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Abstract 1 

Dust explosions pose a critical risk in industrial settings. A global survey of incidents from 2016 to 2 

2023 shows that dust collectors remain a leading source of dust fires and explosions, accounting for 3 

nearly 25% of all reported cases in that span. Although dust explosions in storage silos have been 4 

extensively studied, research specific to dust collectors is limited, leaving existing venting standards 5 

under-validated and potentially underestimating hazards. This work evaluates the accuracy of these 6 

standards by comparing their predictions of reduced pressure  (𝑃𝑟𝑒𝑑) and reaction force duration (𝑡𝑟) 7 

against results from industrial-scale experiments. The findings reveal that current guidelines can 8 

significantly over- or underestimate these key explosion parameters, raising concerns about designs 9 

that may be insufficiently robust or overly conservative. The study concludes that revising venting 10 

requirements to incorporate updated experimental data can markedly improve predictive accuracy 11 

and system safety. By informing engineers, safety specialists, and policymakers, this research aims 12 

to advance more reliable, tailored explosion prevention and protection strategies for dust collector 13 

systems.   14 
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1. Introduction 1 

Industrial incidents involving combustible dust can trigger catastrophic losses in terms of human life, 2 

structural damage and downtime. A dust explosion arises when finely divided solid particles are 3 

dispersed in air, encounter an ignition source and burn inside or fully confined volume, generating a 4 

sudden pressure rise. The first confirmed event dates to 14 December 1785 (flour dust, bakery of 5 

Turin, Italy), and countless accidents have been reported since then (Worsfold et al. 2012).  To place 6 

the present study in context, we drew on the most comprehensive public sources available incident 7 

compilations and official investigation reports (Cecala et al., 2012; Cloney and Snoeys, 2019; Danzi 8 

and Marmo, 2019; Dust Safety Science, 2019; Dust Safety Science, 2020; Dust Safety Science, 2021; 9 

Dust Safety Science, 2022; Dust Safety Science, 2023; Dust Safety Science, 2024; Frank, 2004; U.S. 10 

Chemical Safety and Hazard Investigation Board, 2018; Going and Lombardo, 2007; Guan et al. 11 

2023; Marmo et al. 2024; Taveau et al. 2018), it has been possible to build a comprehensive database 12 

of worldwide accidents related to the use and handling of combustible dust in industrial settings. In 13 

this paper we concentrate on the recent period 2016-2023 to provide an up-to-date picture of current 14 

industrial practice and hazards.  Figure 1 presents data on dust-related incidents from 2016 to 2023, 15 

categorized into fires (grey) explosions (cyan) injuries (yellow), and fatalities (red). Fires are the most 16 

frequent occurrence, peaking in 2019 and 2023, while explosions remain relatively stable over time. 17 

Injuries show fluctuations, with notable peaks in 2017 and 2021, whereas fatalities have increased 18 

from 2020 onwards, with peaks in 2021 and 2023.  19 
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Fig. 1 Data on worldwide dust-related incidents from 2016 to 2023.  1 
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Figure 2 illustrates the percentage of materials involved in dust-related incidents from 2016 to 2023, 1 

focusing on wood products (yellow), food products (red), metal (cyan), and all other categories (gray). 2 

Food products consistently account for the highest percentage of incidents, peaking in 2020 and 2021 3 

at nearly 50%. Wood products maintain a relatively stable presence, ranging between 25% and 35%, 4 

with a slight increase in 2023. Metal-related incidents remain lower in comparison but show minor 5 

fluctuations over the years. These trends indicate that food and wood processing industries are 6 

particularly vulnerable to dust-related hazards. 7 
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Fig. 2 Percentage of materials involved in worldwide dust-related incidents from 2016 to 2023. 16 

One significant factor contributing to these incidents is the combustibility of fine dust particles. The 17 

dust capability of igniting and sustaining combustion depends on several parameters, including 18 

particle size, dispersion in air, and the presence of ignition sources. Understanding the fundamental 19 

mechanisms of dust combustion and explosion dynamics is essential for designing effective 20 

mitigation strategies. As demonstrated by Abbasi and Abbasi (2007), Armstrong (2004), Clouthier et 21 

al. (2019), Dahoe (2000), Eckhoff (2003), Eckhoff (2009), Eckhoff (2021), Factory Mutual Insurance 22 

Company (2024), Ibarretta (2017), Ogle (2016) and Zhou et al. (2023) when a solid material is broken 23 

down into finer particles, it can burn more easily in the presence of an oxidizing agent, such as 24 

atmospheric oxygen. However, to have combustion dust particles must be properly dispersed in air, 25 

forming a combustible suspension with sufficient fuel to oxidizer ratio. If the particle size is 26 
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sufficiently small, typically below 0.1 mm and the dust cloud reach an appropriate concentration 1 

range, an ignition source can trigger a rapid combustion process. In an unconfined environment, this 2 

combustion results in a flash fire. However, if the dust cloud is partially or fully confined, the rapid 3 

combustion leads to a sudden rise in pressure. If this pressure exceeds the confinement walls' capacity, 4 

structural failure may occur. Figure 3, adapted from Amyotte and Eckhoff (2010), illustrates this 5 

process: the dispersion of fine dust particles in air, forming a combustible mixture, can result in a 6 

flash fire, whereas the presence of confinement further amplifies the effect, triggering a Dust 7 

explosion. 8 

Fig. 3 Representation of the Fire Triangle (a); Dust Explosion Pentagon (b). Adapted from Amyotte and Eckhoff (2010). 9 

Cecala et al. (2012) explain how the baghouse dust collectors, shown in Figure 4, remove particulates 10 

from an airstream by passing it through fabric filter bags. The system first reduces airflow velocity to 11 

separate larger particles, while finer dust accumulates on the bag’s surface, forming a dust cake. 12 

During cleaning, the dust detaches and falls into a hopper for removal. These collectors operate at a 13 

differential pressure of 1.0 - 1.5 kPa and achieve over 99.97% efficiency, meeting the HEPA (High-14 

Efficiency Particulate Air) standard as defined by ISO 29463 (2017).  15 
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Fig. 4 Simplified Diagram of a dust collector. 13 

Figure 5 shows the annual distribution of equipment involved in dust related incidents for the period 14 

2016-2023, now broken down into four categories: Dust Collectors, Storage Silos, Others (e.g., 15 

Dryers, Conveyors, Elevators, Mills, etc.) and No details. The Others category remains the single 16 

largest contributor. The share of No details indicates improved reporting and classification. Dust 17 

collectors and storage silos together account for most reported events throughout the period. Overall, 18 

the data confirms dust collectors and storage silos as the primary equipment classes involved in 19 

contemporary dust explosion incidents. 20 
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 1 
Fig. 5 Trend of worldwide incidents in equipment related to combustible dust explosions from 2016 to 2023. 2 
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Figure 6 presents the percentage distribution of equipment types involved in dust-related incidents 1 

from 2018 to 2023, categorized by dust Collector, Storage Silo, others equipment (dryer, elevator, 2 

conveyor, etc.). Dust collectors account for a significant portion of incidents, particularly in fires and 3 

explosions, confirming their role as a primary hazard in dust-handling systems. The "No Details" 4 

category remains the largest proportion in the case of fatalities and injuries, indicating that a 5 

significant number of incidents lack precise documentation regarding the equipment involved. While 6 

reporting has improved over time, the continued high percentage of unclassified cases suggests a need 7 

for better incident investigation and data collection to enhance safety measures.  8 
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Fig. 6 Worldwide distribution of combustible dust-related incidents by equipment type and incident category from 2018 23 

to 2023. 24 
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economic impact of dust collector explosions and underscores the need for more comprehensive data 1 

collection to better assess and mitigate these risks.  2 

One of the safest and most cost-effective methods for mitigating explosion damage within enclosed 3 

containers such as silos and dust collectors is the vent systems, see Figure 7. Numerous studies have 4 

examined their effectiveness (Chao and Dorofeev, 2015; Chen et al, 2023; DeGood and Chatrathi, 5 

