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Abstract

:

Air pollution, caused by explosion and/or fire of flammable substances, is typical for the majority of technological processes, e.g., flour storage and transportation systems in the food industry. If explosion venting systems are not properly designed, an explosion might lead to many causalities, substantial losses, and significant release of combustion products into the ambient atmosphere. This article presents a study on four selected types of flours: rice flour, oat flour, cornmeal, and chickpea flour. The chosen ignition and explosion indices were determined (heat of combustion, pmax, (dp/dt)max) and TGAs were conducted. The results were used to calculate the explosion venting area according to EN 14491. Despite similar origins, samples were characterized by slightly different courses of explosion, leading to significant differences in required venting areas. Chickpea dust was found to be the most distinguishing sample with the highest values of pmax, (dp/dt)max, and KSt recorded (7.7 bar, 313.08 bar/s, and 85 mbar/s, respectively). To avoid structure failure resulting in the emission of pollutants into the atmosphere, a change in the stored flour type should be preceded by a revision of safety measures taken, as the required vent area might differ significantly depending on the KSt, L/D ratio, and desired maximum static pressure.
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1. Introduction


1.1. Dust Explosions and Changes in the Environment


The susceptibility of a dust and air mixture to ignition and explosion is one of the most pronounced fire hazards in industry which concurrently causes changes in the environment and in air composition. Explosions and dusts fires have been accompanying man since the time when he started to produce, process, store, and haul flammable materials for crushing to the form of dust. Grain silos and other agricultural devices designated for reloading or processing of products are particularly susceptible to explosions. Hence, it is necessary to learn the explosion parameters of flour dusts and to deploy new green technologies to prevent the destruction of plant infrastructure and degradation of the natural environment along with airborne contamination.



During the technological process and during its transfer, products tends to become crushed. Generally, in grain reloading devices, particles of sizes of 17 to 120 micrometers are produced [1,2]. Introduction of a volume or concentration of solid, liquid or gaseous substances to the atmosphere that are hazardous for the environment and, along with a release of thermal energy and pressure waves, is one of the main factors that cause the contamination of surrounding air. Dust or introduced energy are able to remain in the atmosphere for a certain period of time which, as a result, significantly changes the composition of air and may also cause adverse consequences for the biosphere or other environmental elements. According to the World Health Organization, dusts and combustion products form air pollution which have an adverse impact on health or is dangerous for other reasons such as a reduced visibility [3].



Dust explosion in a working place poses a serious hazard for the life and health of employees involved. Over the years, numerous events have been recorded during which dust explosions have caused the death of numerous individuals and considerable property losses. Conducted analyses on data concerning explosions of flammable dusts indicate that their highest number occurred in plants associated with the food industry [4,5,6].



Statistical data show that in the period of 1785–2012 in the USA, 1611 explosions and fires were recorded involving flammable dusts. As many as 645 (approximately 40%) of those events occurred in plants that produce foodstuffs. On the other hand, in Europe over 800 such events have been recorded, the highest number of which took place in Germany and Great Britain [7].



One of the first-ever documented events connected with the explosion of dust in the food industry was a case in 1785 in which flour exploded in a bakery in Turin, Italy. The explosion caused the bakery’s windows to shatter and damaged the building’s structure. Due to the spread of a very large amount of flour, it became airborne and a dust–air cloud formed which was then ignited by a lamp [1].



In 1878, one morning in Washburn, Minnesota, in a seven-story mill [8], three consequent explosions took place as a result of which the entire 14 person crew of the night shift lost their lives. A further four persons died due to the spread of the fire to adjacent buildings. During the investigation, it was found that the ignition of the dust cloud had been initiated due to the fact of a spark created by two insufficiently moistened millstones rubbing against each other. This incident led to the introduction of significant reforms in the milling sector in the USA, with a focus on the installation of appropriate ventilation systems and other protection devices.



Another example, which took place in April 2013 in Statesville, USA [9], was the explosion of grain dust in a mill.



