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Abstract 

In the context of assessing hydrocarbon mist ignition sensitivity and explosion severity, an 

original test method is proposed, focusing on kerosene JetA1 mists but is applicable to other 

hydrocarbons. Experiments were carried out in a modified apparatus based on the 20L 

explosion sphere. Fine control of the gas/liquid ratio and flow rates, the mist concentration, and 

the ignition energy and duration, was ensured by a specifically customized control system 

guaranteeing the flexibility and compliance of the test apparatus. The droplet size distribution 

(DSD) and the level of turbulence of the JetA1 mist cloud were first determined by an in-situ 

laser diffraction sensor and by Particle Image Velocimetry, respectively. The lower explosive 

limit (LEL), the minimum ignition energy (MIE), the limiting oxygen concentration (LOC), the 



maximum explosion overpressure (Pmax), and the maximum rate of pressure rise (dP/dtmax) were 

then determined for different mist concentrations, ambient temperatures, initial turbulence 

levels, energies, and DSD.  

Tests showed that the LELmist of JetA1 mists of an average diameter of 8 µm is around 94 g/m3, 

a value which increases to 220 g/m3 with increasing DSD. This value also tends to decrease 

considerably with increasing temperatures. Moreover, at a JetA1 concentration of 125 g/m3, 

Pmax and dP/dtmax as high as 6 bar and 192 bar/s respectively were reached, the latter increasing 

to about 480 bar/s at T = 60 °C. These mists were shown to be ignitable using energies as low 

as 200 mJ, which is lower than that of vapors at low temperatures, and a limiting concentration 

of oxygen of 15.8 %v/v. The potential presence of hydrocarbon mist should therefore be an 

element that requires reconsidering the classification of hazardous areas. Finally, to stress the 

influence of the vapor-liquid ratio present in the cloud before ignition on the combustion 

kinetics, an evaporation model based on the d2-law was developed estimating the evaporation 

time and the vapor quantity at different initial temperatures or droplet diameters.  

Findings were shown to be well coherent allowing the proposition of a new technique for 

determining hydrocarbon mist safety criteria. Finally, results have shown that JetA1 mists can 

ignite at temperatures below the liquid’s flashpoint under varying turbulence levels and droplet 

size distributions.  
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Nomenclature 

α Significance level Pmax Maximum explosion overpressure 

BT, BM Thermal and mass transfer Spalding 

numbers 

PIV Particle Image Velocimetry 

CEA Chemical Equilibrium with Applications Q Combustion enthalpy 

Cp Heat capacity r Droplet radius 

do Orifice diameter Re Reynolds number 

DSD Droplet size distribution ρ Density 

dP/dtmax Maximum rate of pressure rise s Skewness 

dx Representation diameter where x% of the 

distribution has a smaller droplet size 

Sc Schmidt number 

Δ Span factor SMD Sauter mean diameter 

E(t) Expected value of the quantity t T Temperature  

Φ Fuel equivalence ratio tinj Injection time 

HAC Hazardous Area Classification u, v Horizontal and vertical velocity 

k Kurtosis v Velocity 

K Evaporation rate constant V Initial jet velocity 

La Laplace number We Weber number 

LEL Lower explosive limit xi Molar fraction of species i 

Le Lewis number Y Mass fraction 

LOC Limiting Oxygen Concentration Indices

Lv Enthalpy of vaporization l Liquid

λ Thermal conductivity  g Gas / air

µ Viscosity  v vapor

MIE Minimum ignition energy d droplet

�̇ Mass flowrate s Stoichiometry

N Number of droplets rms Root-mean-square

Oh Ohnesorge number ∞ Surrounding gas environment

1 Introduction 

Fortunately, explosions are rare but frequently destructive and are subject to sustained attention 

during risk analyses. Therefore, the attention of prevention officers and legislators has long 

been focused on the risks presented by the generation of clouds of flammable vapors or gases, 

as well as on the dispersion of combustible powders. However, accidental explosions are not 

limited to these two states of matter, solid and gas, and liquids dispersed as mists can also cause 

explosions.  



