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This project focuses on the importance of solvent content in prewetted powders to assess their impact on ignition sensitivity and explosion severity. Various mixtures were studied, including magnesium stearate-ethanol and wheat middlings-eucalyptus oil. The mixtures were prepared by liquid granulation and then mixed in a chaotic stirrer. Their minimum ignition energy (MIE) and explosion severity were determined using a modified Hartmann tube and a 20L explosion sphere, respectively.  A statistical approach was used to model the impact of variations in fuel concentration, solvent content, and ignition energy through a Box-Behnken experimental design, confirming that adding ‘a few drops’ of a flammable liquid to a powder can significantly alter its explosive behaviour, either positively or negatively, depending on the powder’s flammability. The most influential parameter is the global fuel equivalence ratio (of both powder and solvent). Adding a small amount of solvent often tends to increase the explosion severity of mixtures, but as the proportion of liquid increases, the resulting change in particle size (agglomeration) and energy loss due to fragmentation notably moderates the mixtures’ reactivity. From a thermodynamic point of view, the vaporization of the liquid does not seem to impact the maximum explosion pressure significantly. Admixtures of prewetted powder must be subject to a thorough risk assessment. In particular, a change in explosivity class (St) must lead to a change in the vent sizing procedure and a modification of safety measures. 
Introduction
For centuries, dust and gas explosions have been recognized as a major hazard in various industrial sectors, posing significant risks to the safety of operators and facilities. Although this phenomenon has been extensively studied for dust or gas alone, hybrid gas/solid mixtures are less commonly studied (Spitzer et al., 2026; Wu et al., 2023), and even less so are mixtures of powders prewetted with flammable liquids (Hossain et al., 2014) (Dufaud et al., 2025). However, these types of mixtures have many industrial applications. Without this list being exhaustive, it is possible to mention the animal feed industry (e.g., cereals/essential oils), metallurgy (e.g., metals/cutting oils), pharmaceutical industry (e.g., excipients/solvents), biofuel production (e.g., oil cakes/hexane). Moreover, there have been several accidents caused by this type of mixture. Examples include the explosion reported by SUVA (2005) of a plastic additive mixture containing 0.5% solvent during a grinding phase, and the explosion at a waste plant in 1994 in Groß-Umstadt, Germany, due to a mixture of organic dust and phenol igniting in a knife mill (BARPI, 2026).
It is therefore legitimate to ask whether this type of mixture requires special treatment, both in terms of characterizing its explosive properties and assessing the associated risk. Hossain et al. (2014) demonstrated the presence of an explosion enhancement when solvent (methanol, ethanol, isopropanol) was added to lactose. They also showed that the mode of solvent admixture, i.e., prewetted or in gaseous phase, has a strong influence on the maximum rate of pressure rise, as confirmed by Dufaud et al. (2025). Therefore, the behaviour of prewetted powders cannot be equated with that of powder alone, nor with that of corresponding gas-solid hybrid mixtures.
This article focuses on the ignition sensitivity and explosion severity of some prewetted powders, both theoretical mixtures that provide a better understanding of the origin of their specific characteristics and mixtures intended for industrial use. It presents excerpts from a broader study examining the influences of solvent type, solvent concentration, global fuel concentration, and ignition energy on the safety parameters of such mixtures.
Materials and methods
The tests were carried out using industrial products for mixtures of academic and/or operational interest. The protocols and equipment used comply with the dedicated international standards.
Materials and wet granulation
Three powders and three solvents were selected: magnesium stearate (an excipient), ethanol and acetone, which were chosen in particular because of their use in the pharmaceutical industry; wheat middlings, and eucalyptus oil (sensory additive) which are frequently combined in the animal feed industry. Magnesium oxide was used to highlight the effect of solvent vaporization without interaction with the pyrolysis of an organic powder. However, it should be noted that some industrial applications also use mineral carriers to introduce liquids (e.g., liquid vitamins). Table 1 shows the main materials properties, especially the mean diameter d50 (Malvern Mastersizer 3000 - dry dispersion unit 2-bar). The particle size distribution (PSD) was also determined in situ, i.e., inside the standard equipment (sections 2.2 and 2.3) using a Helos particle size analyzer (Sympatec). 
Admixtures were prepared by wet granulation, i.e., by spraying a liquid on an agitated powder bed. The homogeneity of the samples was ensured by mixing them in a chaotic stirrer (Turbula) before testing. As noticed by Dufaud et al. (2025), if slight morphological changes are observable at low liquid concentrations, macroscopic agglomerates appear for solvent contents greater than 10 vol.%.
Table 1: Materials properties – d50 and combustion heat
	Materials
	Mg oxide
	Mg stearate
	Wheat mid.
	Ethanol
	Acetone
	Eucalyp. oil