Dust explosions within the food industry has been the focus of a number of studies. In one study, the explosion and flammability parameters of seven dusts—icing sugar, maize, wheat and barley grain dust, alfalfa, bread-making wheat, and soybean dust—were tested [10]. The paper discusses the factors that affect the course of explosions analyzing the maximum value of maximum rate of explosion pressure rise (dp/dt)max. The parameters were determined with the use of standardized procedures to reconstruct real industrial conditions. The most difficult factors to predict are the source of ignition or the actual initial conditions prior to the explosion in the food processing industry. Among the studied materials, icing sugar was the most sensitive material, scoring highest for ignition, while soybean dust was the least prone to ignition by a hot surface. The values of the minimum ignition temperatures of wheat grain dust and bread-making wheat were found to be the most dangerous in this context. On the other hand, the values obtained for the barley grain dust and alfalfa were the highest. Similar dependencies were observed in the case of pmax and (dp/dt)max parameters.




1.2. Conditions Required


Explosive dust–air mixtures may be formed during the storage of such raw materials such as grains, sugar, flour, transport (e.g., in bucket conveyors). This implies that an explosion may take place outside of those devices. Particular hazards are related to the formed dust deposits or in the interiors of production equipment, inside of which the flammable dust is generated, transported, relocated, processed or dried, etc. For example, as a result of sudden air swirling or an explosion inside the device, settled dust may become airborne and may form a dangerous dust–air cloud of an explosive concentration which may then become ignited from an effective ignition source. The main factors that have an impact on ignition of a dust and air mixture and force of the explosion are [11]:




	
Chemical composition of dust particles, as different chemical compounds burn in different ways, and the dimensions of dust particles, as smaller grains burn more rapidly which causes an increase in explosion parameters as the size of dust particles decreases;



	
Dust humidity, as increased moisture contents in the dusts impedes its combustion.



	
Concentration of oxygen and dust, as tthe concentration of a dust and air mixture must be above the lower explosive limit (LEL). The strongest explosion takes place at concentrations that reach the level of the stoichiometric concentration. On the other hand, an increased oxygen concentration in the surroundings will increase the hazard.








The most obvious approach to prevention of explosions is to eliminate the factors necessary to cause an explosion. In the European Union (EU), those principles have been determined in the ATEX directive and are referred to as the “principles of integrated safety”. They are deployed in the following sequences [12]:




	
Modification of the technical processes to limit the occurrence of flammable dust, particularly a quantity that would not allow the formation of a mixture over LEL;



	
Reducing the concentration of oxidizing agents in production or warehouse facilities;



	
Preventing the formation of mixed flammable dust with air (formation of a cloud);



	
Full elimination or minimizing the possibility of occurrence of effective ignition sources;



	
Limiting the range of flames and explosion pressures.



	
Adoption of means aimed at limiting the consequences of explosions, i.e., the range of flame and impact of explosion pressure.








Minimizing the consequences of explosions may be divided into the following three groups [13]:




	
Structures resistant to the explosion pressure or impact of explosion pressure;



	
Explosion venting, i.e., adoption of devices designated to reduce the pressure created as a result of the explosion and disposal of combustion products to the outside of the installations. Explosion venting systems are one of the most popular means of protection. The effective explosion requires the area of the ventilation devices to be determined. Such technical standards as the NFPA 68 and the standard EN 14491 provide guidelines and models that enable calculating the surface of the vents. There are also solutions in place which enable flameless explosion venting;



	
Insulating the protected volume [5,14] which may be executed in three ways: formation of powder barriers inside conduits; stopping the flame with the use of quick closing valves; and/or redirecting the explosion into another space (explosion channels—diverters).








The powder barrier acts by forming in the conduit of a high concentration of extinguishing powder which prevents the permeation of flame to the protected volume.



It is crucial to determine safe distances from openings in the installation through which combustion products would be released (for example, after opening of the so-called explosion vent). Empirical correlations are often used to estimate safety distances in case of dust explosions. In Europe, there are two main calculation methods available in VDI 3673 and EN 14491. The first standard (VDI 3673) introduces formulas based on experimental investigations of vented dust explosions using large vessels and estimated external explosion. The latter standard (EN 14491) describes the correlation derived from data recorded by Skjeltorp, Jenssen, and Rinnan [15]. It is based on small-scale experiments with TNT explosions in an ammunition storage facility.