In process safety, the identification of hazards related to the potential generation of mists is 

much less straightforward than for gases and vapors. Thus, the mere presence of the liquid is 

not sufficient to consider an explosive atmosphere and both the conditions of dispersion and 

the nature of the fluid play key roles. In a mist, the liquid phase cannot obviously explode by 

itself, and the presence of a sufficient gas phase is compulsory to trigger the explosion. 

Nevertheless, even mists of high-flashpoint fuels can provoke explosions. In fact, such fuels 

are usually classified as non-hazardous but can result in hazardous explosions once stored or 

handled under pressure [1]. For instance, ruptures in vessels and pipelines can occur due to 

accidental damages or corrosion. Another example is the eventual evaporation of fuels in heated 

areas, their subsequent circulation, and their condensation in colder areas [2]. Such unplanned 

formations of flammable hydrocarbon aerosols make chemical and petrochemical industries 

prone to explosion hazards. A considerable number of mist explosions have been reported 

throughout the years despite the efforts to mitigate such incidents. For instance, an incident 

survey was published by Santon [3] reporting 37 mist incidents, among which 9 explosions lead 

to 29 fatalities. Ten years later, Lees et al. [4] analyzed incident databases to institute common 

trends in flammable mists incidents. The authors’ findings demonstrated that around 10% of 

reported releases on offshore oil and gas installations in the United Kingdom involved sprays 

or mists. 

A simple analysis of experience feedback is not sufficient to control these accidental 

phenomena and researchers have been interested in this topic for a long time, and as early as 

1955, Eichhorn clearly addressed this issue in an article entitled “Careful! Mist can explode” 

[5]. Since then, the prospect of mists igniting at temperatures well below their flashpoints has 

been introduced. A few years later, Burgoyne discussed mist and spray explosions and 

measured the effect of drop size on the flammability of mists [6,7]. Naegeli and Weatherford 

issued a report in which they stated that the presence of fuel mist plays an important role in the 



initiation and the propagation of a flame, for both low and high-volatility fuels such as aviation 

kerosene and gasoline, respectively [8]. The authors also stressed that the physical and chemical 

processes in such incidents are ‘among the least studied and understood in all combustion 

phenomena’. Studies focusing on the generation, ignition, combustion, and explosion of 

flammable mists were reviewed by Eckhoff in a literature survey in 1995 [2]. Since then, there 

has been a consistent increase in interest in such a vital topic. More recently, a comprehensive 

review was presented by Yuan et al. [9] who proposed a systematic strategy to examine aerosol 

explosions.  

Of frequent occurrence in the industry, causing major accidents and being increasingly 

documented, such explosive mists are neither well classified nor subject to dedicated 

regulations. For instance, the Energy Institute [10] defines hazardous area classification (HAC) 

as an essential part of risk assessment in order to identify hazardous and non-hazardous areas 

near equipment storing or handling of flammable fluids in industrial sectors such as production, 

processing, distribution, and retail sectors. However, EI 15 clearly highlights the lack of 

knowledge on such a subject by stating that “there is little knowledge on the formation of 

flammable mists and the appropriate extents of associated hazardous areas”. In fact, industry 

codes of practice are already available for use in industries concerning hazards and explosions 

linked to gas or dust releases; however, mists or sprays are often disregarded, and standards for 

such cases have not been completely set yet. More precisely, the threat of the formation and 

ignition of explosive atmospheres (ATEX), notably linked with the generation of a flammable 

mist, must be assessed under European ATEX standards. Risk analysis and area classification, 

however, are currently complex due to a lack of both knowledge and standard test procedures. 

Therefore, identifying factors and measures of liquid handling, and determining fluids’ safety 

parameters, such as their ignition sensitivity and/or explosion severity, will be helpful to assess 

the explosion risk of hydrocarbon mists. Indeed, explosion severity parameters help in 



designing suitable safety equipment as advised by the ATEX directive 2014/34/EU [11] and 

proper explosion prevention and protection systems. In addition, determining the Minimum 

Ignition Energy (MIE), an ignition sensitivity parameter, can help control electrostatic hazards 

by limiting the current and voltage in a circuit, properly earthing/grounding, etc.  Similarly, the 

Lower Explosive Limit (LEL) is of great importance as it helps ensure that a release be 

maintained below this threshold to avoid hazardous scenarios. The Limiting Oxygen 