	Mean diameter (µm)
	54
	6
	< 160
	-
	-
	-

	Combustion heat (MJ/mol)
	-
	40.4
	 16
	29.7
	28.6
	 40


Minimum ignition energy determination 
The Minimum Ignition Energy (MIE) of two admixtures, eucalyptus oil/wheat middlings and ethanol/magnesium stearate, was determined using a modified Hartmann tube, according to ISO/IEC 80079-20-2 (2016). The influence of solvent content on MIE was studied over a range from 0 to 10 or 16 vol.%, depending on the maximum solvent concentration permissible by the powder before caking.
Explosion severity: the 20L sphere
The maximum explosion pressure Pex and maximum rate of pressure rise dP/dtex, and therefore the Kst index and St class (from St1 to St3), were determined in accordance with ISO/IEC 80079-20-2 (2016) standard. The prewetted powder was dispersed in a 20L sphere and ignited after 60 ms using chemical igniters of energy ranging from 1 to 10 kJ. This energy range was covered by combining 1 and 5 kJ igniters. A sampling valve was added to the front of the sphere, allowing combustion gases to be collected for analysis by gas chromatography.
A design of experiments (DOE) was carried out to evaluate the effect of three criteria on the explosion severity of ethanol/magnesium stearate admixtures: the fuel concentration (dust and solvent), the solvent proportion, and the ignition energy. A Box-Behnken model was used to represent the surface response. The polynomial model was adjusted by neglecting coefficients considered insignificant, based on a repeatability study at the center of the domain and considering a confidence level of 90%.
In addition, a simple thermodynamic model was developed to assess the impact of the vaporization and combustion stages of the liquid on the maximum explosion pressure Pex. Based on mass and thermal balances in the 20L sphere, it estimates the adiabatic flame temperature by considering the heat capacity of the gaseous products at constant volume and then Pex, by applying the ideal gas law.
Results and discussion
First, the results of the DOE are presented and interpreted. In a second step, the reasons for the observed variations are analysed based on complementary experiments carried out, in particular on theoretical mixtures such as ethanol/MgO or acetone/MgO.
Design of experiments performed on ethanol/magnesium stearate mixtures
The results obtained from performing the DOE are shown in Table 2. It appears that the explosion severity of some admixtures exceeds that of the pure powder tested under the same conditions, i.e., 8.6 bar and 1040 bar/s. It should be noted that, if the effect of prewetting is weak or even negative on the maximum explosion pressure, it can be positive on the maximum rate of pressure rise. On the other hand, the explosion severity of the prewetted powders is globally lower than that of the corresponding gas/dust hybrid mixtures (Dufaud et al., 2009), which raises to 1580 bar/s for dP/dtex at 400 g/m3 magnesium stearate and 14.2 vol% ethanol. 
Table 2: Explosion severity of magnesium stearate powder prewetted by ethanol - DOE
	Ethanol (w.%)
	Fuel content (g.m-3)
	Ignition energy (kJ)
	Pex (bar)
	dP/dtex (bar/s)

	2
	60
	6
	4.5
	150

	2
	220
	6
	8.1
	1126

	9
	140
	6
	8.2
	927

	16
	60
	6
	5.0
	142

	16
	220
	6
	8.2
	1388

	2
	140
	2
	8.1
	807

	9
	60
	2
	4.6
	112

	9
	220
	2
	8.1
	1149

	16
	140
	2
	7.9
	1062

	2
	140
	10
	8.3
	946

	9
	60
	10
	5.2
	276

	9
	220
	10
	8.3
	1111

	16
	140
	10
	8.2
	1066



Figure 1 shows graphical representation of the model obtained from the DOE: the normalized coordinate ai of the actual parameter Ai is obtained as follows: 
	