Reference [16] describes the difficulties in assessing external overpressures during a dust explosion, as it is dependent on such factors as the position of the ignition source, the vent area, the volume of the vessel, the vent opening pressure (i.e., static pressure pstat), the quantity of combustible dust inside the vessel, and present obstacles which, in fact, will intensify the turbulence and, hence, affect the combustion dynamics. At the same time, obstacles present inside the vessel can cause additional compression and, therefore, lead to higher maximum explosion pressures. The author compared the outcomes of the experiments with the empirical formulas proposed by the technical standards.



There are technical standards [17,18,19] that describe the calculation method of the required venting devices depending on the type of dust, conditions of its transport, and numerous other factors.



The vent area versus reduced explosion pressure (pred) has been analyzed [20] by calculating different silo dimensions, materials (barley and wheat flour), and values of the inertia and activation pressure of the venting devices. Bursting panels, explosion doors, and light-weight concrete slabs have been tested. The results showed that increasing the venting area is not necessary for explosion doors when the silo volume is bigger or equal to 60 m3 but the mass of the venting element in relation to the vent area is lower than 20 kg/m2 considering that EN 14491 might be directly applied. For other conditions, inertia effects should be tested or, alternatively, the method outlined in NFPA 68 should be used.



The influence of the length/diameter ratio on total vent area for four different vessels with different geometries has been studied [21]. The tests were carried out with wheat flour and maize starch using the length/diameter ratio in the empirical correlations from standards EN 14491 and NFPA 68. The results showed significant differences in the outcomes of the calculations performed according to both standards. The research [21] showed that long pipes are prone to flame acceleration. A transition from deflagration into detonation is possible, with the overpressures reaching dozens bar. Therefore, the analysis of the most likely flame propagation characteristics is crucial for proper explosion safety assessment [22].





2. Materials and Methods


2.1. Materials


As described in previous sections, explosions in the food industry constitute a major challenge. There is little research published describing the impact of explosion indices on the real safety considerations. Therefore, it was decided to focus on flours of various types. A similar origin of the samples might lead to considerable differences in desired safety levels. Moreover, the samples chosen enable the adoption of the research in the food industry.



Four types of dust were used in the testing:




	
Rice flour dust;



	
Cornmeal dust;



	
Oat flour dust; and



	
Chickpea flour dust.








The tested dust came from the plant of Melvit S.A. Flour dusts were sieved through a sieve with mesh size of 63 μm. The equipment used was a laboratory sieve shaker manufactured by Multiserw Morek Company with a test sieve diameter equal to 300 mm.



Transient moisture content was determined for the test samples using a Radwag MAC-50/NH moisture analyzer.



Table 1 provides the specification used for the bulk density and transient moisture content of the tested dusts.



There was a significant difference in the determined bulk density of chickpea flour and oat flour compared to the rice flour and cornmeal.



The selection of samples depended on their availability on the market and the possibility of comparing the actual impact on explosive safety in actual conditions. This was due to the fact that production plants may change the type of stored or transported flour depending on the direction of production development arising from market conditions.




2.2. Methods


2.2.1. Testing Consistent with Standard EN 14034


Experimental testing was conducted in conformity with the following standards:




	
EN 14034-1 Determination of the maximum explosion pressure pmax of a dust cloud [23];



	
EN 14034-2 Determination of the maximum rate of explosion pressure rise (dp/dt)max of dust cloud [24];



	
EN 14034-3 Determination of the lower explosion level of a dust cloud [25].








Testing was performed with the use of a testing stand setup in conformity with the standards EN 14034. The main component of this stand was the research chamber, sphere-shaped, with a capacity of 20 dm3. The dust to be tested was inserted in the dust container with a capacity of 0.6 dm3, in which overpressure was generated at the level of 0.2 MPa. Next, through the solenoid valve, a dust dose was placed in the testing chamber through a dispersion nozzle, through which dust was dispersed throughout the entire spherical volume. From opening of the solenoid valve until ignition, there was a delay time of approximately 60 ms. Ignition was initiated by a chemical explosive which consisted of ignition heads installed inside the sphere. For needs of the determination of lower explosive limit (LEL) in conformity with the standard PN-EN 14034, use was made of one ignition head with a capacity of 2 kJ. For testing of the pmax and (dp/dt)max, two heads were used, each with a capacity of 5 kJ. The producer of the used heads was Nitroerg S.A.