Concentration (LOC) is also a vital parameter that is useful to inert an explosive atmosphere 

when process condition adjustments fail to preserve substances out of the explosive range. For 

all these safety parameters, there is currently no standard describing how to assess them 

quantitatively. There is no clearly identified experimental equipment or device for this task, nor 

are there any defined operating protocols. The ability to determine such parameters is a 

steppingstone to the classification of hazardous areas (HAC) and the improvement of current 

ATEX standards and regulatory provisions concerning liquid aerosols. The original aim of our 

research is to provide a single device and a set of protocols to easily determine the above safety 

parameters. 

To illustrate this approach, this study focuses on the flammability and explosivity of kerosene 

Jet A1 mists. This fuel was chosen due to its ongoing involvement in explosion hazards despite 

the efforts taken to reduce its flammability and its ability to disperse. For instance, Santon [3] 

demonstrated that seven incidents out of 37 detailed in their review were associated with 

kerosene mists. Most of which involved transportation activities, notably cargo accidents and 

aviation kerosene explosions. One marked disaster involving aviation fuel was the September 

11th terrorist attacks in which, according to Maragkos and Bowen [12], the high-momentum 

impact and subsequent rupture of the fuel vessels were the reason behind the generation of the 

pressurized release of aviation fuel. Furthermore, Willauer et al. [13] stressed the risks behind 

the high flammability and extreme explosivity of atomized jet fuel-air mixtures. The authors’ 



study focused on finding chemical methods (test of a series of additives) for decreasing jet fuel 

flammability. Bowen and Shirvill [1] also highlighted the dangers associated with kerosene 

atomization. It should also be noted that unfortunate incidents continue to take place and 

sometimes remain unreported in low- and middle-income countries where kerosene is still being 

used as a household fuel. Moreover, filling or emptying fuel reservoirs (voluntarily or 

inadvertently) must also be carefully evaluated for the creation of aerosols. Kerosene explosions 

took place in Cilacap (1995) and Mombasa (2013) due to tank refueling and storage leaking, 

respectively.  

In this study, Jet A1 mists were tested in a new apparatus based on the standardized 20 L 

explosion sphere. An original system allowing the control of both the concentration and the 

Droplet Size Distribution (DSD) has been developed. The spatial distribution of the velocity 

and the turbulence of the generated mist were characterized by Particle Image Velocimetry 

(PIV). Explosion tests were conducted to study the mist explosion sensitivity by determining 

the lower explosivity limit (LEL), the limiting oxygen concentration (LOC), and the minimum 

ignition energy (MIE). Moreover, the maximum explosion overpressure (Pmax) and the 

maximum rate of pressure rise (dP/dtmax) of Jet A1 mists were determined in the same vessel. 

In addition, tests were carried out to study the influence of some operating conditions (DSD, 

temperature, ignition energy) on the safety parameters. Experimental results were finally 

exploited in an evaporation model and compared to theoretical results obtained by the NASA 

computer program Chemical Equilibrium with Applications (CEA). These steps allow 

establishing that it is indeed possible to characterize the flammability and explosion severity of 

mists in a single set-up such as the modified 20 L sphere.  



2 Materials and methods 

2.1 Fuel properties 

Mist explosion incident reviews report a considerable variety of involved fuels ranging from 

vegetable oils to hydraulic oils and crude oils [2–4]. The Health and Safety Executive (HSE) 

led an oil mists Joint Industry Project (JIP) during which a list of fluids was proposed 

comprising fuels of industrial interest and specific physicochemical properties (lubricating oil, 

hydraulic oil, light and heavy fuel oil, jet fuel, diesel, biodiesel, vegetable oil, heat transfer 

fluids, transformer oil, process fluids, white spirit). A flammable mist classification system was 

presented in order to estimate the tendency of a liquid to form a flammable mist. In this system, 

two parameters were used: the liquid ignitability, represented by its flashpoint, and the tendency 

of a liquid jet to atomize into droplets when released from a nozzle orifice. The atomization 

behavior was characterized using two empirical correlations based on the primary (Ohnesorge) 

and secondary (Brodkey) break-up [14]. All calculations were performed at a standardized set 

of conditions: a 10-bar release from a 1 mm orifice. Burrell and Gant [14] published a report 

demonstrating the followed calculations to classify the liquids listed above in the flammable 

mist classification system. These calculations led to the diagrammatic classification of the fluids 

into four release classes. In the general framework of this study, a variety of fluids (ethanol, 

isooctane, diesel, kerosene, light fuel oil, hydraulic oil, and biodiesel) was chosen to represent 

these release classes.  

