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Abstract 

The work of this thesis aims at studying the explosive phenomenon of hybrid mixtures to get 

insights into the driving mechanisms and the explosion features affecting the course of hybrid 

mixture explosion. This is achieved by means of an extensive experimental study that developed in 

the following steps: 

¶ Measurement of the ignitability and the explosion severity; 

¶ Study of the flame propagation. 

The explosion experiments were performed in a 20 l Siwek bomb; instead, the flame propagation 

experiments were performed in a new equipment: a tube of 1 m length and 7x7 cm square. 

The hybrid mixture under examination was a mixture of methane and nicotinic acid in air. 

Results allow the definition of four different regimes of the gas/dust/air mixture explosion in the 

plane dust concentration vs. fuel concentration. And the flame propagation behaviour of the mixture 

gives a further contribution to the explanation of the different regimes. 

 

Key words: Hybrid mixture explosion, deflagration index, flame propagation, explosion regimes. 

 

 



Study of Hybrid Mixture Explosions - Introduction 

                                                                                                                                                               
1 

 

Chapter 1 - Introduction 

 

 

 

 

 

 

 

Every years, in the process industry, many of accidents are imputable to dust explosions which may 

cause failure to equipment, injuries and damages to people and to the surrounding environment, 

plant shut-off and, in some cases, the overall destruction of the factory, thus resulting in huge losses 

and, unfortunately, loss of lives. 

Although dust explosion hazard is well known from decades, the recurrence and the destructivity of 

these phenomena have pushed scientists towards advancement of knowledge for the aims of 

prediction, prevention and mitigation of industrial equipment. Hence international standards for 

good engineering practice have been produced worldwide. The American National Fire Protection 

Association (NFPA) [1] defines any organic powder with surface area to volume ratio greater than 

that of a 420 micron diameter sphere (i.e. particles capable of passing through a U.S. No. 40 

standard sieve) as a potential hazard [2]. Safety management and industrial specialists are nowadays 

aware of the hazard deriving from even familiar dust substances as sugar, cacao, wheat flour or 

coffee (Figure 1). 

 

Figure 1 ï Sugar can be a dangerous combustible. 

 

Despite the advancement of recent years on the comprehension of the behaviour of dust explosions, 

further knowledge is required as several aspects of this complex combustion phenomenon are still 

unclear. 
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1.1 INDUSTRIAL ACCIDENTS INVOLVING DUST EXPLOSION 

As concern dust explosions, many but not exhaustive information can be gathered from several 

either commercial or public database on industrial accidents occurred worldwide. A main source of 

data is the Major Accident Reporting System (MARS), a distributed information network for the 

Member State of the European Union. Other database are produced by IChemE in UK [3]-[4], the 

ARIA in France [5], ZEMA in Germany [6]; FACT (Failure and Accidents Technical Information 

System) in the Netherlands [7]. 

In U.S.A., the agencies involved in enumerating and reporting industrial accidents are the 

Occupational Safety & Health Administration (OSHA), the main federal agency charged with the 

enforcement of safety and health legislation, and the Chemical Safety and Hazard Investigation 

Board (CSB), an independent governmental investigative agency.  

In 2006, the CSB published an Investigation Report [8] on the typology of industries that could be 

involved in dust explosions and fire accidents. CSB investigators carried out a survey on the dust 

explosions occurred in US from 1980 to 2005, and identified 281 major combustible dust accidents 

that killed 119 workers, injured 718 others, and destroyed many of the industrial facilities. The main 

source of statistical data is the OSHA Integrated Management Information System (IMIS) database, 

a significant source of data concerned with accidents that involve either injuries or fatalities. The 

result of CBS report are shown in Figure 2.  

 

 

Figure 2 ï Distribution of combustible dust accidents by industry. 
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Dust explosions may occur at any factory that handle combustible dusts, including metal 

fabrication, plastics, furniture and wood products, pharmaceutical and chemical manufacturing. 

However, four industry sectors (food products, lumber and wood products, chemicals, and primary 

metals) account for more than an half of the total accidents. According to CSB, dust collectors are 

the equipment most often involved in an accident. To this regard, Zalosh et al. [9] reported that dust 

storage sites account for more than 40 percent of all dust explosions even if grinders, silos, hoppers, 

and mixers are often involved in accidents. 

CBS has analysed the type of materials which have caused combustible dust accidents (Figure 3).  

 

 

Figure 3 ï Distribution of combustible dust accidents by material. 

 

Wood, food-related products, and metals cover over 20 percent of explosions cases, whereas 

plastics counts for 14 percent. 

In these statistics, no attention is paid to the possibility of explosions due to contemporary presence 

of gas/vapour and dust even if combustible dusts are often dispersed in industrial equipment 

containing flammable gas or solvents. 