A positive test result was obtained when the measured accrual of pressure inside the sphere was larger or equal to 0.5 bar. In order to determine the maximum explosion pressure pmax for the given dust, it was necessary to perform a series of tests, starting with the concentration of 250 g/m3. In subsequent trials, the concentration was increased by 250 g/m3 or reduced by 50% in relation to the previous one. Trials were repeated until the maximum explosion pressure could be determined. The maximum explosion pressure pmax of the dust clouds was determined in at least two consequent growing and decreasing concentrations for which the maximum explosion pressure pmax for those concentrations was lower. The maximum explosion pressure constitutes the mean arithmetic value of three series of measurements.



Testing of the maximum rate of explosion pressure rise (dp/dt)max of dust clouds was carried out according to the standard EN 14034-2 [24] also in a spherical testing chamber with a volume of 20 dm3. To determine the maximum explosion pressure pmax for the given dust, it was necessary to conduct a series of tests starting with the concentration of 250 g/m3. In subsequent trials, the concentration was increased by 250 g/m3 or reduced by 50% in relation to the preceding one. Trials were continued until it was possible to determine the maximum rate of explosion pressure rise. The maximum rate of explosion pressure rise (dp/dt)max of dust clouds was determined if, for at least two growing and decreasing concentrations, the maximum rate of explosion pressure rise (dp/dt)max for those concentrations was lower. The maximum rate of explosion pressure rise determined in such a way constituted the (dp/dt)max of the first series. In line with the standard, two further series of measurements should be carried out, and (dp/dt)max for the given dust was constituted by the mean arithmetic of a series of three measurements. Taking into consideration the fact that increasing the explosion pressure tends to decrease as the volume grows, and to calculate Kmax, Kst, the so-called cubic law, should be adopted to enable the correct interpolating of test results [24]:


   K  St   =  K  max   =   0.02  3  ·    (    dp   dt    )    max ,   20 l   = 0.2714 ·    (    dp   dt    )    max ,   20 l   ,  



(1)







Testing of the LEL of dust clouds were conducted in conformity with the standard EN 14034-3 [25].



To determine the LEL for the given dust, a series of tests were necessary, starting with the concentration of 500 g/m3. In subsequent trials the concentration was increased by 250 g/m3 or reduced by 50% in relation to the preceding one. Trials were continued until the lower explosiveness level could be determined. The LEL of dust clouds was determined as the highest concentration at which the test result is negative. In order to confirm the test results, two additional measurements were carried out for the concentration determined in the first series of measurements as LEL.




2.2.2. Thermogravimetric Analysis


In order to determine the characteristics of the thermal decomposition process and the process of changes that took place in the selected types of flour dusts within a pre-set temperature range, samples were tested using a TA INSTRUMENTS Q500 thermogravimeter. Flour samples, weighed at approximately 30 mg, were subjected to a thermogravimetric analysis (TGA) in the dynamic method in conformity with the standard EN ISO 11358 [26]. The measurements were performed within a temperature range of 20 °C to 800 °C at a constant heating rate of 10 °C/min. An oxidizing atmosphere (air) was obtained by maintaining a constant air flow of 90 mL/min and flow of inert gas (nitrogen) of 10 mL/min. Based on our own research, the adopted measurement precision was as follows: temperature: 1 °C; sample weight: 0.01 mg; mass loss rate: 1 °C/min.




2.2.3. Heat of Combustion


Determination of the combustion heat of the tested dusts was performed with the use of a bomb calorimeter according to the standard EN ISO 1716 [27]. A sample of selected dust, of a weight of up to 1 g, was burnt in the oxygen atmosphere at a pressure of 2 MPa, at an initial temperature of approximately 20 °C, maintained at constant volume in the calorimetric setup. Then, samples underwent complete combustion, after which the total heat released from the sample was determined in relation to its mass.