1991; Clouthier et al. 2019; Diakow, 2017; Höchst and Leuckel, 1998; Klippel et al., 2013; Mokhtar 6 

et al., 2020; Molkov, 2001; Shen and Miller, 2022; Shi et al., 2019; Swift, 1989; Tamanini and 7 

Valiulis, 2000; Tascón and Aguado, 2017; Taveau, 2010, Taveau, 2014; Yan and Yu, 2014; Zalosh, 8 

2007), revealing that current sizing methods may be inaccurate, potentially overestimating or 9 

underestimating the reduced pressure (𝑃𝑟𝑒𝑑) resulting from vent activation in enclosures. These 10 

researchers highlight the significant influence of factors such as turbulence, venting device mass, and 11 

enclosure geometry on explosion behavior, demonstrating that traditional models do not always 12 

provide reliable predictions. New correlations based on experimental data offer more accurate results, 13 

while large-scale validation of simulation tools is essential for addressing complex industrial 14 

scenarios. These findings emphasize the need to refine design criteria to ensure effective explosion 15 

protection in confined environments.  16 

Furthermore, the academic literature contains numerous studies investigating the behavior of silos 17 

under dust explosion conditions (Eckhoff, 2015; Islas et al. 2023; Russo et al., 2019; Tascón, 2017; 18 

Taveau, 2010; Mavrot et al., 2003; Dastidar, 2019; Van der Voort et al., 2007) providing a solid 19 

foundation for understanding explosion dynamics in these structures. However, research on dust 20 

collectors under similar conditions is significantly less developed and often outdated (Going and 21 

Lombardo, 2007; Li et al., 2022; Lunn and Cairns, 1985; Lunn et al., 1998, Pang et al., 2022; Pang 22 

and Liu, 2024; Zalosh, 2015) with few experimental studies available.  23 
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Despite their widespread industrial use and critical role in explosion risk mitigation, dust collectors 1 

have received comparatively less attention, and limited research has been conducted on their specific 2 

explosion characteristics. This gap underscores the need for further investigation to better assess the 3 

unique challenges associated with dust collector venting and explosion mitigation strategies. To 4 

address this knowledge gap, this study critically evaluates the performance of major explosion 5 

venting standards for dust collectors (NFPA 68, 2023; NFPA 652, 2019; EN 14491, 2012; EN 14460, 6 

2018; EN 14797, 2007; Eurocode 1 part 4, 2006) comparing theoretical predictions with experimental 7 

data available in literature.  8 

A structured approach is adopted, utilizing reduced pressure (𝑃𝑟𝑒𝑑) and the reaction force duration 9 

(𝑡𝑟) as primary indicators of explosion severity, demonstrated in Biggs (1964). By analyzing and 10 

comparing these parameters with real explosion scenarios, the study aims to assess the accuracy of 11 

current standards and identify areas for improvement. The findings of this research have direct 12 

implications for industrial safety. A more accurate understanding of dust collector explosion behavior 13 

would enable the development of improved risk mitigation strategies. Furthermore, the identification 14 

of discrepancies between standard predictions and experimental data could provide valuable insights 15 

for refining current regulations, ensuring that design criteria align more closely with real-world 16 

operational conditions.  17 

In this article, Section 2 begins by surveying the key international standards that govern explosion 18 

venting in dust collectors. Section 3 follows with a critical comparison of theoretical predictions 19 

versus experimental data for both 𝑃𝑟𝑒𝑑 and 𝑡𝑟. Section 4 then examines the results in detail and 20 

proposes a method to enhance existing guidelines. Finally, the article concludes with final remarks 21 

and recommendations, emphasizing the importance of these findings for industrial safety and the 22 

potential for refining current regulations. 23 

 24 
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Fig. 7 Sketch of a vent panel adapted from NFPA 652 (2019). 13 
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2. The Standards considered 1 

Dust explosions pose a significant hazard in industrial processes involving combustible materials in 2 

powdered form. To mitigate these risks, various technical regulations have been developed worldwide 3 

to establish criteria for explosion venting. Several international and national standards govern the 4 

design and implementation of explosion venting systems, including: 5 

o National Fire Protection Association (NFPA) (USA): NFPA 68 (2023) Standard on the 6 

fundamentals of combustible dust; NFPA 652 (2019) Standard on explosion protection by 7 

deflagration venting. 8 

o European Committee for Standardization (CEN) (Europe): EN 14491 (2012) Dust explosion 9 

venting protective systems; EN 14460 (2018) Explosion resistant equipment; EN 14797 10 

(2007) Explosion venting devices; Eurocode 1 part 4 (2006) Actions on structures – Part 4: 11 

Silos and tanks. 12 

o Verein Deutsher Ingenieurteg (VDI) (Germany): VDI 3673 Blatt 1 (2002) Druckentlastung 13 

von Staubexplosionen. 14 

o National Standards of the People's Republic of China (GB) (China): GB 15605 (2008) Guide 15 

for pressure venting of dust explosion.  16 

o Russian certification system (GOST R) (Russia): GOST R 12.3.047 (2012) Occupational 17 

safety standards system. Fire safety of technological processes. General requirements. 18 

Methods of control. 19 

While all these standards provide guidelines for explosion venting design and implementation, NFPA 20 

68 (2023) and EN 14491 (2012) are the most widely used and internationally recognized due to their 21 

comprehensive methodologies, extensive experimental validation, and adoption in industries. Their 22 

empirical and analytical approaches, based on large-scale explosion testing, make them the preferred 23 

choice for engineering design. For these reasons, this document primarily refers to them.  24 
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2.1 NFPA 68 - National Fire Protection Association 1 

The NFPA 68 (2023) standard provides comprehensive guidelines for the design and implementation 2 

of explosion venting systems. This standard is essential for ensuring safety in industrial environments 3 

where combustible gases, vapor, or dusts are present. The primary objective is to offer scientifically 4 

validated methodologies for venting deflagrations, thereby minimizing structural damage and 5 

mitigating risks to personnel. A deflagration is a combustion process characterized by a subsonic 6 

flame propagation speed, which, in enclosed spaces, can lead to rapid pressure accumulation (Biggs, 7 

1964). Without proper venting, the maximum pressures developed during a deflagration can reach 6 8 

to 10 times the initial absolute pressure, posing a significant hazard to structural integrity (NFPA 652, 9 

2019). This standard defines the deflagration index (𝐾𝑆𝑡) as a function of the maximum rate of 10 

pressure rise in a closed vessel, calculated using ASTM E1226 (2020). It also specifies the 11 

methodologies for vent sizing, based on factors such as fundamental burning velocity for gases, 𝐾𝑆𝑡 12 

and 𝑃𝑚𝑎𝑥 for dust, and equivalent mixture 𝐾𝑆𝑡 for hybrid mixtures. NFPA 68 establishes the criteria 13 

for determining the appropriate vent size 𝐴𝑉0 from: 14 

𝐴𝑉0,𝑁𝐹𝑃𝐴 = 1 ∙ 10−4 ∙ (1 + 1.54 ∙ 𝑃𝑠𝑡𝑎𝑡

4
3) ∙ 𝐾𝑆𝑡 ∙ 𝑉

3
4 ∙ (

𝑃𝑚𝑎𝑥

𝑃𝑟𝑒𝑑
− 1)

1
2
 (1) 

Where: 15 

- 𝐴𝑉0 is the vent area [m2]. 16 

- 𝑃𝑠𝑡𝑎𝑡 is the nominal static burst pressure of the vent [bar g]. 17 

- 𝐾𝑆𝑡 is the deflagration index [bar m/s]. 18 

- 𝑉 is the enclosure volume in [m3]. 19 

- 𝑃𝑚𝑎𝑥 is the maximum pressure developed in an unvented explosion [bar g]. 20 

- 𝑃𝑟𝑒𝑑 is the reduced pressure after deflagration venting [bar g]. 21 
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Eq. 1 has the following limitations: 1 