Bartknecht [10] defines a dust/air mixture containing flammable gases or vapour in the combustible 

atmosphere as ñhybrid mixtureò or even ñmixture of two-fold originò. An example of hybrid 

mixture explosion can be found in the accident occurred in 1997 at BPS Inc., Arkansas [11]. This 

event was most likely caused by the decomposition of a bulk sack containing the pesticide 

Azinphos methyl (AZM), which was placed close to a hot compressor discharge pipe. The heat 

from the discharge pipe caused the pesticide material to decompose giving rise to the formation of 
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flammable vapours which resulted in the explosion. Witnesses, including the fire fighters, reported 

the presence of a product or a powder in addition to smoke in this area. This suggested the 

formation of a hybrid dust/vapours mixture.  

Other examples are reported for pharmaceutical industry [12], and other ones are those reported by 

Chilworth Technology [13], also mentioned by Amyotte et al. [14] for different field of industries 

such as fine chemicals, paints and inks, and food stuffs.  

 

 

 

1.2 PREVENTING, PROTECTION AND MITIGATION  

Prevention and mitigation/protection measures are mandatory for the reduction of the risk. 

The prevention measures are concerned with the reduction of the explosion likelihood, whereas the 

protection measures are adequate to reduce the effects of the explosions. 

The prevention measures aim at avoiding the conditions that allow the formation of explosive 

mixtures and all the possible causes of ignition.  

They involve: 

Ö elimination of the dust by cleaning of working environment; 

Ö elimination of oxidant by means of suitable inerting procedures; 

Ö elimination of ignition source by avoiding free flames, hot surfaces, sparks and also installing 

appropriate electrical system for hazardous areas [15]. 

The measures to be adopted for the protection are mainly: 

Ö containment of explosion, that is the employment of equipment appropriately dimensioned to 

withstand the maximum explosion overpressure; 

Ö separation of equipment, that is installation of different apparatus in different places, or 

physical division of the operations with higher explosion risk; 

Ö explosion suppression by using appropriate extinguishing substances; 

Ö venting: it consists in a surface that can be broken against an unacceptable pressure increase. 

Venting is probably the method more extensively used to mitigate dust explosion process. These 

systems aim at preventing the generation of explosion overpressure taking place in a closed vessel 

by means of the rupture of a suitable disk. 

Important guidelines for the design of the venting area can be found in the NFPA 68 [16]. In this 

standard, the severity of a dust explosion process is based on the knowledge of explosibility 

parameters (maximum explosion pressure, PMAX , deflagration index, KSt, that will be introduced in 

the next chapters). In particular the hazard of the dust deflagrations is classified as in Table 1. 
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Table 1 ï Hazard Classes of Dust Deflagrations 

Hazard Class K St [bar m/s] PMAX [bar]  

St-1 Ò 200 Ò 10 

St-2 201 ï 300 Ò 10 

St-3 > 300 12 

 

Venting area is then calculated as a function of these explosibility parameters: 

 

( )StMAXv K,P,VfA =   (1.1) 

 

where Av is the vent area (m
2
), V is the volume of the vessel (m

3
), PMAX  is the maximum pressure 

reached during deflagration of an optimum mixture of combustible dust and air in a closed vessel 

(bar), and KSt is the deflagration index of dust cloud (bar m/s). Both PMAX  and  KSt are determined 

by means of standard test procedures [17]. 

As concern the design of vent area to mitigate hybrid mixture explosions, according to the current 

standard, the tendency is that of considering an increasing in the required relief venting area when 

the effective KSt value of most combustible dusts is raised by the admixture of a flammable gas. 

NFPA 68 [16] suggests that in the case St-1 and St-2 dusts mixed with gases with combustion 

characteristics similar to those of propane, the same equation for dust should be used, thus 

neglecting the effects of gas. 

Quite clearly, these options are loosely appropriate and can be adopted for engineering practice 

only. As matter of fact, indeed, scientific knowledge on hybrid mixture explosion is lacking. These 

aspects will be discussed in the present work. 
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Chapter 2 ï Background 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gas, dust and hybrid explosions are exothermic chemical reactions (combustion) which produce a 

fast significant increase of temperature and, in a confined vessel, of pressure. 

For the gas explosion to occur, a fuel (gas), an oxidizer and a source of ignition are required (the 

fire triangle, Figure 4a).  

When dust or hybrid explosions are considered, five requirements are needed (Explosion Pentagon, 

Figure 4b,c): 

 

1. Fuel ï combustible dust without or with any flammable gas or vapour; 

2. Oxidizer ï usually air; 

3. Ignition source; 

4. Dispersion / mixing of the combustible in the air; 

5. Confinement.  

 

When all these requirements are satisfied (i.e. a flammable mixture of dust and air in the right 

proportion and in a confined space is ignited) the explosion occurs and a propagation of the flame 

across the cloud takes place.  

The velocity and the development of flame propagation depend on several factors such as the nature 

of dust, the dust particle size, and the nature of combustion by-products.  
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Figure 4 ï Fire Triangle (a) , Explosion Pentagon (b), modified Explosion Pentagon (c). 