2.2.4. Vent Area Calculation


Calculation of the minimum area of explosion relieving devices was performed with the use of empirical dependencies described in the standard EN 14491.



For the needs of executing the correct calculations, several basic data were required, such as [21]:




	
The desired value of reduced explosion pressure, pred, which depends on the structural strength and in no case may be exceeded;



	
Values specifying the explosiveness of flammable dusts, first of all coefficient, KSt, and the maximum explosion pressure pmax;



	
Characteristics of the process installation, in particular the volume, V, and the length/diameter ratio (L/D);



	
Characteristics of the venting device and its activation (static) pressure pstat.








Initial values were chosen for the calculations. They were typical for some silos used in the storage of goods, such as flours or cereal grains, protected by typical devices available on the market:




	(1)

	
Explosion venting device:




	
Dimensions: 500 × 1000 mm (rectangular); geometric venting area:    A f  = 0.5    m 2   .



	
Minimal burst (gauge) pressure:    p  s t a t   = 50 ± 15   mbar  .



	
Material: steel/PTFE/stainless steel.



	
Venting efficiency of the device:    E f  = 1   (geometric venting area    A f    equal to required venting area  A ).









	(2)

	
Protected silo:




	
Pneumatic conveying with axial introduction into the silo.



	
Volume:   V = 215    m 3   .



	
Diameter of the conveying pipe:    D F  = 200   mm  .



	
Reduced explosion (gauge) pressures:    p  r e d , m a x   ∈  {  0.12    bar  ; 0.25   bar ;   0.4   bar  }   .



	
Length:   L = 6.5    m    (diameter  D  set as a variable).














To calculate the value of the relieving surface for a silo, to which material was inserted axially, the following dependencies, Equations (2)–(4), were used [18]:


  A = 0.1 · L · X  (  1 + Y · log  (  L / D  )   )  ,  



(2)






  X =  (   1   D z    ·  (  8.6 · log  p  r e d , m a x   − 6  )  − 5.5 · log  p  r e d ,   m a x   + 3.7  )  · 0.011 ·  K  S t   ·  D F  ,  



(3)






  Y = 1.0715 ·  p  r e d , m a x   − 1.27   ,  



(4)










3. Results


3.1. Explosion Parameters


The conducted trials enabled the determination of basic explosiveness parameters of the tested foodstuff dusts. Table 2 presents the results of the determined parameters for the selected dusts.



The value of pmax of three consecutive measurements did not differ more than 10%. Typically, the KSt value is determined with uncertainty lower than 20%, for KSt values between 51 and 100 bar·m/s.



While making an analysis of the obtained results of the maximum explosion pressure of flammable dusts, attention should be drawn to the fact that this is a parameter that will have a significant impact on damage if the explosion does take place. For all types of dust, positive results were recorded during the trial determination of the maximum explosion pressure. Values for pmax of the tested foodstuff dusts were within the range of 6.7 bar to 7.7 bar. The highest values for the maximum explosion pressure were recorded for chickpea flour dust. The lowest result for pmax was recorded for the cornmeal dust. The highest pmax value achieved among the dusts was 14% higher than the lowest pmax value.



The maximum rate of explosion pressure rise was determined by the rate at which the overpressure wave spreads. This parameter will also be of considerable importance for the volume of damage ensuing from explosion. Values (dp/dt)max of the tested foodstuff dusts were within the range from 186 bar to 313 bar. The highest values of the maximum rate of explosion pressure rise were recorded for chickpea flour dust. The lowest result (dp/dt)max were recorded for cornmeal. The highest (dp/dt)max value was 168% higher than the lowest (dp/dt)max value.



The lower explosiveness level defines the concentration of flammable dust which leads to an explosion hazard. This parameter is of great importance, as it critical to ensuring safe working conditions and an appropriate choice of anti-explosion protection means. The obtained LEL values were within the range of 60 g/m3 to 250 g/m3. The lowest value of the lower explosiveness level was recorded for chickpea flour dust. The highest LEL value was recorded for the cornmeal dust. The lower explosion level of chickpea flour dust was over 400% lower than that of the rice flour dust.