- 5 bar g ≤ Pmax ≤ 12 bar g. 2 

- 10 bar m/s ≤ KSt ≤ 800 bar m/s. 3 

- 0.1 m3 ≤ V ≤ 10,000 m3. 4 

- Pstat ≤  Pinitial + 0.75(1 + Peffective) in bar g when Pinitial is > 0.2 bar g. 5 

- Pstat < 0.75 bar g when Pinitial is < 0.2 bar g. 6 

- L/D = H/Dhe ≤ 6. 7 

Where Pinitial is the initial pressure in bar g, Peffective is the pressure increase due to turbulence and 8 

pre-compression effects in interconnected systems. When an explosion propagates between 9 

connected enclosures, the turbulence level and pre-compression can lead to a higher initial pressure 10 

in the secondary enclosure. The H/ Dhe of an elongated enclosures shall be determined based upon 11 

the general shape of the enclosure, the location of the vent, the shape of any hopper extensions, and 12 

the farthest distance from the vent at which the deflagration could be initiated. The maximum flame 13 

length along which the flame can travel, H, shall be determined based on the maximum distance taken 14 

along the central axis, from the farthest end of the enclosure to the opposite end of the vent. The 15 

effective hydraulic diameter, Dhe, for the enclosure shall be determined based on the general shape of 16 

the enclosure taken normal to the central axis how 𝐷ℎ𝑒 = 4 ∙ (
𝐴𝑒𝑓𝑓

𝑝
). Where the effective area, Aeff, 17 

shall be determined by dividing Veff by H and effective volume of the enclosure, Veff, shall be 18 

determined based on the volume of that part of the enclosure through which the flame can pass as it 19 

travels along the maximum flame length, H. 20 

The duration of the reaction force, here labeled 𝑡𝑟 (while in NFPA 68 (2023) is called 𝑡𝑓) shall be 21 

calculated according to Equation as follows: 22 
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𝑡𝑟,𝑁𝐹𝑃𝐴 = 𝑏 ∙ (
𝑃𝑚𝑎𝑥

𝑃𝑟𝑒𝑑
)

1
2

∙ (
𝑉

𝐴𝑣
) 

 

(2) 

Where: 1 

- 𝑡𝑓 is the duration of pressure pulse after vent opening [s]. 2 

- 𝑏 = 4.3 ∙ 10−3. 3 

- 𝑃𝑚𝑎𝑥 is the maximum pressure developed in an unvented explosion [bar g]. 4 

- 𝑉 is the enclosure volume [m3]. 5 

- 𝐴𝑣 is the area of vent (without vent duct) [m2]. 6 

The sizing approach accounts for variables such as moisture content, enclosure strength, and the 7 

dynamic effects of pressure rise. In terms of enclosure design, NFPA 68 requires that the reduced 8 

explosion pressure (𝑃𝑟𝑒𝑑) must not exceed two-thirds of the yield strength of the enclosure material. 9 

Additionally, the standard provides guidelines for vent closure operation, fireball dimensions, and 10 

venting effects on interconnected enclosures.  11 

2.2 EN 14491 - European Committee for Standardization 12 

The EN 14491 (2012), established by the European Committee for Standardization (CEN), provides 13 

essential requirements for designing and selecting dust explosion venting protective systems. It is a 14 

key part of a broader framework that includes EN 14797 (2007), which covers explosion venting 15 

devices, and EN 14460 (2018), which addresses explosion-resistant equipment. These standards 16 

collectively form the foundation for dust explosion mitigation strategies in industrial environments. 17 

EN 14491 outlines methodologies for vent sizing, ensuring that enclosures are adequately protected 18 

against the internal pressure effects of dust explosions. The standard considers various factors such 19 

as flame and pressure effects outside the enclosure, recoil forces, and the impact of vent ducts. 20 

Additionally, it provides guidelines for handling hybrid mixtures, which consist of both dust and 21 
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flammable gases. One of the critical aspects of EN 14491 is the calculation of the required vent area 1 

𝐴𝑉0, when 0.1 bar g ≤ 𝑃𝑟𝑒𝑑 ≤ 1.5 bar g:  2 

𝐴𝑉0,𝐸𝑁 = 𝐵 (1 + 𝐶 ∙ log
𝐿

𝐷
) (3) 

and when 1.5 bar g ≤ 𝑃𝑟𝑒𝑑 ≤ 2.0 bar g: 3 

𝐴𝑉0 = 𝐵 (4) 

Where: 4 

- 𝐵 = [3.264 ∙ 10−5 ∙ 𝑃𝑚𝑎𝑥 ∙ 𝐾𝑆𝑡 ∙ 𝑃𝑟𝑒𝑑
−0.569 + 0.27 ∙ (𝑃𝑠𝑡𝑎𝑡 − 0.1) ∙ 𝑃𝑟𝑒𝑑

−0.5] ∙ 𝑉0.753 5 

- 𝐶 = (−4.305 ∙ log 𝑃𝑟𝑒𝑑 + 0.758) 6 

Eq. 3 and E. 4 have the following limitations: 7 

- 0.1 bar g < 𝑃𝑟𝑒𝑑  ≤ 2.0 bar g; and Pred shall be at least Pstat + 2 times the tolerance range of Pstat. 8 

- Enclosures volume with 0.1 m3 ≤ V ≤ 10,000 m3. 9 

- 5 bar g ≤ 𝑃𝑚𝑎𝑥 ≤ 10 bar g for a dust specific parameter of 10 bar m/s ≤ 𝐾𝑆𝑡 ≤ 300 bar m/s. 5 bar g 10 

≤ 𝑃𝑚𝑎𝑥 ≤ 12 bar g for a dust specific parameter of 300 bar m/s ≤ 𝐾𝑆𝑡 ≤ 800 bar m/s. 11 

- Conditions prevailing inside the protected enclosure at the moment of ignition are absolute pressure 12 

≤ 110 kPa, oxygen concentration ≤ 21 %, temperature between – 20 °C and + 60 °C.  13 

- Length to diameter ratio of the vessel: 1 ≤ L/D = H/Dhe ≤ 20 14 

Which depends on parameters such as the dust explosion constant (𝐾𝑆𝑡), maximum explosion pressure 15 

(𝑃𝑚𝑎𝑥), and the reduced explosion pressure (𝑃𝑟𝑒𝑑). A conservative duration of the reaction force 𝑡𝑟 16 

shall be calculated by the following formula: 17 
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𝑡𝑟,𝐸𝑁 =
(𝐾𝑆𝑡 ∙ 𝑉 ∙ 10−4)

(𝐴𝑉0 ∙ 𝑃𝑟𝑒𝑑)
 (5) 

The standard specifies formulae for different scenarios, ensuring that the venting system is 1 

appropriately dimensioned to prevent excessive pressure buildup within the enclosure. It also 2 

introduces specific requirements for venting isolated enclosures and interconnected systems to 3 

mitigate the risk of secondary explosions. Moreover, EN 14491 emphasizes the importance of 4 

considering external and internal obstructions that may affect venting effectiveness. The placement 5 

and distribution of venting devices must be optimized to prevent hazardous conditions for personnel 6 

and nearby equipment. Additionally, the standard addresses flame propagation risks and recommends 7 

measures to limit the impact of explosions on surrounding structures. By providing a structured 8 

approach to explosion venting, EN 14491 plays a crucial role in industrial safety, helping engineers 9 

design systems that effectively control explosion hazards while maintaining operational efficiency. It 10 

is important to note that it specifies a validity range of 0.1 bar g < 𝑃𝑟𝑒𝑑  ≤ 2.0 bar g. This range was 11 

originally established through experimental campaigns and calibration efforts that did not extend 12 

below 0.1 bar g (EN 14491, 2012). Consequently, the standard does not formally endorse its vent 13 

sizing correlations for pressures lower than 0.1 bar g. However, some experimental data in our study 14 

indicate reduced pressures falling below 0.1 bar g. We chose to apply the EN 14491 equations 15 

regardless, to investigate how they behave outside the official range and whether they produce 16 

markedly different predictions. The results confirm that EN 14491 tends to lose accuracy under these 17 

conditions, which reinforces the notion that a separate, validated approach may be required for very 18 

low reduced pressures in dust collector applications. 19 

3. Comparison with real experimental data 20 

The comparison between real experimental data and the values proposed by explosion venting 21 

standards has been an active field of study for several decades. Various studies have investigated the 22 

applicability of standards such as NFPA 68 and EN 14491 by comparing their venting area predictions 23 
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with large scale explosion test in controlled environments (Simpson, 1986; Bartknecht, 1986; Siwek, 1 