	(1)


where  is the average value (e.g. 5 kJ equates to a normalized charge of -0.25). The black and red lines were arbitrarily set at 7 and 8 bar for Pex, and the limits between St1/St2 and St2/St3 classes for dP/dtex, respectively. 
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Figure 1: Graphs of the model obtained from the DOE for ethanol/magnesium stearate admixtures: a) & b) Pex and dP/dtex at constant ethanol content, c) d) & e) at constant ignition energy, f) at constant fuel concentration
Although the ignition energy is not the most influential factor, whether on the maximum explosion pressure (Figure 1a) or the maximum rate of pressure rise (Figure 1b), it would be premature to neglect its impact on the explosion severity: its effect being noticeable on dP/dtex at low or high ethanol contents (Figure 1f). As tests were performed at fuel equivalence ratio (FER) lower than unity, it seems logical that Figures 1a and 1b show a rise in the explosion severity when the fuel concentration increases. 
Figures 1c and 1d highlight the globally positive impact of the ethanol addition on the explosion severity of the admixtures. The model especially shows that at 140 g/m3, i.e., a null normalized fuel concentration, the maximum rate of pressure can be significantly increased by adding from 2 to 16 wt.% of ethanol, which could lead to a shift in the mixture classification, from St1 to St3. This evolution is also observed experimentally, with a maximum dP/dtex reached for 220 g/m3 of fuel, of which 16 wt.% ethanol, which corresponds to a Kst of 377 bar.m/s, i.e., a St3 class. It should be stressed that such evolution is observable over a wide range of operating conditions (Figure 1e). Additional tests show that the ethanol concentration has less impact if the global FER is kept constant, even if it has a more significant effect on dP/dtex than on Pex. 
Finally, Figure 1f demonstrates that at 80 g/m3 of prewetted powder and for high ignition energies, ethanol addition could reduce the admixtures’ explosion severity, which might be due to dust caking/agglomeration. At lower ignition energies (i.e., 5 kJ), additional experiments performed show a slight divergence with the model: the observed decrease in explosion severity at 6% ethanol is greater than that predicted by the model. Nevertheless, the increase in dP/dtex at high ethanol concentrations is confirmed (Figure 2).
[image: ]
Figure 2: Influences of ignition energy and solvent content on the dP/dtex of Mg stearate-ethanol mixtures
Analysis of the causes of observed variations
These results, in combination with those obtained by Hossain et al. (2014) and Dufaud et al. (2025), demonstrate that prewetting powders with combustible liquids affects their explosion severity. The phenomena governing these changes are numerous, intertwined, and sometimes antagonistic.
The addition of liquid can alter the morphology of powders through swelling or agglomeration effects (in particular, through liquid bridges). The induced agglomeration of particle size can reduce oxygen accessibility at the particle surface, on their heating dynamics, and on the energy required for their dispersion. Endothermic solvent vaporisation can also be a limiting factor (i.e., heat sink), as can an increase in fuel concentration if the powder concentration is already close to or above the stoichiometric concentration.
On the other hand, if the dust concentration itself leads to a fuel equivalence ratio much lower than unity, the adding a combustible liquid can promote the explosion severity of the mixture. Chromatographic analyses of the combustion gases were then conducted to experimentally verify the fuel/oxygen ratio. For instance, at 140 g/m3 magnesium stearate and 9 w.% ethanol, the remaining O2 concentration is around 0.5 vol.%, which confirms that the original mixture was indeed fuel-lean. However, a slight decrease in the oxygen concentration has been observed when the ignition energy increases, even for experiments without fuel (i.e., pure air at 20.9 vol.% O2): down to 19.3 vol.% at 10 kJ. This effect, which is independent of the study of premixed mixtures, must be systematically considered when determining the real FER.
A similar positive effect is expected on the ignition sensitivity, as rapid solvent evaporation will allow the lower explosive limit to be reached more quickly than by powder pyrolysis alone. Finally, during flame propagation, the expanding burnt gases tend to push the particles upstream, generating clusters of higher concentrations, which potentially reduces the yield of the explosion. The same phenomenon can lead to thermal quenching effects on the powders pushed against the wall of the sphere, decreasing the global combustion yield. As in the case of hybrid gas/solid mixtures, the addition of gaseous or easily vaporised liquid fuel helps to limit these local variations in FER. Some of these causes will be explored in the following sections.
Effect of prewetting on the particle size distribution and initial turbulence
PSD of ethanol/magnesium stearate admixtures were compared, before and during injection into the 20L sphere. Regardless of the ethanol concentration, the particle sizes are very similar due to the high shear force applied during dispersion. However, when the powders are dispersed at only 2 bar in a particle size analyzer (Mastersizer 3000), a noticeable variation in d90, from 28 to 65 µm, is observed between 5 and 16 w.% ethanol. This change due to wetting will thus not necessarily be negligible at low dispersion pressure (Dufaud et al., 2025), as for example in the Godbert-Greenwald oven or in the modified Hartmann tube.
The absence of any significant change in PSD does not mean that the mixture injection process is not affected by the presence of liquid. Tests were therefore carried out to analyze the injection kinetics of dry powders and prewetted powders in the explosion vessel; Figure 3 shows the example of magnesium oxide (MgO) and MgO/ethanol mixtures. While the increase in mass tends to alter the injection dynamics, prewetting the powders does not appear to have a clear influence, which is confirmed by additional particle image velocimetry analyses.
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Figure 3: Pressure evolution in the 20L sphere during the MgO and MgO/ethanol mixtures injection
	