In general, among the tested samples, the chickpea flour dust was considered as the most dangerous in the context of explosion safety. The results showed that the optimal dust concentration for the chosen flours was found to be within the range of 750 to 1000 g/m3, i.e., the highest values of pmax and (dp/dt))max obtained. Despite the differences, all the dusts were described by the St 1 class.




3.2. TG Analysis


Table 3 lists the characteristic temperatures of the thermal decomposition of the particular samples.



The similar origin of the samples (i.e., organic foodstuffs) caused a similar course of the thermal decomposition. Only chickpea flour sample was found to have an earlier commencement of thermal decomposition (by approximately 30 K) and a lower temperature of the maximum loss rate of sample mass (by approximately 15 K).



Figure 1 presents the courses of thermal decomposition obtained during the thermogravimetric analysis, and Figure 2 shows the course of derivative values of sample mass loss over time.



Results of the conducted thermogravimetric analysis of the samples point to the complex courses of thermal decomposition. The course characterized by the biggest deviation from the other samples was found for chickpea flour which was characterized by slightly more pronounced peaks of derivatives of sample mass loss in temperatures of more than 400 and 500 °C. Consequently, the results of the thermogravimetric analysis indicate that similar explosion parameters of the samples may be expected, and, consequently, a similar required explosion safety level minimizing the risk of releasing combustion products that are hazardous for the environment. The proposed thesis is verified in the following subsections.



In general, the comparable origin of the test samples was reflected in the TGA results shown in Figure 1 and Figure 2. The recorded course of thermal decomposition, with minor exceptions, was similar for all tested samples. Slight differences were observed for the chickpea flour as reflected in the lower values of the characteristic temperatures as described in Table 3. It is supposed to correlate with a more severe course of explosion, as described in the previous section, observed for the sample in comparison to the others. Moreover, it is supposed that there might be a connection between the course of thermal decomposition and lower value of bulk density (as described in Table 1), as it will lead to better diffusion of both volatile compounds and the oxygen from/to the dust particles during the experiments.




3.3. Heat of Combustion


Values of combustion heat are presented in Table 4.



The determined values of combustion heat for the studied samples proved to be similar and are contained within a range typical for this type of samples (14 to 18 kJ/g). In general, heat of combustion might affect the course of explosion. The higher the value of the parameter, the more heat will be released during combustion. It will lead to higher pressures, resulting from higher gas temperatures. Therefore, pmax and (dp/dt)max are expected to increase together with the heat of combustion. Although the course of explosion is determined by many parameters, and the impact of heat of combustion of the samples should not be considered solely, the following results of the explosion venting area calculations show some dependencies. For the test samples, the higher the value of the heat of combustion, the higher the required explosion venting area. However, because of the low number of samples tested, this conclusion should be validated in further research, together with other explosion indices.




3.4. Vent Area Calulation


The conducted calculations depict the actual impact of the type of flour on safety conditions connected with their processing, transport or storage. The decisive factor is the required maximum reduced explosion pressure (pred, max). The results of the calculations are presented in Figure 3. The calculated explosion of venting area A over the length/diameter ratio (L/D) is presented for the different required reduced explosion pressures.



The results of the conducted calculations enable the devising of an analysis of empirical dependencies specified in the standard. A decisive parameter, on which depends the required explosion venting areas, is the required maximum reduced explosion pressure. The lower the designed value pred, max, the quicker the increase in the value of surface A for the growing relation of the container length to its diameter (L/D).



Furthermore, the presented dependencies also indicate that chickpea flour poses the greatest hazard from among the studied samples, while cornmeal is an example of a substance that poses a clearly smaller hazard. The remaining samples give rise to intermediate values. It should be borne in mind that, in the case of elongated containers (L/D = 3), the difference in the required size of the relieving surface for those samples amounted to as much as ~75% (4 m2 as compared to almost 7 m2, Figure 3a). Therefore, silo manufacturers must predict crucial operating conditions (including the explosive indices of the material stored) during the design stage to ensure safe exploitation during the whole life cycle.