1994; Bruderer, 1995; Kaelin and Prugh, 2006; Tascón et al., 2009; Tascón et al., 2011; Telmo 2 

Miranda et al., 2014; Ji et al., 2018). However, in the specific case of dust collectors, comparisons 3 

between real explosion tests and the equations provided in regulations are relatively scarce. Most of 4 

the available experimental validation date back to the late 1980s, and early 1990 (Lunn and Cairns, 5 

1985; Lunn et al., 1998), corresponding to earlier version of NFPA 68 and European standards. Given 6 

the evolution of venting technology and the introduction of updated formulations in recent editions 7 

of these standards, there is a clear need for further experimental validation focused on modern 8 

industrial dust collection systems. This section addresses that need by analyzing experiments 9 

described in Lunn and Cairns (1985), Lunn et al. (1998) and comparing them with contemporary 10 

standards, focusing on potential discrepancies between predictions and observed data. As far as the 11 

authors know, these experiments remain the only published large scale test that document both 12 

pressure evolution and duration of the reaction force in commercial dust collectors operated without 13 

external ducts or ancillary hardware. In the experiments conducted by Lunn and Cairns (1985), a 14 

commercially available dust collector, shown in Figure 8, have been studied in normal operating 15 

conditions, i.e., dust-laden air was passed through fabric filters, and accumulated dust was 16 

periodically dislodged by reverse-air cleaning pulses. Several dust types ranging from polyethylene 17 

to phenolic resins were tested under varying back-pressure levels on the filters. Ignition occurred 18 

during or immediately after these pulses, thereby forming dust clouds of different concentrations and 19 

turbulence intensities. By positioning the vent either on the top or on the side of the unit, and by 20 

changing the timing and amount of dust introduced, they measured the resulting internal 21 

overpressures for each scenario. A central focus was whether the explosion was effectively confined 22 

to the “dirty volume” (i.e., hopper and the filter region directly exposed to dust) or whether it also 23 

involved “clean” compartments that could become dusty depending on the actual operating 24 

conditions. They installed six pressures transducers, three on the dirty side and three on the clean side 25 
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of the commercial dust collectors so that over pressure on both compartments could be recorded 1 

simultaneously during normal filtration and reverse air cleaning. Although the exact sensor model 2 

was not reported. 3 
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 1 
Fig. 8 Sketch of the collector used in the experiments conducted by Lunn and Cairns (1985). 2 

In a subsequent series of experiments, Lunn et al. (1998) extended this approach by systematically 3 

examining how vent obstructions such as protective grids mounted over nominal vent openings could 4 

reduce the effective vent area. They introduced dust into two different-sized dust collectors, called 5 

UMA 250 and UMA 750, shown in Figure 9 and 10, again often during normal filtration and cleaning 6 

cycles, and measured the overpressures arising from deflagrations triggered at various positions 7 

within the units. Through these tests, they demonstrated how the presence of grids, filters, or baffles 8 

could significantly alter explosion dynamics compared to the simpler, more uniform enclosures 9 

typically used in laboratory-scale research. 10 
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 1 
Fig. 9 Sketch of the collector, UMA 250, used in the experiments conducted by Lunn et al. (1998). 2 

Lunn et al. (1998) employed TransInstruments Type 2000 G A gauges, sampled at 1 kHz for channel 3 

via a Microlink 3000 data acquisition unit and processed with FAMOS software. Sensors were again 4 

placed on both sides of the filter module allowing spatially resolved pressure profiles. This set up 5 

provided accurate peak values and dynamic trends required for validating 𝑃𝑟𝑒𝑑 and 𝑡𝑟.  6 
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 1 

Fig. 10 Sketch of the collector, UMA 750, used in the experiments conducted by Lunn et al. (1998). 2 

In evaluating these experimental setups, two key parameters were varied. The first, described in Lunn 3 

and Cairns (1985), concerns the dust collector’s internal volume, where a distinction is made between 4 

the “dirty volume,” which includes only the hopper and filter region directly exposed to dusty airflow, 5 
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and the “total or maximum volume,” which also encompasses any clean-air plenums or internal 1 

compartments that might remain dust-free under normal operating conditions. In many collector 2 

designs, filters or baffle plates effectively shield the clean side from dust; in others, reverse-air 3 

cleaning systems or turbulent recirculation can carry dust into previously clean zones, justifying the 4 

total volume approach. A second parameter of interest is the difference between the total vent area 5 

and the effective vent area. In the experiments documented by Lunn et al. (1998), a protective grid or 6 

cover often partially obstructed the nominal vent opening, resulting in an effective area that was 7 

smaller than the nominal one. These considerations provide important insights into the limitations of 8 

current vent sizing guidelines when applied to dust collectors. Both Lunn and Cairns (1985) and Lunn 9 

et al. (1998) highlighted that dust cloud formation, ignition source placement, and the presence of 10 

internal components (such as filter bags) introduce complexities not fully captured by standard 11 

correlations. Tables 1-4 report details about dust properties (𝑃𝑚𝑎𝑥, 𝐾𝑆𝑡) and the geometric 12 

characteristics of the tested dust collectors, including the nominal static burst pressure of the vents 13 

(Pstat) and the geometries of hopper and filters.  14 

Tab. 1 Characteristics of the dust used in Lunn and Cairns (1985). 15 

Dust Pmax [bar g] μ [kg/m3] KSt [bar m/s] 

Polyethylene 4.38 - 7.21 0.25 - 2.00 72 - 138 

Phenolic Resin 4.15 - 6.67 0.25 - 5.00 18 - 140 

Toner 4.45 - 7.52 0.10 - 2.00 50 - 169 

Aspirin 4.87 - 7.75 0.25 - 3.00 35 - 190 

 16 

 17 

 18 

 19 

 20 

 21 
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Tab. 2 Geometric characteristics of the dust collector used during the experiments in Lunn and Cairns (1985). 1 

Total Volume 6.73 m3 

Dirty Volume 4.23 m3 

Clean Volume 1.36 m3 

Hopper Volume 1.14 m3 

Max Volume 5.37 m3 

   

Area Top Vent 0.99 m2 

Area Side Vent 0.71 m2 

Area Total Vent 1.70 m2 

   

Pstat 0.1 bar g 

 2 

Tab. 3 Characteristics of the dust used in Lunn et al. (1998). 3 

Dust Pmax [bar] KSt [bar m/s] 

Maize Starch 8 125 - 140 

Toner 7.1 222 

Anthraquinone 8 318 

 4 

Tab. 4 Geometric characteristics of the dust collector used during the experiments in Lunn et al. (1998). 5 

UMA 250 

Dirty Volume 0.672 m3 

   

Total Area Vent 0.55 m2 

Effective Area Vent 0.28 m2 

   

Pstat 0.1 bar g 

 

 

 

  

   

UMA 750 

Dirty Volume 2.36 m3 

   

Total Area Vent 1.23 m2 

Effective Area Vent 0.63 m2 

   

Pstat 0.1 bar g 
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3.1 Pred – Reduced Pressure 1 