 

The severity of explosion is affected by several factors: chemical composition of the fuel; moisture 

content; initial pressure; ignition temperature; distributions of particle sizes and shapes of dust 

particles; agglomeration of dust particles; initial turbulence; ignition source; and the location of the 

ignition point [18]. 

The materials involved in dust explosion can be metals, composed organic, composed organic 

synthetic, coal and peat. In the case of organic dust producing volatile substances, the explosion 

occurs in three steps which follow each other in very quick succession [18]: 

Å pyrolysis/devolatilization; 

Å gas phase mixing of fuel (released by dusts) and oxidant (usually air); 

Å gas phase combustion.  

 

A dust explosions can be primarily initiate inside process equipment directly by an ignition source 

(primary explosion); or due to a primary explosion which originates pressure waves that disperses 

the dust, thus producing a secondary explosion that is often more destructive than the primary.  

Starting from this fundamental knowledge, the following section describes the hybrid mixture 

explosions. 
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2.1 HYBRID MIXTURE EXPLOSIONS 

More than one century ago, in 1885, Engler [19] observed that mixing coal dusts with methane at 

concentration even half of its Lower Flammability Limit would allow the explosion of the dust/gas 

mixture, hence producing unexpected hazardous conditions.  

Since then, many studies have been performed to reveal the origin of such behaviour and also to 

measure the ignition propensity of such dust/gas mixtures frequently named ñhybridò mixtures 

[10],[20]-[28].  

These studies focus their attention on two aspects of the characteristics of the fuel: ignitability and 

explosivity.  

The first characterizes the ability of a fuel to cause a fire or an explosion. The second represents the 

ability of an airborne fuel mixture to propagate a deflagration after it has been initiated by a 

sufficient ignition source.  

In the next paragraphs, these two aspects are presented separately and are based on the studies 

carried out in the literature. 

 

2.1.1. Ignitability 

The parameters that characterize the ease of ignition are the Minimum Ignition Temperature (MIT) , 

the Minimum Ignition Energy (MIE), the Minimum Explosion Concentration (MEC, for dusts), the 

Lower and Upper Flammability Limits (LFL and UFL, for gases) and the Limiting Oxygen 

Concentration (LOC).  

The minimum ignition temperature (MIT) is lowest temperature at which a gas/dust cloud will 

ignite under the specified conditions of test. The minimum ignition energy (MIE) is the lowest 

spark energy, which is just sufficient to effect ignition of the most ignitable mixture of a given fuel-

mixture under specific test conditions. These two parameters are particularly important because 

they determine a powdered materialôs sensitivity to various ignition sources such as hot surfaces, 

electrical or frictional sparks: the lower the MIE and MIT values, the more hazardous the powder.  

The minimum explosion concentration (MEC) is the minimum concentration of a combustible dust 

cloud that is capable of propagating a deflagration through a well dispersed mixture of the dust and 

air under the specified conditions of test. The Lower (Upper) Flammability Limit (LFL (UFL)) is 

the lowest (higher) concentration (percentage) of a gas or a vapour in air capable of producing a 

flash of fire in presence of an ignition source. Finally, The Limiting Oxygen Concentration (LOC) 

is the minimum concentration of oxygen (displaced by nitrogen) capable of supporting combustion. 
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The most extensive work on these parameters for hybrid mixtures involved the measurements of the 

lean flammability limits of coal dust with methane addition [26],[29]. For these mixtures, it was 

found that dust concentration required for flammability conditions may be predicted by Le 

Chatelierôs Law (Eq. 2.1), originally developed and adopted for homogeneous gas mixtures [30]: 

 

dust

dust

gas

gas

mix

LFL

X

LFL

X
LFL

+

=
100

 (2.1) 

 

Le Chatelierôs law was derived by considering constant flame temperature for a given class of fuels. 

In the case of methane and coal dust mixtures such temperatures are comparable and then the 

correlation is found valid. In Figure 5 other examples, for which the Le Chatelierôs law is valid, are 

shown. However, Cashdollar [27] has found some deviation from Le Chatelierôs rule when methane 

mixes with Pocahontas coal, which is characterised by low content of volatiles. Bartknecht [10] has 

also shown that if methane is admixed to PVC dust in air, the Lower Flammability Limit of the 

dust/gas/air mixture decreases with increasing the gas concentration by a second order equation 

which is known as the curve for flammability limit of hybrid mixtures (Figure 5).  

 

 

Figure 5 ï Standardized presentation of the Lower Flammability Limit of hybrid mixture consisting of combustible 

dust with flammable gas  [31]. 
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The correlation used by Bartknecht is [32]: 
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The data of Gaug, as referred by Hertzberg & Cashdollar [33], for hydrogen addition to cornstarch 

dust, also have shown significant deviation from Le Chatelierôs relationship, thus indicating that a 

higher amount of dust is required to render the system flammable with respect to that predicted on 

the basis of Le Chatelierôs Law (Figure 6). 