Applying the above results of calculations allows controlling for the possible release of hazardous substance to the environment. On the other hand, the adoption of an insufficient relieving surface would cause an exceeding of the maximum pressure admissible for the given structure and its partial or complete destruction. In such a case, it is not easy to anticipate the consequences of this type of event or its impact on its surroundings.





4. Discussion


Results of the conducted standard-specific calculations point to the necessity of adopting a cautious approach to changes of the stored medium. As has been shown, disparities among results obtained for the tested flour types were considerable; they are, in particular, significant for lower designed values of pred,max which indicates that, in the event of an explosion, the change of stored material might not necessarily assure the desired safety level.



It ought to be emphasized that the executed calculations pertain to the required relieving surface in the defined initial conditions. In practical terms, it is also necessary to take into account the effectiveness of relieving the device being used, if it is smaller than one. This in turn implies that the effective relieving surface for such a device is lower in such a case than its nominal surface.



In the presented study, diameter D of the silo was set as a parameter for the explosion venting area calculations, whereas silo length L was fixed to 6.5 m. The calculations were conducted for L/D ratios between 1 and 3. It should be underlined, that the dimensions of silos in real applications differ widely, depending on local conditions, compatibility with existing installations, or other requirements predefined by the user. However, the chosen silo dimensions were supposed to constitute a representative example. The structures used to store flour are usually elongated with the L/D ratio higher than 1. The approach enabled us to show the impact of an increase in the L/D ratio on calculation results and was used by other authors as well [21].



The determined values of the bulk density of the test samples differed. This might be linked with the non-uniformed shape of the dusts studied. Similar conclusions were described in the literature [28].



It should be mentioned that the measurement uncertainties, typical for KSt determination, significantly influence the results of explosion venting area calculation.




5. Conclusions


The obtained results of explosiveness parameters allow for making the presumption that all the studied foodstuff dusts were characterized by an explosion hazard which was not negligible. The highest values of such parameters, such as pmax and (dp/dt)max, were recorded for the tested chickpea flour dust. Also, for this particular dust, the lowest explosion level was recorded. The lowest values of parameters pmax and (dp/dt)max were recorded for cornmeal dust; on the other hand, the LEL for this dust was found to be the highest. The tested cornmeal dust and oat flour dust achieved similar results for tested explosiveness parameters.



All studied dusts were classified to class 1 explosion hazard pursuant to the KSt constant. This means that those dusts were characterized by weak explosive properties. Based on the abovementioned results, there is a need of applying appropriate explosion protection means in those plants where production, processing, storage, and hauling of the tested dusts takes place. In addition, it is also necessary to avoid the formation of a dust and air mixture which may explode.



The results of the heat of combustion determination did not appear to be in direct relation with the obtained explosiveness parameters. Consequently, on their basis, it is impossible to relate in an unequivocal way to the real hazard level and the possibility of releasing hazardous substances into the environment.



The results obtained during the analyses of the thermal decomposition of the studied samples point to certain differences ascertained for the chickpea flour dust as compared to the remaining samples for which the obtained results were similar. Earlier commencement of thermal decomposition, as well as the lower temperature of the maximum sample mass loss, seemed to be the reason why this material obtained the highest explosion pressure parameters as well as its derivative after time.



Despite the fact that the values of the calculated indexes KSt of the studied dusts were contained within the range of 50 to 85 bar·m/s, clear differences may be ascertained in the required total surface of devices used to vent the explosion. As the desired reduced explosion pressure decreased, the abovementioned difference increased. For pred,max equal to 0.12 bar, for a sample of chickpea flour, the required relieving surface was 75% higher compared to a sample of cornmeal which may affect the necessity of modifying the silo’s structure or the device used to convey flour.