To evaluate the accuracy of current venting standards in predicting the 𝑃𝑟𝑒𝑑 in dust collectors, we 2 

derived it from the vent area equations provided by NFPA 68 and EN 14491. Using Eq. 1 and 3, we 3 

inserted experimental geometries data obtained from Lunn and Cairns (1985), and Lunn et al. (1998). 4 

The geometries of three dust collectors were incorporated into the equations, allowing us to obtain 5 

the predicted 𝑃𝑟𝑒𝑑 values for those vent areas according to the standards. Tab. 5 and 6 presents the 6 

results obtained: 7 

Tab. 5 Experimental observations and theoretical predictions, providing further insight into the accuracy of NFPA 68 and EN 8 

14491 for the 𝑃𝑟𝑒𝑑  when applied in Lunn and Cairns (1985). 9 

Dust 
Experiments Result Dirty Volume Result Max Volume 

Pred [bar g] NFPA 68 [bar g] EN 14491 [bar g] NFPA 68 [bar g] EN 14491 [bar g] 

Polyethylene 0.14 0.004742 0.006427 0.006781 0.008813 

Phenolic Resin 0.02 0.004515 0.005749 0.006456 0.007883 

Toner 0.09 0.007416 0.009881 0.010603 0.01355 

Aspirin 0.14 0.009657 0.012799 0.013086 0.017552 

 10 

Tab. 6 Experimental observations and theoretical predictions, providing further insight into the accuracy of NFPA 68 and EN 11 

14491 for the 𝑃𝑟𝑒𝑑  when applied in Lunn et al. (1998). 12 

UMA 250 

Dust 
Experiments Result Total Area Vent Result Effective Area Vent 

Pred [bar g] NFPA 68 [bar g] EN 14491 [bar g] NFPA 68 [bar g] EN 14491 [bar g] 

Maize Starch 0.09 0.003277 0.008813 0.012629 0.016505 

Maize Starch 0.1 0.003277 0.008813 0.012629 0.016505 

Maize Starch 0.11 0.003277 0.008813 0.012629 0.016505 

Toner 0.08 0.007308 0.009186 0.028116 0.030089 

Toner 0.082 0.007308 0.009186 0.028116 0.030089 

Toner 0.102 0.007308 0.009186 0.028116 0.030089 

Toner 0.12 0.007308 0.009186 0.028116 0.030089 

Toner 0.123 0.007308 0.009186 0.028116 0.030089 

Toner 0.13 0.007308 0.009186 0.028116 0.030089 

Toner 0.15 0.007308 0.009186 0.028116 0.030089 

Toner 0.161 0.007308 0.009186 0.028116 0.030089 

Anthraquinone 0.09 0.016878 0.021306 0.064732 0.06979 

Anthraquinone 0.1 0.016878 0.021306 0.064732 0.06979 

Anthraquinone 0.11 0.016878 0.021306 0.064732 0.06979 

Anthraquinone 0.12 0.016878 0.021306 0.064732 0.06979 
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UMA 750 

Dust 
Experiments Result Total Area Vent Result Effective Area Vent 

Pred [bar g] NFPA 68 [bar g] EN 14491 [bar g] NFPA 68 [bar g] EN 14491 [bar g] 

Toner 0.071 0.009614 0.011769 0.036507 0.038143 

Toner 0.087 0.009614 0.011769 0.036507 0.038143 

Toner 0.0124 0.009614 0.011769 0.036507 0.038143 

Anthraquinone 0.048 0.022195 0.027299 0.08395 0.088471 

Anthraquinone 0.058 0.022195 0.027299 0.08395 0.088471 

Anthraquinone 0.061 0.022195 0.027299 0.08395 0.088471 

Anthraquinone 0.066 0.022195 0.027299 0.08395 0.088471 

Anthraquinone 0.07 0.022195 0.027299 0.08395 0.088471 

Anthraquinone 0.078 0.022195 0.027299 0.08395 0.088471 

Anthraquinone 0.107 0.022195 0.027299 0.08395 0.088471 

 1 

For both studies, we aimed to demonstrate how the results of the equations varied depending on the 2 

volume and venting area of interest. Specifically, in the case of Lunn and Cairns (1985), we evaluated 3 

the differences between using the dirty volume and the maximum volume reached by the suspended 4 

dust. Additionally, we analyzed the influence of considering either the total venting area or the 5 

effective venting area from Lunn et al. (1998), in the calculations. 6 

3.2 𝒕𝒓  – Duration of the reaction force 7 

Following the assessment of 𝑃𝑟𝑒𝑑, the next step involves evaluating the duration of the reaction force 8 

𝑡𝑟 during explosion venting in dust collectors. This parameter is more important in understanding the 9 

structural response and potential impact on equipment. Using the same experimental geometries and 10 

venting conditions considered in the previous analysis, we have obtained 𝑡𝑟 from Eq. 2 and 5. The 11 

calculated values were then compared with available experimental data to assess the reliability of 12 

these standards in predicting the duration of overpressure. Table 7 and 8 present the obtained results, 13 

highlighting any discrepancies between predicted and observed values. This comparison provides 14 

insights into the adequacy of current venting standards in representing real explosion dynamics within 15 

dust collectors. 16 
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Tab. 7 Experimental observations and theoretical predictions, providing further insight into the accuracy of NFPA 68 and EN 1 

14491 for the 𝑡𝑟 when applied in Lunn and Cairns (1985). 2 

Experiments Result Dirty Volume Result Max Volume 

Polyethylene Time [s] NFPA 68 [s] EN 14491 [s] NFPA 68 [s] EN 14491 [s] 

Test-1 0.0869 0.1002 0.4177 0.1272 0.5303 

Test-2 0.1028 0.1098 0.5014 0.1394 0.6366 

Test-3 0.1082 0.1266 0.6669 0.1607 0.8466 

      

Toner Time [s] NFPA 68 [s] EN 14491 [s] NFPA 68 [s] EN 14491 [s] 

Test-1 0.0956 0.1032 0.5204 0.131 0.6607 

Test-2 0.1043 0.1106 0.5971 0.1404 0.7581 

      

Aspirin Time [s] NFPA 68 [s] EN 14491 [s] NFPA 68 [s] EN 14491 [s] 

Test-1 0.0864 0.0795 0.3367 0.1009 0.4275 

 3 

Tab. 8 Experimental observations and theoretical predictions, providing further insight into the accuracy of NFPA 68 and EN 4 

14491 for the 𝑡𝑟 when applied in Lunn et al. (1998). 5 

UMA 250 

Experiments Result Total Area Vent Result Effective Area Vent 

Toner Time [s] NFPA 68 [s] EN 14491 [s] NFPA 68 [s] EN 14491 [s] 

Test-1 0.0305 0.0346 0.1654 0.0679 0.3249 

Test-2 0.0491 0.0527 0.3847 0.1036 0.7557 

      

Anthraquinone Time [s] NFPA 68 [s] EN 14491 [s] NFPA 68 [s] EN 14491 [s] 

Test-1 0.1009 0.0428 0.3218 0.084 0.632 

Test-2 0.0536 0.041 0.2963 0.0806 0.5819 

      

Maize Starch Time [s] NFPA 68 [s] EN 14491 [s] NFPA 68 [s] EN 14491 [s] 

Test-1 0.0362 0.0446 0.1541 0.0876 0.3027 

 6 

 7 

 8 

 9 

 10 

 11 
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4. Discussion 1 

To better understand the differences between experimental findings and the predictions provided by NFPA 2 

68 and EN 14491, Tables 9-12 present the ratio between the experimental measurements and the 3 

corresponding theoretical values from each standard. Examining these ratios for both the reduced pressure 4 