 

 

Figure 6 ï Lean flammability limit for hybrid mixture of hydrogen and corn starch dust [33]. 

 

Chatrathi [28] evaluated the explosibility of hybrid mixture of cornstarch and propane in a 1 m
3
 

spherical chamber. He measured hybrid lower limits of flammability for pair of fuels, observing that 

the presence of propane decreases the cornstarch MEC. Similarly, the presence of cornstarch 

decreases the lower flammable limit of propane. Moreover, he performed tests at higher 

concentration of both fuels and observed that the violence of hybrid mixture is higher than that of 

single fuel in turbulent condition. 

From all these data it turns out that if the concentration of gas or vapour and dust is respectively 

lower than Lower Flammability Limit (LFL) and Minimum Explosion Concentration (MEC), an 

explosion is however likely to occur. Moreover, a flammable gas may push into flammability 

ranges any dust of such large particle size which would otherwise been non-explosive [34]. Also, it 

can be deduced that there are different behavior depending on the nature of the specific pair of gas 

and dust.  
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2.1.2. Explosion  

When a combustible dust is dispersed in a confined or partially confined atmosphere of flammable 

gas/vapour, and ignited, an hybrid mixture explosion occurs. The severity of this explosion may be 

quantified by means of the maximum explosion pressure, PEX, and the maximum rate of pressure 

rise, (dP/dt)EX as for pure gas or dust explosion. 

The maximum explosion pressure, PEX, is the pressure in excess of the initial pressure at which the 

explosive mixture was ignited. The violence of an explosion is dependent on the rate of energy 

release of chemical reactions. For this reason, the other useful parameter is the maximum rate of 

pressure rise (dP/dt)EX related to the development of a dust explosion in a closed vessel. The rate of 

pressure rise is defined as the slope of a tangent laid through the point of inflexion (Wp) in the rising 

part of the pressure/time curve. 

The term (dP/dt)EX depends on the volume of the vessel in which the explosion occurs. In order to 

take into account the influence of the volume on the course of explosion, the deflagration index, 

KST, is defined, by means of Cubic Law, as: 
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The two parameters are typically obtained at any concentration by experimental tests which produce 

pressure/time plots as in Figure 7. 
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Figure 7 ï Pressure/time-diagram of a fuel explosion. 
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With reference to hybrid explosions, Bartknecht [31] have studied the explosibility of cellulose with 

adding methane, butane and propane. He concluded that a hybrid mixture constituted by non-

explosible dust and non-explosible gas can turn into explosible one. When gas is added, the 

maximum explosion pressure, PEX was found to have consistent increase, whereas a more dramatic 

effect was observed on the hybrid deflagration index, Kst (higher than 15% of the gas deflagration 

index KG, which is defined as in Eq. 2.3). 

Pilão et al. [20], [35] investigated the behaviour of the hybrid mixture of methane/cork (Figure 8). 

They measured explosions parameters as MEC, PEX and (dP/dt)EX for cork dust in methane/air 

mixture in a near-spherical 22.7 l explosibility test chamber, using 2500 J pyrotechnic chemical 

igniters. The mixtures investigated are constituted by a lower (40 g/m
3
) and a higher (450 g/m

3
) 

cork dust concentration and concentration of methane of 1.98  and 3.5 volume percent, i.e. below 

the LEL of methane/air mixture [22].  

 

 

Figure 8 ï Pressure history for hybrid mixture of cork (40 g/m3 and 450 g/m3) and methane (1.98 ï 3.5 %) in air in 

comparison with that of pure cork [20]. 

 

Quite clearly, the presence of methane affects both the explosion severity and the maximum 

explosion pressure for lower dust concentration, whereas both the parameters are slightly affected in 

the case of higher dust concentration.  

Dufaud et al. [36],[37],[38],[39] have studied the influence of pharmaceutical dusts excipients, 

vitamins, active principles and their associated solvent (ethanol, di-isopropyl ether, toluene) 

concentrations on maximum explosion pressure and maximum rate of pressure rise. They 

investigated three cases: i) magnesium stearate and ethanol; ii) niacin and di-isopropyl ether; iii)  

antibiotic and toluene, by using the 20 L Sphere Apparatus (see following sections) and 10 kJ due to 

chemical igniters as ignition energy. Itôs noteworthy that under thermodynamic prospective 
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considering poor dust/vapour mixtures the values of PEX correspond well enough to that obtained by 

means of adiabatic flame temperatures calculation.  

In the Figure 9, itôs possible to see that the introduction of 0.5% vol. of di-isopropyl ether increases 

the value of PEX from 7.3 to more than 8 bars at 250 g m
-3
 of niacin in approximately linear way and 

(dP/dt)EX from 685 to 1100 bar s
-1
 at the same concentration, though not linearly. So, Le Chatelierôs 

law can be applied to hybrid mixture in order to predict the maximum explosion pressure starting 

from that of pure compounds. On the other hand, the maximum value of the deflagration index is 

found for dust/gas (or dust/vapors) rather than for the pure fuels, thus concluding that there are 

more than simple additive effects on explosion severity. 