As conveyed in the introduction, due to its industrial interest, this article will focus on the results 

obtained with Jet A1, which was also listed in the HSE liquid classification. There exist 

numerous types of jet fuels used in various applications (Jet A, Jet B, Jet A1, JP-8, etc.). Most 

international aviation companies use Jet A1; however, Jet A is used in the United States. 

According to Dagaut and Calhonnet [15], the most significant difference between Jet A1 and 



Jet A is the freezing point, as it is – 40 °C for Jet A and – 47 °C for Jet A1. It should be stressed 

that Jet A1 specifications are defined using minimum/maximum values or range of properties, 

which implies a certain variability of properties depending on the fuel supply. 

Table 1 lists the main physicochemical properties of Jet A1 as well as the HSE release class 

representation for Jet A1. It should be noted that some properties were measured as fuel aging, 

petroleum cuts, and sources can all affect initial values or those indicated in safety data sheets. 

The Hoeppler Falling-Ball Viscometer (Brookfield KF30 model) was used to measure the 

dynamic viscosity in accordance with DIN 53015. Surface tension measurements were also 

carried out using the Pendant Drop technique. Moreover, the Setaflash Series 3 flashpoint 

apparatus was used to test the flashpoint per the ASTM D3278-96 standard. It should be stressed 

that in order to meet the specifications of Jet A1, the flashpoint must be above 38°C, which is 

demonstrated here. Other physicochemical properties were deduced from the MSDS of the 

supplier. Finally, the HSE Release Class was determined based on the Ohnesorge number (Oh), 

which is the ratio between viscous forces to surface tension and inertial forces. Therefore, at a 

fixed Reynolds number, increasing Oh will improve liquid atomization. 

Table 1: Physicochemical properties of Jet A1 († MSDS from Neste) 

Jet A1* 

Measured density (kg/m3) 840 

Measured flashpoint (°C) 40

Measured surface tension (kg/s2) 0.026 

Measured dynamic viscosity (mPa.s) 1.2 

HSE Release Class 

Release Class I 

(Oh ratio ≥ 2, Flashpoint < 

125°C) 

Auto-ignition temperature (°C) 250 † 

Flammability limits (%) 0.6 - 6 † 

Vapor pressure (kPa) ~ 2 (at 38 °C) † 



Initial boiling point and range (°C) 130 - 300 † 

2.2 Mist generation system 

Explosively flammable mist clouds, which are accidentally formed, can be caused by several 

phenomena. Predicting the properties and behavior of a mist cloud before its release proves to 

be difficult because ruptures or leaks in a vessel have very uneven shapes and may occur in 

different conditions. To better predict the flammability and explosivity of mist, tests should be 

performed in the closest conditions possible to industrial accidents. There exists a wide range 

of ways used to generate such mists. For instance, according to Gant [16], four principal 

methods are used: spray discharge from a pressurized liquid reservoir, condensation of 

saturated vapor, agitation and splashing, and air stripping. In addition to the four listed ways, 

electrospray was used notably by Lin et al. [17] for aerosol generation and the analysis of flame 

propagation. Each generation method has both advantages and disadvantages. However, it is 

necessary to take into account that the suggested experimental approach for determining and 

characterizing the ignition sensitivity and explosion severity of mists is intended to be 

standardized, allowing results to be compared and generic safety measures to be proposed. As 

a result, the chosen generation system should be easy to find and implement while also 

simulating “idealized” conditions of a mist release. 