𝑃𝑟𝑒𝑑 and the reaction force duration 𝑡𝑟 provides a clearer picture of how accurately each standard 5 

represents the actual explosion venting behavior in dust collectors. In line with safety considerations, we 6 

used the maximum measured overpressure for each dust type when computing these ratios. Table 9 7 

illustrates the ratios of measured 𝑃𝑟𝑒𝑑 values to those predicted by NFPA 68 and EN 14491 in the 8 

experiments conducted by Lunn and Cairns (1985). Similarly, Table 10 shows these ratios for the large-9 

scale tests reported by Lunn et al. (1998). For both sets of experiments, a ratio greater than 1 indicates 10 

that the experimentally observed 𝑃𝑟𝑒𝑑 exceeded the predicted value, suggesting that the standard 11 

underestimates the reduced pressure. Conversely, a ratio lower than 1 indicates an overestimation by the 12 

standard.  13 

Tab. 9 Ratios of maximum experimental results to theoretical predictions for the  𝑃𝑟𝑒𝑑  when applied in Lunn and Cairns (1985). 14 

Dust 
Error Result Dirty Volume Error Result Max Volume 

NFPA 68 [/] EN 14491 [/] NFPA 68 [/] EN 14491 [/] 

Polyethylene 29.52 21.78 20.65 15.89 

Phenolic Resin 4.43 3.48 3.10 2.54 

Toner 12.14 9.11 8.49 6.64 

Aspirin 14.50 10.94 10.70 7.98 

 15 

 16 

 17 

 18 

 19 

 20 
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Tab. 10 Ratios of maximum experimental results to theoretical predictions for the  𝑃𝑟𝑒𝑑  when applied in Lunn et al. (1998). 1 

UMA 250 

Dust 
Result Total Area Vent Result Effective Area Vent 

NFPA 68 [/] EN 14491 [/] NFPA 68 [/] EN 14491 [/] 

Maize Starch 33.57 12.48 8.71 6.66 

Toner 22.03 17.53 5.73 5.35 

Anthraquinone 7.11 5.63 1.85 1.72 

     

     

UMA 750 

Dust 
Result Total Area Vent Result Effective Area Vent 

NFPA 68 [/] EN 14491 [/] NFPA 68 [/] EN 14491 [/] 

Toner 9.05 7.39 2.38 2.28 

Anthraquinone 4.82 3.92 1.27 1.21 

From these tables, both NFPA 68 and EN 14491 yield ratios greater than 1. This indicates that the 2 

theoretical predictions from these standards often underestimate the reduced pressures observed in 3 

experimental setups, suggesting that their models may not fully account for the complex dynamics of 4 

dust dispersion and venting efficiency in these specific dust collector configurations. Tables 11 and 5 

12 present the ratios of measured to predicted 𝑡𝑟. Here, EN 14491 tends to produce higher ratios, 6 

meaning it typically predicts a longer force duration than what was measured experimentally. This 7 

discrepancy can become significant in certain cases, indicating that EN 14491 may overestimate 𝑡𝑟. 8 

In contrast, NFPA 68 produces ratios closer to 1 in most tests often within 15% of the experimental 9 

data, suggesting it generally provides a more accurate estimate of reaction force duration.  10 

Tab. 11 Ratios of experimental results to theoretical predictions for the 𝑡𝑟 when applied in Lunn and Cairns (1985). 11 

Experiments Result Dirty Volume Result Max Volume 

Polyethylene NFPA 68 [/] EN 14491 [/] NFPA 68 [/] EN 14491 [/] 

Test-1 0.87 0.21 0.68 0.16 

Test-2 0.94 0.21 0.74 0.16 

Test-3 0.85 0.16 0.67 0.13 

Toner NFPA 68 [/] EN 14491 [/] NFPA 68 [/] EN 14491 [/] 

Test-1 0.93 0.18 0.73 0.14 

Test-2 0.94 0.17 0.74 0.14 

Aspirin NFPA 68 [/] EN 14491 [/] NFPA 68 [/] EN 14491 [/] 

Test-1 1.09 0.26 0.86 0.20 
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Tab. 12 Ratios of experimental results to theoretical predictions for the 𝑡𝑟 when applied in Lunn et al. (1998). 1 

UMA 250 

Experiments Result Total Area Vent Result Effective Area Vent 

Toner NFPA 68 [/] EN 14491 [/] NFPA 68 [/] EN 14491 [/] 

Test-1 0.88 0.18 0.45 0.09 

Test-2 0.93 0.13 0.47 0.07 

Anthraquinone NFPA 68 [/] EN 14491 [/] NFPA 68 [/] EN 14491 [/] 

Test-1 2.36 0.31 1.20 0.16 

Test-2 1.31 0.18 0.67 0.09 

Maize Starch NFPA 68 [/] EN 14491 [/] NFPA 68 [/] EN 14491 [/] 

Test-1 0.81 0.23 0.41 0.12 

 2 

When comparing the overall performance of the two standards, EN 14491 (2012) often produces 3 

results nearer to the experimental 𝑃𝑟𝑒𝑑 measurements than NFPA 68 (2023), at least within its 4 

intended range of applicability (0.1 to 2.0 bar g). By contrast, NFPA typically aligns better with the 5 

experimentally observed durations of the reaction force. Despite these insights, the experiments 6 

referenced here were performed several decades ago. Potential uncertainties arise from the 7 

instrumentation available at the time particularly the pressure transducers’ sampling rate and 8 

sensitivity which may affect the accurate capture of both the peak reduced pressure and the reaction 9 

force duration. Variations in dust dispersion, ignition energy, and turbulence intensity across tests 10 

could also influence flame propagation and pressure development, introducing further variability. 11 

Therefore, any discrepancy between these older large-scale test results and standard equations may 12 

stem not only from shortcomings in the standards themselves but also from measurement limitations 13 

inherent in the testing procedures of that period.  14 

4.1 Proposed improvement to the Standard models 15 

The experimental results underscore certain limitations in predicting 𝑃𝑟𝑒𝑑 and 𝑡𝑟 values using the 16 

primary venting standards, especially where dust collector designs diverge from uniform enclosures 17 

such as silos. Indeed, our tests reveal substantial mismatches between measured and predicted 18 
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pressures, suggesting both underestimation and overestimation of 𝑃𝑟𝑒𝑑 and 𝑡𝑟 depending on the 1 

specific setup, dust properties, and the turbulence generated within the collector. Such discrepancies 2 

pose immediate concerns for both system safety, due to potential under-design, and cost-3 

effectiveness, due to potential over-design. To address these limitations, this study introduces a 4 

systematic method for calculating a correction factor, here called 𝛼𝑑𝑐, where the subscript 𝑑𝑐 means 5 

dust collector, designed to align experimental reduced pressures with the corresponding predicted 6 

values from NFPA and EN standards.   7 

The correction factor 𝛼𝑑𝑐 is determined through the least squares method, a widely used statistical 8 

technique for fitting a regression line to observed data points. In the present study, the method 9 

specifically minimizes the sum of the squared differences between experimental pressure values and 10 

their corresponding normative predictions according to NFPA, adjusted by the factor 𝛼𝑑𝑐. The 11 

datasets employed for calculating 𝛼𝑑𝑐 including experimental 𝑃𝑟𝑒𝑑 and 𝑡𝑟 measurements reported in 12 

real explosion tests conducted by Lunn and Cairns (1985) and Lunn et al. (1998), represented as 13 

𝑉𝑎𝑙𝑢𝑒𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙[𝑖], alongside their respective predicted 𝑃𝑟𝑒𝑑 or 𝑡𝑟 from the NFPA and EN 14 

standards, represented as 𝑉𝑎𝑙𝑢𝑒𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑𝑠[𝑖]. The formula to compute 𝛼𝑑𝑐 is as follows: 15 

𝛼𝑑𝑐 =
∑ (𝑉𝑎𝑙𝑢𝑒𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙[𝑖] ∙ 𝑉𝑎𝑙𝑢𝑒𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑𝑠[𝑖])𝑁

𝑖=1

∑ (𝑉𝑎𝑙𝑢𝑒𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑𝑠[𝑖]2)𝑁
𝑖=1

 (6) 