 

 

Figure 9 ï 2D projection graph of the maximum explosion pressure (left) and of the maximum rate of pressure rise 

(right) of niacin/di-isopropyl ether hybrid mixtures [39]. 

 

All the literature studies were performed in the equipment ad hoc developed for dust explosion tests 

in which ignition of the dust/air suspension is performed by using two chemical igniters of total 10 

kJ [31],[36],[37] or 2.5 kJ [20],[35]. However, the contribution of the gas in the gas/dust/air 

mixtures with respect to explosion severity and ignitability may be significantly influenced by such 

ignition energy. To this aim, Landman [40] studied the mixture of coal dust in presence of methane 

by using a 40-litre explosion vessel and analysing the explosion behaviour of explosive mixtures 

when exposed to different energy sources, i.e. volumetric ignition (pyrotechnic igniters) and point 

ignition (electric spark). The author concluded that the explosion of the same mixture initiated by 

the volumetric source behaves totally differently from that generated by the point source igniter, 

being the latter much slower and weaker. He noticed also that it is easier and more likely to initiate 

an explosion with a volumetric source because of more energy introduced with the use of 

pyrotechnic igniters. 
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Recently, Denkevits [21],[41] has studied the explosivity of the dust and its influence on the hybrid 

explosion severity of the graphite/hydrogen/air mixtures with chemical igniters (10 kJ) and with 

electric sparks in a 20-L sphere apparatus with suitable modifications. The hydrogen concentration 

is varied from 4% vol., that is the H2 LEL, to 18% vol.. The graphite dust concentrations were in the 

range from 25 to 300 g/m
3
.  

When ignited by 10 kJ chemical igniters, the overpressures reached by the H2/graphite dust/air 

mixture explosion are higher than that of hydrogen/air mixtures. More complex is the issue as 

concerning the maximum rate of pressure rise. When low dust concentrations are considered, two 

separate phases of the explosion can be distinguished: an initial phase of igniter/hydrogen explosion 

followed by a slower dust explosion phase (Figure 10). As reported by the author, the small amount 

of hydrogen acts like an additional ignition source, thus delivering additional combustion energy to 

the system. 

 

 

Figure 10 ï Pressure-time curve and its derivative for hybrid mixture of hydrogen/graphite dust [H2] = 4 vol. % Cdust = 

75 g/m3 [41]. 

 

When higher dust concentrations are considered, only one fast phase in which hydrogen and dust 

explode like a monofuel is observed (Figure 11). 
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Figure 11 ï Pressure-time curve and its derivative for hybrid mixture of hydrogen/graphite dust [H2] = 14 vol. % Cdust = 

25 g/m3 [41]. 

 

In this case, chemical igniters are strong ignition sources which overdrive the explosion and the 

phase relative to igniters is confused with that of hydrogen. For this reason, the author used also 

electric spark ignition, in order to observe the explosion behaviour when varying hydrogen 

concentration.  

When low concentration of hydrogen is considered, the graphite dust is not involved directly in the 

explosion and behaves as a heat-sink, i.e. decreasing both the maximum overpressure and the 

maximum rate of pressure rise (Figure 12). 

 

 

Figure 12 ï History of pressure for the hybrid mixture ó8 vol. % H2/100 and 200 g/m3 4 Õm graphite dustô. And for the 

pure ó8 vol. % H2/airô mixture [41]. 

 

When increasing hydrogen concentration, the hybrid explosions is characterised by two distinct 

phases. Initially, the spark triggers the hydrogen, which reacts similar to the case without dust, and 
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the dust behaves like a heat-sink. Hence, a second phase is characterised by graphite dust 

combustion (Figure 13). 

 

Figure 13 ï History of pressure for the hybrid mixture ó10 vol. % H2/75, 100 and 125 g/m3 4 Õm graphite dustô. And 

for the pure ó10 vol. % H2/airô mixture [41]. 

 

When hydrogen concentration is further increased, the hybrid mixtures explode faster than 

hydrogen alone. Indeed, in this case both dust and hydrogen react at the same time scale and enter 

in competition for oxygen. Both maximum explosion pressure and maximum rate of pressure rise 

are higher than pure hydrogen parameters. If the dust concentration reaches some level, (e.g. 75 

g/m
3
 at 16% vol. of H2), some hydrogen may remain un-burnt in the combustion products since the 

system is oxygen limited. This explains the fact that at higher dust concentration the rate of pressure 

rise is lower than that of the pure H2/air mixture (Figure 14). 

 

Figure 14 ï History of pressure for the hybrid mixture ó16 vol. % H2/75, 150 and 200 g/m3 4 Õm graphite dustô. And 

for the pure ó16 vol. % H2/airô mixture [41]. 
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Denkevits found that the use of low-energy sparks allowed the identification of different stages of 

explosion evolution at changing the hydrogen content, which cannot be deduced by the simple 

combination of the behaviour of the two components. 