For this study, a siphon gravity-fed spray generation system was used. This system comprises 

a Venturi junction with two inlets: a pressurized air inlet connected to a compressed air cylinder 

and a liquid inlet connected to the fuel reservoir maintained at room temperature (Figure 1). A 

mist/spray generation system of the siphon type usually comprises two key components 

(Spraying Systems): a fluid nozzle, which ensures fuel intake, as well as an air cap, through 

which the liquid/air jet passes and fragments. Both nozzles/caps were altered in order to change 

the flow rate and the droplet size distribution of the mist cloud, hence changing the initial 

conditions. Figure 2 shows the three nozzle air caps of different orifice diameters (two 

extremities and one intermediate diameter) chosen for this study. Aside from the nozzle set, the 

air injection pressure, which has a significant impact on the droplet size, was changed between 

2 and 5 bar. These pressures were chosen based on the maximum pressure tolerance of the three 

nozzle sets. 

Figure 1: Mist generation system based on a Venturi junction (elements from Spraying 

Systems®) 



Figure 2: Three air caps for nozzle sets and their denomination: (a) N1, (b) N', (c) N2 

2.3 The Modified 20 L Ignition and explosion Severity Test device (The MIST 

Sphere) 

To adapt the standard 20 L explosion sphere, notably used for dust explosion tests, to mist 

explosion tests, modifications were made as seen in Figure 3. For instance, as mentioned by El-

Zahlanieh et al. [18], the mist generation system detailed in section 2.2 was installed at the 

bottom of the sphere, the dust container was removed, and two electronic valves were installed 

to control the inlet flow rates (gas and liquid) as well as the liquid/air ratio. A check valve was 

placed between the venturi and the fuel inlet valve to prevent backflow during the explosion 

phase.  

Ignition sensitivity and explosion severity tests were both performed in the ‘MIST sphere’. 

During each test, the sphere was first partially vacuumed to a calculated pressure before 

injecting the fuel/air mixture. This ensured that atmospheric pressure was reached when the 

mist was fully injected. This pressure was calculated based on the fixed injection time which 

can be varied depending on the mist concentration needed inside the vessel. The injected mass 

was measured by a mass balance tracking its evolution with the injection time. The temperature 

of the sphere was controlled with a water jacket avoiding the sphere heating between two tests. 

To ignite the generated mists, one of the two ignition sources mentioned in section 2.5.1 (spark 

(a) (b) (c)



or chemical igniters) was used. The apparatus was controlled, and data was collected using a 

new control system and a LabView program developed by the LRGP. With an acquisition 

frequency of 5000 measurements per second, this system manages the KSEP 310 (control unit 

– bypassed and mainly used for injecting compressed air, vacuuming the sphere, and actuating

the chemical ignitors), KSEP 320 (high voltage unit for a permanent spark ignition), and KSEP 

332 (data acquisition unit) units (Cesana AG), the inlet electronic valves, and ensures safe 

operation of the test equipment and optimal interpretation of the explosion findings. 



Figure 3: The Modified 20 L Ignition and explosion Severity Test device 

2.4 Mist characterization 

Mist characterization is a mandatory step to take while studying the flammability of oil mists. 

Gant et al. [16] stated that properly characterizing a mist before its ignition is crucial since the 

droplet size distribution, the concentration, and the turbulence of mists can considerably 

influence their safety parameters. Moreover, Bowen and Cameron [19] expressed the need to 

quantify particle sizes, total equivalence ratio, droplet equivalence ratio, and pre-ignition 

turbulence for aerosol fuel clouds. The authors also stressed the importance of temporal 

resolution for used characterization techniques. Lemkowitz and Pasman [20] correspondingly 

stated that the DSD is the most important physical property that influences explosion 

parameters. According to the authors, turbulence is also a property that has a complex effect on 

mist explosions.  

To characterize the mist cloud generated in the 20 L sphere, generation studies were performed 

as a function of three relevant parameters: the nozzle type, the spraying pressure (or air 

pressure), and the fluid properties. The injection time was fixed to obtain comparable results as 



the three parameters were varied. The DSD was studied using an in-situ laser diffraction sensor. 

As for the spatial distribution of the velocity and the turbulence, they were quantified by 

applying Particle Image Velocimetry (PIV). 