Where ∑ (𝑉𝑎𝑙𝑢𝑒𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙[𝑖] ∙ 𝑉𝑎𝑙𝑢𝑒𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑𝑠[𝑖])𝑖  is the sum of the product of experimental 𝑃𝑟𝑒𝑑 16 

or 𝑡𝑟 and NFPA and EN standards 𝑃𝑟𝑒𝑑 or 𝑡𝑟 for all data point 𝑖, and ∑ (𝑉𝑎𝑙𝑢𝑒𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑𝑠[𝑖]2)𝑖  is the 17 

sum of squares of predicted 𝑃𝑟𝑒𝑑 or 𝑡𝑟. Applying this factor to NFPA and EN standards predictions 18 

yields corrected predicted pressures: 19 

𝑃𝑟𝑒𝑑𝑑𝑢𝑠𝑡 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟𝑠
= 𝛼𝑑𝑐𝑃𝑟𝑒𝑑𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑𝑠

∙ 𝑃𝑟𝑒𝑑𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑𝑠
 (7) 

or predicted duration of reaction force: 20 
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𝑡𝑟𝑑𝑢𝑠𝑡 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟𝑠
= 𝛼𝑑𝑐𝑡𝑟𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑𝑠

∙ 𝑡𝑟𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑𝑠
 (8) 

Where 𝛼𝑑𝑐𝑃𝑟𝑒𝑑𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑𝑠
 and 𝛼𝑑𝑐𝑡𝑟𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑𝑠

 represent the correction factor applied to 𝑃𝑟𝑒𝑑 and 𝑡𝑟, 1 

respectively, in order to scale the standard predictions so they better align with the corresponding 2 

experimental data. The accuracy of the corrected predictions is assessed through error metrics such 3 

as the root mean square error (RMSE) and the mean absolute error (MAE). These metrics are 4 

calculated as follows: 5 

𝑅𝑀𝑆𝐸 = √
1

𝑁
∑(𝑉𝑎𝑙𝑢𝑒𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙[𝑖] ∙ 𝑉𝑎𝑙𝑢𝑒𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑𝑠[𝑖])

2
𝑁

𝑖=1

  (9) 

 6 

𝑀𝐴𝐸 =
1

𝑁
∑|𝑉𝑎𝑙𝑢𝑒𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙[𝑖] − 𝑉𝑎𝑙𝑢𝑒𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑𝑠[𝑖]|

𝑁

𝑖=1

 (10) 

The RMSE provides an indication of the magnitude of deviations between predicted and experimental 7 

values, with lower RMSE values signifying better accuracy and model fit. Conversely, a high RMSE 8 

suggests larger discrepancies and a less accurate fit. Similarly, the MAE offers a straightforward 9 

interpretation of average prediction errors, with smaller values indicating predictions that closely 10 

align with experimental observations. This method provides an essential adjustment mechanism, 11 

enhancing the accuracy of normative predictions by directly aligning them with real-world 12 

experimental outcomes. The result is a more reliable and representative approach to designing 13 

explosion protection systems for industrial applications. As an example, Tables 13 and 14 below 14 

summarize the results of this method for the dataset from Lunn et al. (1998). In addition, Figures 11-15 

18 illustrate the differences between the original and modified formulas in comparison with the real 16 

experimental data for the 𝑃𝑟𝑒𝑑 case, and a Table 15 and 16 summarizing the results for the reaction 17 

force duration 𝑡𝑟. 18 
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Tab. 13 Correction factors 𝛼𝑑𝑐  and error metrics (RMSE, MAE) for NFPA 68 and EN 14491 predictions of reduced 1 

pressure 𝑃𝑟𝑒𝑑  for Lunn et al. (1998). 2 

Correction factor for the Reduced Pressure 𝑷𝒓𝒆𝒅 

 Result Total Area Vent Result Effective Area Vent 

 NFPA 68  EN 14491 NFPA 68 EN 14491 

𝜶𝒅𝒄𝑷𝒓𝒆𝒅
 5.68 4.68 1.46 1.39 

RMSE 0.0662 bar g 0.0630 bar g 0.0696 bar g 0.0683 bar g 

MAE 0.0297 bar g 0.0255 bar g 0.0343 bar g 0.0326 bar g 

 3 

Tab. 14 Correction factors 𝛼𝑑𝑐  and error metrics (RMSE, MAE) for NFPA 68 and EN 14491 predictions of duration of 4 

the reaction force 𝑡𝑟 for Lunn et al. (1998). 5 

Correction factor for the Reduced Pressure 𝒕𝒓 

 Result Total Area Vent Result Effective Area Vent 

 NFPA 68 EN 14491 NFPA 68  EN 14491 

𝜶𝒅𝒄𝒕𝒓
 0.96 0.18 0.70 0.13 

RMSE 0.0196 s 0.1720 s 0.0181 s 0.0218 s 

MAE 0.0039 s 0.0260 s -0.0003 s 0.0110 s 

 6 

 7 

 8 

 9 

 10 

 11 

 12 
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 1 

Fig.11 Comparison of the original and 𝛼𝑑𝑐-corrected 𝑃𝑟𝑒𝑑  NFPA 68 and EN 14491 for Toner dust explosion in UMA 250  from 2 

Lunn et al. (1998) considering the total area vent. 3 

 4 

Fig.12 Comparison of the original and 𝛼𝑑𝑐-corrected 𝑃𝑟𝑒𝑑  NFPA 68 and EN 14491 for Toner dust explosion in UMA 250  from 5 

Lunn et al. (1998) considering the effective area vent. 6 

 7 

 8 
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 1 

Fig.13 Comparison of the original and 𝛼𝑑𝑐-corrected 𝑃𝑟𝑒𝑑  NFPA 68 and EN 14491 for Maize starch and Anthraquinone dust 2 

explosion in UMA 250 from Lunn et al. (1998) considering the total area vent. 3 

 4 

 5 

Fig.14 Comparison of the original and 𝛼𝑑𝑐-corrected 𝑃𝑟𝑒𝑑  NFPA 68 and EN 14491 for Maize starch and Anthraquinone dust 6 

explosion in UMA 250 from Lunn et al. (1998) considering the effective area vent. 7 

 8 
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 1 

Fig.15 Comparison of the original and 𝛼𝑑𝑐-corrected 𝑃𝑟𝑒𝑑  NFPA 68 and EN 14491 for Toner dust explosion in UMA 750 from 2 

Lunn et al. (1998) considering the total area vent. 3 

 4 

Fig.16 Comparison of the original and 𝛼𝑑𝑐-corrected 𝑃𝑟𝑒𝑑  NFPA 68 and EN 14491 for Toner dust explosion in UMA 750 from 5 

Lunn et al. (1998) considering the effective area vent. 6 

 7 

 8 
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 1 

Fig.17 Comparison of the original and 𝛼𝑑𝑐-corrected 𝑃𝑟𝑒𝑑  NFPA 68 and EN 14491 for Anthraquinone dust explosion in UMA 2 

750 from Lunn et al. (1998) considering the total area vent. 3 

 4 

Fig.18 Comparison of the original and 𝛼𝑑𝑐-corrected 𝑃𝑟𝑒𝑑  NFPA 68 and EN 14491 for Anthraquinone dust explosion in UMA 5 

750 from Lunn et al. (1998) considering the effective area vent. 6 

 7 

 8 
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Tab. 15 Comparison of the original and 𝛼𝑑𝑐-corrected 𝑡𝑟 NFPA 68 and EN 14491 for Toner and Maize starch dust explosion 1 

in UMA 250 from Lunn et al. (1998) considering the total and effective area vent. 2 

UMA 250 

Experiments Result Total Area Vent  Result Effective Area Vent 

Toner 
Time 

[s] 

NFPA 68 

[s] 

NFPA 68 

corrected 

[s] 

EN 

14491 

[s] 

EN 

14491 

corrected 

[s] 

NFPA 68 

[s] 

