20 minutes.

Thus, firefighting operations at such facilities, particularly during wartime, necessitate the optimization of emergency service actions [7] and the implementation of new technical solutions capable of effectively suppressing fires. Examples include robotic technologies [8], unmanned aerial vehicles [9], and autonomous fire suppression systems.

One such solution involves the development of efficient automated fire suppression systems. Existing regulatory documents in Ukraine governing the design of such systems are oriented toward peacetime conditions and fail to address the challenges and specificities of wartime. Enhancing and developing fire protection systems that remain effective under wartime conditions is a critical scientific task.

Numerous methods for extinguishing flammable liquids exist, each with its unique configuration of fire-suppressing properties and combustion cessation mechanisms. These methods have been extensively studied and described in the literature [10–14]. According to [14], aerosol fire suppression is effective for extinguishing flammable liquid fires in conditionally sealed spaces and offers several other advantages. Fire-extinguishing aerosols ensure effective inerting of the flammable environment by inhibiting chemical reactions in the flame with freshly formed fine particulate solids (e.g., K2CO3, KHCO3, KOH, KCl) and their decomposition products (e.g., K2O, KO) [15]. Aerosols also protect the liquid surface from thermal radiation by absorbing radiant energy from the combustion zone, thereby reducing the temperature in the flame area. Furthermore, aerosol particles in the flame absorb heat through heating, melting, evaporation, and decomposition. Aerosols can also suppress combustion by mixing flammable liquids (in subsurface extinguishing) [16] and provide prolonged protective action due to suspended aerosol particles in a conditionally sealed volume for up to 25 minutes, sufficient to prevent further combustion by cooling heated enclosing structures.

To explore fire suppression systems suitable for effectively extinguishing spills of flammable and combustible liquids, particularly for protecting transformer substations, the authors [17] studied fire suppression in transformers. Research [18] demonstrated that the most effective method for extinguishing oil-filled transformers involves applying a compact stream of water with added extinguishing emulsion. Other methods, such as dispersed water with emulsions or foam suppression, are also highly effective. The Sergi Transformer [19] system, which combines excess pressure release and nitrogen filling, has shown promise. However, according to [17], these systems are unable to deliver fire-extinguishing substances rapidly enough to prevent explosions or limit fire spread in the critical first seconds or minutes after ignition, an essential condition for successful suppression. As such, these systems are effective only within transformers and not for fires beyond them [18]. A further disadvantage is their vulnerability to explosive shock waves, which may result from transformer explosions or enemy attacks, potentially damaging the pipelines delivering extinguishing agents [20]. The complexity of these systems, comprising pumps, valves, and automation, alongside adverse operating conditions like power outages or poor maintenance, raises doubts about their reliability, especially during wartime.

Research [21–24] has established that aerosol fire suppression is widely employed globally and possesses characteristics essential for effective wartime use. These include the simplicity and reliability of aerosol generator construction, which does not require additional equipment. Generators can be easily integrated into structural elements such as foundations or other purpose-built concrete constructs, providing resistance to explosions. Furthermore, the system is cost-effective and easy to maintain.

Studies [25, 26] have shown that fire-extinguishing aerosols 2can effectively suppress flammable liquid fires, including hydrocarbons, alcohols, and other substances in open spaces. However, the parameters for such usage remain insufficiently explored. Specifically, there is a lack of data on the performance parameters of aerosol generators and methods for their application, as well as the required aerosol discharge intensity for different fire sizes. 
Conclusions
Experimental results indicate that delivering an aerosol stream from a generator with an aerosol-forming charge of 2800–2880 g, from a height of 4.5 meters at a right angle, ensures the successful suppression of a class 55B model fire within 8 seconds. 
Fire suppression is achieved due to several factors, including:

· High discharge intensity of the fire-extinguishing aerosol, which is 160 g/s with a generator charge of 2880 g;

· Formation of aerosol concentration in the stream ranging from 140 g/m³ to 180 g/m³.

The overall aerosol discharge duration is 18–20 seconds, with the aerosol cloud persisting in the suppression area for approximately 50–60 seconds, and a final aerosol concentration of 97 g/m³ in the cloud.

Considering these characteristics, it can be concluded that the presented fire suppression system is effective for protecting facilities at risk of flammable and combustible liquid spills, particularly during wartime, alongside other implemented measures. 
The implementation of such protection for critical facilities represents a promising direction and necessitates further comprehensive scientific research, practical testing, and the development of methodological guidelines and regulatory documents.
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