2.5.1 Droplet Size Distribution (DSD) 

An in-situ laser diffraction sensor (Helos/KR-Vario by Sympatec GmbH), based on the 

Fraunhofer diffraction theory (FREE, parameter-free Fraunhofer evaluation), was used to 

assess the time evolution of droplet size distributions. The experimental vessel used was a 

replica of the 20 L sphere with transparent windows (borosilicate glass) on each side to allow 

visual access [21]. The Helos laser sensor measures the DSD directly through the transparent 

windows using three high-resolution measuring ranges (R1, R3, and R5) from 0.5 µm to 875 

µm. During this study, the droplets were assumed spherical (if necessary, it is possible to modify 

the shape factor in the mentioned apparatus) denoting that, regardless of stresses and particle 

orientation, the measured diameter remains the same. The R3 lens was mainly used as it covers 

a range of droplet diameters, from 0.5/0.9 µm to 175 µm, which correspond to those generated 

by the three nozzle sets. The acquisition frequency was set to 2 distributions per millisecond. 

d10, d50, d90, and D3,2 (Sauter Mean Diameter, SMD) are among the measurements provided by 

the sensor. The height of the sensor was set to match the location of the ignition source (i.e., 

the center of the sphere), to assess the DSD of the mist just before ignition. 

Influencing factors

There exist various factors that can affect and alter the characteristics of a spray. For instance, 

Kooij et al. [22] studied the effect of spraying parameters, such as the injection pressure and 

the nozzle type, as well as fluid parameters, such as the liquid viscosity and the surface tension, 

on the characteristics of sprays, more specifically on the droplet size. Their findings showed 

that the size of droplets is determined by a competition between fluid inertia and surface tension. 

They, therefore, concluded that it is possible to predict the droplet size from the calculation of 



the Weber number and the geometry of the nozzle. Moreover, Schick [23] listed the following 

factors: fluid characteristics, fluid viscosity, the spray nozzle design, the flow through the spray 

nozzle, and the air pressure in the case of two-fluid nozzles, as factors based on which the 

droplet size and the droplet size uniformity tend to vary.  

A full factorial design of experiments was applied to study the influence of the factors 

mentioned in the paragraph above. The three nozzle sets were used to generate mists at four 

different injection pressures: 2, 3, 4, and 5 bar. Moreover, six fluids of different surface 

tensions, viscosities, and densities were tested under fixed conditions (iso-octane, ethanol, 

diesel, light fuel oil, biodiesel and kerosene), which allows to cover a wider range of application 

and not to be limited to Jet A1. DSD measurements were performed during a four-second-

generation period and up to 1 second after the valves’ closure, with intervals of 50 ms (2 DSD 

per millisecond and an average value each 50 ms). Experimental data were subsequently 

analyzed using a MATLAB program and the Minitab Statistical Software. Reproducibility tests 

were carried out in the center of the study area defined by the design of experiments, which 

made it possible to determine the standard deviation. The significance level of the tests was set 

at 0.05. Pareto charts of standardized effects were used to determine the magnitude and the 

importance of the effects of the three chosen factors (the nozzle orifice diameter, the air 

injection pressure, and the type of fluid) on the five chosen parameters to be studied (mean 

diameters d10, d50, d90, SMD, the span factor, skewness, and kurtosis). A dimensional analysis, 

followed by multiple linear regression, was also applied, highlighting these influences (Section 

3.1). 

The measured Sauter Mean Diameter is calculated as follows: 

� ,! =
∑#$�$

∑#$�$
!

(1)



d50 represents the diameter below which 50% of the total liquid volume constitutes droplets of 

smaller diameter, the same thing goes for dx where x represents the percentage of such droplets. 

However, the median diameter by itself is not sufficient to reflect a true size distribution as it 

can be misleading, especially in the case of diameters of ranges over two or more orders of 

magnitude [24]. Lefebvre and McDonell [25] also state that a droplet size distribution cannot 

be defined by one single parameter. Therefore, to complement d50, the representative diameters 

d10, d90, and SMD were also measured. In addition, the span factor, the skewness, and the 

kurtosis were calculated from input data consisting of the distribution.  

a) Span Factor: this parameter provides an indication of the range of the droplet sizes

relative to the median diameter. It represents the polydispersity of a droplet size

distribution. Its calculation equation is:

∆=
 !" −  $"

 %"

(2) 

b) Skewness: this parameter measures the level of asymmetry of a distribution curve

around the mean value. If its value is positive, this means that the data spreads out more

to the right of the mean than to the left and vice versa. Its calculation equation is:

& =  
((* − +)-

.-
(3) 

c) Kurtosis: this parameter indicates whether the data are light-tailed or heavily tailed

relative to a normal distribution. A value of 3 corresponds to a normal distribution.