Anthropogenic emissions arising from industrial activity and traffic are considered to be the main source of air pollution; nevertheless, emission of dusts and their products of thermal and combustion products into the atmosphere should not be overlooked during emergency events and during normal operation. Dust explosions in the processing industries practically always start inside process equipment such as mills, dryers, mixers, classifiers, conveyors, and storage silos and hoppers. If the rate at which the growth of pressure takes place and the value of dust concentration indispensable to creating a hazard, including the maximum explosion pressure, is enough, such processes may be prevented among others, for example, by using relieving surfaces for those dynamic phenomena. One of the features of air pollution is the possibility of moving; hence, if the maximum increase rate of dust explosion pressure is known, it becomes possible to select ways of protecting from uncontrolled energy release, emission of dusts, and products of their thermal decomposition and combustion.



Flour storage and transportation systems are threatened by dust explosions. According to the “principles of integrated explosion safety” [12], the limitation of flame and explosion pressure range is the latest safety measure. Storage and transportation system must be designed in a way that it will withstand the overpressures created during an explosion. Therefore, the role of explosion venting is to decrease the pressure level to the desired level. On the other hand, the consequences of an inappropriate approach might be serious for the local environment. The destruction of the installation, resulting from increased static pressure pstat, will often lead to the subsequent spread of fire or, in worst case, to the domino effect. Similar disasters, resulting in many causalities, immense material losses, and enormous emission of thermal decomposition products to the atmosphere, have already been recorded, e.g., The Continental Grain elevator in Westwego (Louisiana, United States) explosion in December of 1977 [29].



Future research should focus on other safety issues connected with flour storage and transportation systems. Structure rupture and the resulting release of the combustion products to the ambient atmosphere might occur not only due to the insufficient explosion of venting areas. The explosion, if not properly vented and/or isolated, may cause detonation, especially in elongated spaces such as pipelines. Therefore, deflagration to detonation transition of the flour dusts should be studied.



The other aspect of great importance is the volatility of the dusts in the food industry. It should be kept in mind that the first principle of integrated safety requires the avoidance of the creation of an explosive atmosphere. Moreover, this knowledge should be presented to a wider audience in order to raise the awareness of relevant communities.
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Figure 1. Presentation of the courses of thermal decomposition for the particular samples. 
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Figure 2. Presentation of the courses of derivative value of sample mass loss over time. 
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Figure 3. Calculated minimum vent areas for the analyzed flour dusts depending on the required reduced explosion pressure: (a) pmax, red = 0.12 bar; (b) pmax, red = 0.24 bar; pmax, red = 0.4 bar. 
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Table 1. Characteristics of tested dust types: bulk density and contents of transient humidity.
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	Chickpea Flour
	Rice Flour
	Cornmeal
	Oat Flour





	Bulk density (g/dm3)
	340
	580
	540
	344



	Moisture content (mass%)
	9.5
	9.12
	10.02
	10.17
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Table 2. The results of the determined explosion parameters.






Table 2. The results of the determined explosion parameters.















	
	Dust Concentration for pmax (g/m3)
	Value of pmax (bar)
	Concentration for (dp/dt)max (g/m3)
	Value of (dp/dt)max (bar/s)
	LEL (g/m3)
	Value of KSt (bar·m/s)
	Dust Explosion Class St





	Cornmeal dust
	750
	7.1
	1000
	203
	125
	55
	1



	Rice flour dust
	1000
	6.7
	1000
	186
	250
	51
	1



	Chickpea flour dust
	750
	7.7
	750
	313
	60
	85
	1



	Oat flour dust
	1000
	7.0
	1000
	259
	125
	70
	1
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Table 3. Results of testing the thermal decomposition of the samples.
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	Chickpea Flour Dust
	Rice flour Dust
	Cornmeal Dust
	Oat Flour Dust





	Temperature of the beginning of thermal decomposition (°C)
	252
	288
	288
	283



	Temperature of 50% sample mass loss (°C)
	303
	302
	305
	301



	Temperature of maximum mass loss (°C)
	286
	303
	307
	299










[image: Table] 





Table 4. Delimited values of heat of combustion for the tested samples.
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	Chickpea Flour Dust
	Rice Flour Dust
	Cornmeal Dust
	Oat Flour Dust





	Heat of combustion (kJ/g)
	16.525
	14.325
	15.223
	17.252
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