Denkevits [42] has studied also an hybrid mixture of tungsten/hydrogen-air in the same 

experimental condition. In this case all mixtures always explode in one step. But this is probably 

due to the fact that fine tungsten dusts are more sensitive and can be easier ignited by hydrogen 

explosion than fine graphite dusts.  

 

From these analysed scientific works, itôs possible to confirm the complexity of the hybrid 

explosion phenomenon. In fact, the violence of an hybrid mixture explosion could be not predicted 

by means of superposition of the effects of the two separate explosions, that of the pure gas/vapour 

and that of the pure dust. Hence, several questions raise: 

Å it is not clear how the ignitability and explosibility behaviour of hybrid mixtures can be 

evaluated from those of pure compounds; 

Å and it is not yet clarified whether the dust or the gas is driving the explosion phenomena at 

changing the dust/gas ratio and the fuel/air ratio. 

Furthermore, the performance of the explosion seems different depending mainly on gas 

concentration, dust concentration, particle size and then itôs not possible to find an univocal 

behaviour that can describe the hybrid mixture phenomenon.  

Moreover, from these literature studies, it turns out that there is not systematic study able to 

quantify the role of dust and gas in driving the explosion. Eventually, it becomes essential to 

understand the mechanisms of hybrid mixture explosions by means of specific experiments with 

different dusts and gases. 

 

2.1.3. Flame propagation 

Explosion phenomenology is based on the fast, spatial propagation of a stable flame. The explosion 

severity strongly depends on the rate of flame propagation. As a consequence, a complete 

characterization of the explosion behaviour has also to deal with the study of the flame propagation. 

As concern gaseous mixture, the laminar flame propagation is associated with molecular thermal 

conductivity and diffusion as  first suggested by Mallard and Le Chatelier [43], who postulated that 

the heat transfer controls the flame propagation and the flame consists of two zones separated at the 

point where the next layer of combustible mixture ignites. This theory was later improved by 

Zeldovich and Frank-Kamenetzkii, who included the diffusion of molecules in the mechanism of 
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propagation of the flame. Their theoretical derivation was presented in detail by Semenov [44] and 

Glassman [30].  

If considering a tube with both ends open, assuming a flame front as a geometrical surface of zero 

thickness and a coordinate system co-moving with the flame front, the unburned fuel mixture 

moves into the flame front with velocity Sl (the laminar burning velocity) and the combustion 

products flow out of the flame front with velocity Sb. A relation exists between Sl and Sb for a plane 

flame front obtained by the condition of conservation of the total mass flux: the total mass of gas 

entering the flame per unit area of the front must be equal to the mass of combustion products 

leaving this surface downstream: 

 

bblu SS Ö=Ö rr   (2.4) 

 

where ɟu and  ɟb are the densities of the initial unburned mixture and combustion products [45].  

The measure of the laminar burning velocity can be done by means of the burner method or tube 

method.  

The burner system consists of a tube in which the fuel passes and reaches the top part in which the 

annular space separating the flame from the burner edge provides a continuous ignition source and 

anchors the flame to burner. In this way is guaranteed the stability of the flame.  

The tube system [46] consists of a transparent, semi-open tube in which the ignition system is 

installed at the open end of the tube. With this last apparatus, two different methods can be used: the 

ñtubeò method and the ñdirectò method. 

In the ñtubeò method, the laminar burning velocity, S1, is calculated according to the method of 

Andrews and Bradley [47]  
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where Sfl is the flame velocity, A' is the projected flame area on a plane perpendicular to the 

direction of flame propagation and Afl  is the surface area of the flame front. The flame velocity Sfl  

is calculated as the prime derivative of the distance between the flame front and the ignition point 

(Öx/Öt) and in this method is considered uniform over the tube cross section. 

In the ñdirectò method, a local burning velocity is  evaluated. More specifically, the laminar burning 

velocity is directly derived from its definition: 
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where S
C

 is the flame speed, n
C

 is the unit vector normal to the flame front at the point under 

consideration and U
C

 is the flow velocity (vector). The experimental determination of Sl with this 

method is very difficult because the evaluation of the quantities have to be sufficiently accurate and  

U
C

 has to be determined very close to flame front [46]. 

The definition of laminar burning velocity of the dusts is essentially similar to that of gases [48] 

even if, quite clearly, the flame propagates in heterogeneous medium [49]. Hence, two types of 

flames [50] depending on the nature of the dusts [18] are observed. The first is the Nusselt type 

flame, where chemical reaction takes place in heterogeneous phase and is controlled by diffusion of 

oxygen to the surface of individual, solid particles. The second type is the volatile flame, where the 

rate of gasification, pyrolysis, or devolatilization is the controlling process and the chemical 

reaction takes place mainly in the homogeneous gas phase. Quite clearly, in this case the volatility 

of the dust becomes an essential parameter since affects the flame propagation behaviour [51],[52]. 