NFPA 68 

corrected 

[s] 

EN 

14491 

[s] 

EN 14491 

corrected 

[s] 

Test-1 0.0305 0.0346 0.033 0.1654 0.029 0.0679 0.047 0.3249 0.042 

Test-2 0.0491 0.0527 0.050 0.3847 0.069 0.1036 0.072 0.7557 0.098 

          

Maize Starch 
Time 

[s] 

NFPA 68 

[s] 

NFPA 68 

corrected 

[s] 

EN 

14491 

[s] 

EN 

14491 

corrected 

[s] 

NFPA 68 

[s] 

NFPA 68 

corrected 

[s] 

EN 

14491 

[s] 

EN 14491 

corrected 

[s] 

Test-1 0.0362 0.0446 0.042 0.1541 0.027 0.0876 0.061 0.3027 0.040 

 3 

Tab. 16 Ratios of the original and 𝛼𝑑𝑐-corrected 𝑡𝑟 NFPA 68 and EN 14491 for Toner and Maize starch dust explosion in UMA 4 

750 from Lunn et al. (1998) considering the total and effective area vent. 5 

UMA 750 

Experiments Result Total Area Vent  Result Effective Area Vent 

Toner 
Time 

[/] 

NFPA 68 

[/] 

NFPA 68 

corrected 

[/] 

EN 

14491 

[/] 

EN 

14491 

corrected 

[/] 

NFPA 68 

[/] 

NFPA 68 

corrected 

[/] 

EN 

14491 

[/] 

EN 14491 

corrected 

[/] 

Test-1 1 0.88 0.92 0.18 1.05 0.44 0.64 0.09 0.72 

Test-2 1 0.93 0.98 0.12 0.71 0.47 0.68 0.06 0.5 

          

Maize Starch 
Time 

[/] 

NFPA 68 

[/] 

NFPA 68 

corrected 

[/] 

EN 

14491 

[/] 

EN 

14491 

corrected 

[/] 

NFPA 68 

[/] 

NFPA 68 

corrected 

[/] 

EN 

14491 

[/] 

EN 14491 

corrected 

[/] 

Test-1 1 0.81 0.86 0.23 1.34 0.41 0.59 0.12 0.91 

 6 

This streamlined calibration approach, based on the 𝛼𝑑𝑐 correction factor, demonstrates that even a 7 

relatively simple adjustment can substantially improve the alignment between experimental data and 8 

the venting predictions of NFPA 68 and EN 14491 for dust collectors. The RMSE and MAE values 9 

observed in Tables 13-16 indicate that, with minimal effort, it is possible to achieve more accurate 10 

estimates of 𝑃𝑟𝑒𝑑 and 𝑡𝑟 than by relying on the original standard formulas alone. While these findings 11 

highlight the utility of a streamlined adjustment approach, comprehensive experimental validation 12 
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involving a diverse array of dust types, collector dimensions, and operational conditions is essential 1 

to establish the method's broad applicability and robustness. The authors want to denote that the 2 

correction factors presented herein were derived and validated exclusively on the experimental 3 

datasets of Lunn and Cairns (1985) and Lunn et al. (1998). The proposed factors are valid only for 4 

the geometric configurations and operating conditions represented in the referenced test campaigns. 5 

Nevertheless, they demonstrate how targeted, data-drive adjustments can incrementally improve 6 

explosion protection design enhancing safety in dust handling  systems without necessitating a 7 

wholesale revision of the current standards. 8 

5. Conclusion 9 

This study critically evaluated the accuracy of explosion venting standards NFPA 68 (2023) and EN 10 

14491 (2012) in predicting reduced pressure (𝑃𝑟𝑒𝑑) and reaction force duration (𝑡𝑟) in dust collectors. 11 

The analysis, based on comparisons with experimental data, highlighted significant discrepancies 12 

between theoretical predictions and observed values, underscoring the limitations of current venting 13 

regulations in accurately modeling explosion dynamics in dust collectors. The results revealed that 14 

NFPA 68 tends to provide better predictions for reaction force duration, particularly when considering 15 

the dirty volume or total venting area, with errors generally below 15% in most cases. Conversely, 16 

EN 14491 exhibited substantial overestimations in the prediction of 𝑡𝑟, leading to large discrepancies 17 

when compared with experimental values.  18 

These findings suggest that NFPA 68 may be more reliable for assessing the temporal characteristics 19 

of explosion-induced forces. Regarding reduced pressure (𝑃𝑟𝑒𝑑), both NFPA 68 and EN 14491 20 

demonstrated considerable deviations from experimental data. In many cases, the standards 21 

underestimated the reduced pressure, particularly when using maximum volume rather than dirty 22 

volume, indicating that current models may not fully capture the complex dynamics of dust dispersion 23 

and venting efficiency. Although the two standards yield similar results in terms of relative percentage 24 
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differences, neither provided consistently accurate predictions of 𝑃𝑟𝑒𝑑, emphasizing the need for 1 

improved venting equations and validation studies.  2 

The difference between predicted and actual results may be attributed to the fact that, unlike other 3 

storage systems such as silos, dust collectors contain complex internal geometries and are not empty. 4 

How demonstrated by Biggs (1964), Hyde D (1992), Mays and Smith (1995), UFC (2008), Cormie 5 

(2009), Hetherington and Smith (2014), several physical factors help explain why the standards’ 6 

equations can either under- or overestimate the measured explosion parameters in dust collectors. 7 

First, wave reflections within the confined geometry are amplified by the presence of filters, support 8 

frames, and other internal components that are not accounted for in simpler silo-based models. 9 

Second, filter bags or cartridges can affect flame propagation, often delaying or redirecting the 10 

combustion front compared to the more straightforward enclosures for which many standard formulas 11 

were derived. Third, partial compartmentalization can lead to non-uniform pressure build-up, with 12 

certain regions experiencing much higher turbulence levels than others.  13 

As a result, the existing correlations calculated on more open or standard vessel geometries do not 14 

consistently capture the complex internal flows and transient phenomena typical of dust collectors. 15 

This phenomenon can significantly influence explosion dynamics, leading to deviations from 16 

standard predictions.  The introduction of the 𝛼𝑑𝑐 correction factor method as a proposed solution 17 

further underscores the potential for straightforward enhancements to improve the accuracy of 18 

standard predictions. By applying this factor, which aligns predictions with real-world experimental 19 

data, we have demonstrated that even minor modifications to existing methodologies can substantially 20 

improve their effectiveness. This approach suggests a pragmatic avenue for refining explosion 21 

venting standards to better accommodate the specific needs of dust collectors, emphasizing that 22 

simple, data-driven adjustments could lead to significant advancements in industrial safety measures. 23 

The discrepancies observed in this research highlight the urgent need for further experimental 24 
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validation and refinement of current venting methodologies. The correction factors proposed in this 1 

work derived and validated solely from the full-scale tests of Lunn and Cairns (1985) and Lunn et al. 2 

(1998) and therefore apply only to geometries and operating conditions examined in those campaigns. 3 

Even within this limited envelope, however, they show that targeted, data adjustments can measurably 4 

improve explosion vent design enhancing safety and delivering mechanically and economically more 5 

efficient dust handling systems without the need to overhaul the existing NFPA or EN 14491 6 

standards. 7 

Future work should focus on incorporating large-scale explosion testing and computational modeling 8 

to enhance the predictive capabilities of NFPA 68 and EN 14491. Additionally, the integration of real-9 

world data into standard formulations could improve the accuracy and applicability of explosion 10 

venting guidelines in industrial settings. In conclusion, while NFPA 68 and EN 14491 provide 11 

essential frameworks for explosion venting design, their applicability to dust collectors requires 12 

further adjustments to ensure reliable predictions. The results of this study underscore the importance 13 

of continuous research and regulatory updates to enhance industrial safety, mitigate explosion risks, 14 

and improve the effectiveness of dust explosion venting systems.  15 
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