Influence of the solvent nature and thermodynamic considerations
In order to focus on the influence of the nature of the solvent on the severity of the explosion, and in particular on the role of its combustion and vaporisation enthalpies, experiments were carried out on mixtures of inert powders (MgO) and acetone or ethanol. Figure 4 presents the evolution of Pex and dP/dtex as a function of the solvent content at a fuel equivalence ratio (FER) set at 0.8. Although the number of fuel moles is constant, the explosion severity reaches a maximum between 15 and 20 w.%. The decrease observed at 25 w.% can be related to the initial PSD change of the powder and the energy consumed to break the agglomerates created at such solvent concentration. On the other hand, increasing the MgO concentration (i.e., decreasing the solvent content) notably enhanced the heat sink effect, which is observable in Figure 4 (left), but also has a strong impact on the explosion kinetics (Figure 4 - right).
[image: ]
Figure 4: Evolution of the explosion severity of prewetted MgO/solvent mixtures (Pex - left; dP/dtex - right)
At the same FER of 0.8, acetone has a higher explosion severity than ethanol, which could be due to its lower enthalpy of vaporisation (i.e., 31 and 42 kJ/mol, respectively). In all cases, hybrid vapour/solid mixtures, tested using the procedure described by Heilmann et al. (2024), give higher dP/dtex than prewetted powders.
The application of the thermodynamic model leads to explosion pressure significantly lower than the observed Pex (e.g., 8.2 bar at FER for ethanol); this discrepancy is obviously due to the adiabaticity assumption. It also demonstrates that the effect of solvent evaporation accounts for only about 2% of the final pressure. The thermal sink effect due to the sensible heat of the powder becomes greater than that of solvent evaporation as soon as the powder concentration exceeds 1000 g/m3 in the specific case of MgO/solvent admixtures.
Effect of prewetting on the ignition sensitivity 
With regard to flammability limits, applying Le Chatelier's law to magnesium stearate/ethanol admixtures gives values very close to those obtained in the tests carried out (with relative deviations of around 4 to 5%).
Table 3 shows the impact of prewetting on the MIE of two liquid/solid mixtures. When the powder is not highly flammable, such as wheat middlings, adding combustible liquid tends to significantly decrease its MIE until the agglomeration of the powder prevents the mixture from being suspended homogeneously. When the dust is highly flammable, e.g., for magnesium stearate, the addition of flammable liquid may have a promoting effect on MIE but only at low concentrations, here lower than 5 w.% ethanol. As described in section 3.3, the increase in d90 due to granulation is certainly responsible for the subsequent MIE increase. 
Table 3: Influence of the flammable liquid content on the Minimum Ignition Energy
	Solvent conc.   w.% 
	0
	5
	10
	16

	MIE(Eucalyptus/wheat middlings) (mJ)
	> 1000
	540
	170
	-

	MIE(Ethanol/magnesium stearate) (mJ)
	5
	1.7
	25
	55


Conclusions
Explosion severity and MIE can be significantly modified when prewetting powders with flammable liquids. Although the global fuel equivalence ratio has a major influence, the solvent content nevertheless plays a significant role in the evolution of safety parameters. This impact can be positive, especially on less flammable powders, or negative impact, essentially on highly flammable powders, making any generalisation unsafe. The cause of these variations is to be found not so much in the heat of vaporization of the liquid as in the energy expended in breaking up agglomerates, or in the nominal or local variation in the FER.
These preliminary results highlight the importance of: a) selecting samples that are representative of the conditions encountered throughout the process (not necessarily the final and/or dried sample), b) taking into account the presence of flammable liquid whenever its concentration may represent at least 25% of the LEL in the vapor phase (ISO 60079-10-1), c) to consider the possibility that a small addition of liquid (5 w.% or less) may result in changes to the St class of the powders and therefore a potential modification of the vent sizing. 
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