Most organic dust explosions are characterised by volatile flame type.  

As cited previously, dust explosion needs a dispersion phase before ignition. To this aim, some 

grade of turbulence is necessary. But turbulence affects the measure of the laminar burning velocity 

[53]-[55]. These effects should be taken into account when evaluating laminar burning velocity of 

dusts. Several studies on the flame propagation for the dusts have been carried out 

[56],[46],[48],[49],[53]-[63] mainly by using tube method, but however the knowledge on the 

fundamental mechanism of flame propagation in dust-air mixtures is still lacking.  

Quite clearly, even less works concern hybrid mixtures [64]-[66]. Bradley et al. [64] studied the 

laminar burning velocities of methane-air-graphite mixtures in comparison with fine coal dusts by 

using a burner. They demonstrate that in the dust explosion process the pyrolysis/devolatilization 

step is very fast and the combustion occurs substantially in the gas phase.  

Liu et al. [65] and Chen et al. [66] studied the flame propagation of an hybrid mixture of methane 

and coal dust in a combustion chamber (tube method).  Their results are shown in Figure 15. The 

results show that the flame propagates first at constant speed for few initial milliseconds; then it has 

an acceleration, reaches a maximum and then reduces. At its apex, the flame propagation speed 

reaches value of about 14 m/s, that is much higher than that of single-coal dust flame (2 - 3 m/s 

[67]) and itôs much higher also respect other dust flames [60]-[62]. 
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Liu et al. have explained that the much faster flame propagation speed is due to heat released by the 

methane which expands combustible products.  

 

 

Figure 15 ï Relationship between the distance from the ignition point and arrival time of the flame front; coal dust 

concentration: 127 g/m3 [65]. 
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Chapter 3 ï Aim of the work 

 

 

 

 

 

 

The present work aims at studying the explosive phenomenon of hybrid mixtures to get insights into 

the driving mechanisms and the explosion features affecting the course of hybrid mixture explosion. 

This is achieved by means of an extensive experimental study that developed in the following steps: 

¶ Measurement of the ignitability and the explosion severity; 

¶ Study of the flame propagation. 

 

3.1 ACTIVITIES  

The study involved several activities: 

1. The explosion experiments were performed in a 20 l Siwek bomb at Institute of Combustion 

Research (IRC) of Consiglio Nazionale delle Ricerche (CNR) of Naples and at Dipartimento 

di Ingegneria Chimica of the Università degli Studi di Napoli Federico II (DIC ï UNINA)  of 

Naples. 

2. The flame propagation experiments have been performed in a new equipment. It is a tube of 

1 m length and 7x7 cm square available at the Laboratoire Réactions et Génie des Procédés 

(LRGP) at Ecole Nationale Superieure des Industries Chimiques (ENSIC) of Institut national 

polytechnique de Lorraine (INPL) of Université of Nancy, France. 
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Chapter 4 ï Experimental Apparatus and Methodology 

 

 

 

 

 

 

 

4.1 APPARATUS 

4.1.1 Explosion severity tests 

The explosion severity experiments are performed by using the standard 20 l sphere apparatus 

(Figure 16) manufactured by Adolf Kühner AG (CH), with rebound nozzle introduced by Siwek 

[68].  

The tests are performed in accordance with the ASTM Method E 1226 (2000) [17], National Fire 

Protection Association (NFPA) Standard 68 (1994) [16], German Society of Engineers (VDI) 

Method 3673 (1995) [69], and International Standards Organization (ISO) Method 6184/1 [70]. 

 

 

 

Figure 16 ï Siwek 20 l spherical vessels for the determination of dust explosion parameters [71]. 

 

The kernel of test facility is a spherical explosion chamber, made of stainless steel and rated to 

resist at 30 bar static pressure. A water jacket surrounds the spherical bomb for the control of the 

internal wall temperature. 
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A flange on the top of combustion chamber allows for the insertion of two electric rods, in order to 

reach the centre of the sphere for the igniters; the ignition is performed by either chemical igniters 

or electric spark (Figure 17). 

 

    

Figure 17 ï Chemical igniters (left) and spark electrodes (right). 

 

The chemical ignition is obtained by using two pyrotechnic capsules composed of 40 wt% 

zirconium, 30 wt% barium nitrate and 30 wt% barium peroxide. The igniters are activated 

electrically by low-voltage source and provides a dense cloud of hot dispersed particles and very 

little gas as by-product. The international standards require typically an energy of 10 kJ. 

For the electric spark ignition, two electrodes are located at the centre of the sphere. A spark is 

produced by supplying 15 kV, 30 mA by means of  Kühner, KSEP 320, high voltage trasformer. 

The spark electrodes are two rounded tungsten rod (diameter 2 mm) whose tips are spaced at the 

standard distance of 6 mm. 

At the bottom side of the bomb, the outlet valve V2 (Figure 16) is installed. The outlet valve is 

connected to a rebound nozzle (Figure 18) placed at the bottom of the bomb for the dispersion of 

the dust/air mixture. The outlet valve is operated by means of an electro-pneumatic system. 

 

 

Figure 18 ï Rebound nozzle. 

The input section of the outlet valve is connected to the sample container SC (VSC = 0.6 liter), by 

means of which the dust is dispersed in the sphere: the container loaded with dust is pressurized 

using compressed air at 20 barg.  

At the right side of the bomb, two piezoelectric transducer PT1, PT2 (Kistler Type 701A) are 

mounted. Because the piezoelectric pressure transducers are heat-sensitive, their membranes are 
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protected by silicon rubber of approx. 2 mm thickness. The use of two completely independent 

measuring channels gives good confidence against erroneous measurements and allows for self 

checking. 

The sphere is connected at right side with a vacuum line. It is used both to pre-evacuate the sphere 

and feed the gas mixture. The vacuum outlet is connected to vacuum pump (Vacuubrand RZ9) 

providing -0.8 barg (for hybrid mixture test) or -0.6 barg (for dust test) evacuation pressure. A 

pressure transmitter, Dwyer Series 626, M, is used to measure the evacuation pressure. The 

measurement range of the transmitter is 0 ï 3 bar, the accuracy is 0.25% full scale.  

The gas mixtures in the chamber are prepared by the partial pressure method; for this reason the 

vacuum line is linked, by means of two valves, V3 and V4, respectively with air and with the 

flammable gas cylinder. 

All the timing sequences and the acquisition of the pressure signals are performed by means of the 

electronic module KSEP 332, which is interfaced by a desktop computer for the remote control of 

the system. The system is also connected to a re-circulating crio-thermostat for the temperature 

control (Julabo CF31). In all runs water is used as cooling fluid, at 25 °C. 

Explosibility tests were then performed on the dusts, gas and respective hybrid mixtures, evaluating 

the fundamental parameters, maximum explosion pressure and deflagration index. 

For the aims of studying hybrid mixture explosions, it was necessary implementing and modifying 

the sphere apparatus. In Figure 19, a schematic sheet of the system is shown. 

 

Figure 19 ï Scheme of 20 L Sphere Apparatus System [41] adapted for hybrid mixture explosions. 
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4.1.2 Flame propagation  tests 

The flame propagation experiments are performed in a square tube 7 cm side, about 1 m length 

(Figure 20). 

 

 

Figure 20 ï Tube for flame propagation tests. 

 

This tube has a volume of 4.9 L and has two opposite walls made of glass and two opposite wall 

made of stainless steel. 

The combustion chamber is mounted vertically. A removable vent is located at the top of the tube. 

At the bottom, the tube is attached to a metal base equipped with a dispersion cup. The upper 

portion of the dispersion cup is nearly hemispherical in shape. The dust placed in the bottom cup 

prior to the test is dispersed by an air blast from a 0.05 l reservoir powered with a mushroom shaped 

nozzle at the pressure of about 7 bar, impinging on it in the bottom of the dispersion cup, in order to 

generate a homogeneous cloud. 

Dispersing air is controlled by a 1ù2-in. (12.7-mm) full port, electrically operated solenoid valve. 

The ignition of the dust cloud is obtained by means of a continuous spark between two 2 mm 

diameter tungsten rods with a spark gap of 6 mm, located near the closed bottom end of the tube. 

The power for the igniting spark generation is obtained from a charged capacitor. [72],[73],[74] 

The tube is connected also with a vacuum line. The vacuum outlet is connected to vacuum pump 

(Alcatel PASCAL 2005SD). A pressure transmitter is used to measure the evacuation pressure and 

used to prepare gas mixture in the chamber by partial pressure method. For this reason the vacuum 

line is linked by means of a valve to a pre-mixing chamber of about 0.6 l of volume, connected by 

means of other two valves with an air bottle and a flammable gas bottle. 



Study of Hybrid Mixture Explosions ï Chapter 4 ï Experimental Apparatus and Methodology 

                                                                                                                                                               
26 

A PHANTOM v91 camera is used to record ignition of dust cloud with a frame rate of 2000 fps 

(period: 500.00 ɛs) and exposure of about 490 ɛs. 

All the timing sequences and the ignition system are controlled remotely by means of electronic 

system adapted from Hartman tube apparatus [72]. The high speed video camera is directly 

connected to specific PC by Gigabit Ethernet cable for camera control, image transfer and final 

acquisition.  

A simple scheme of the system is showed in Figure 21. This scheme is similar to that for the 

standard Hartmann tube test [72], the differences are in the introduction of some line for the 

vacuum and for the supplying of gas. 

 

 

Figure 21 ï Modified scheme of Flame Propagation Experiment System [72]. 

 


























































































































