Values less than 3 represent a distribution that is less outlier-prone than the normal

distribution and vice versa. Its calculation equation is:

/ =  
((* − +)0

.0
(4) 

Where µ is the mean of x, σ is the standard deviation of x and E(t) represents the expected value 

of the quantity t.  



2.5.2 Particle Image Velocimetry (PIV) 

Under particular conditions, Particle Image Velocimetry was performed to determine the level 

of turbulence reached by a mist generated in the MIST sphere. In fact, the level of violence of 

an explosion is considerably affected by the turbulence of the mixture. To conduct these tests, 

a continuous wave laser sheet with a wavelength of 532 nm was emitted using Neodym-

Yttrium-Aluminum-Garnet (Nd:YAG). The dispersed droplets would then be lighted up, 

allowing their movement to be followed. The flow of the droplets was recorded with a high-

speed video camera (Phantom VEO 410L) at 2000 frames per second. The experimental set-up 

is displayed in Figure 4. PIVlab 2.45 was then used to conduct image preprocessing, PIV 

analysis utilizing interpolation techniques, calibration, post-processing, and data validation on 

the recorded videos [26] (see Figure 5). The mean velocities �� and  ̅, as well as the horizontal

and vertical velocity fluctuations �"# and  "# (equations 5 and 6), were estimated from the data

collected from PIVlab, allowing the calculation of the root-mean-square velocity (vrms – 

equation 7), which physically portrays the turbulence kinetic energy. 

�"# = � −  �� (5) 

 "# =  − ̅ (6) 

 &'( = )1* +(�"#). + 1* +( "#). (7) 

where ui’ is the horizontal velocity fluctuation, vi’ is the vertical velocity fluctuation and N is 

the number of droplets detected for the velocity estimation.  



Figure 4: Particle Image Velocimetry experimental set-up with the 20 L open sphere 

Figure 5: Left: pre-processed imaged of illuminated kerosene droplets – Right: spatial 

variation of the velocity magnitude (from 0 to 5 m/s) of kerosene droplets at the end of the 

generation using nozzle set N1 and Pinj = 3 bar 

2.5 Mist explosion sensitivity and severity tests 

The mist explosion tests were performed in the sphere described in Section 2.3. Ignition sources 

were used according to the type of test performed and the energy requirements. To determine 

the explosion thermo-kinetic parameters, the maximum explosion pressure (Pmax) as well as the 

maximum rate of pressure rise (dP/dtmax), a MATLAB program was prepared using both two-

point and five-point derivatives and in agreement with the European standard EN 15967:2022 

Illuminated droplets + image pre-processing Post-processing: velocity magnitudes



[27] “Determination of the maximum explosion pressure and maximum rate of pressure rise of 

gases and vapors”. Tests were performed immediately after injection, which means that the 

ignition system was actuated just after the generation of the mist cloud inside the sphere.  

Under certain conditions, both the explosion severity and sensitivity were studied to 

characterize the explosibility of the Jet A1 mist cloud. Testing conditions (turbulence levels, 

droplet size distribution, and concentrations) were chosen to represent and cover a wide range 

of industrial leaks. Additionally, the NASA computer program Chemical Equilibrium with 

Applications (CEA) [28] was utilized to compare experimental data to theoretical liquid or gas 

phase combustion models. CEA also permits obtaining the composition of the equilibrium 

products of a combustion reaction.  

2.5.1 Ignition sources 

Accidental fires or explosions can be caused by a series of potential ignition sources varying 

from sparks or electrical discharges to hot surfaces or malfunctioning electrical circuits. Several 

ignition sources, such as exploding wire ignitors, spark ignition, pyrotechnical ignitors, and hot 

spot ignitors, have been employed in past investigations on explosion limits and deflagration 

pressures. 

 Both spark ignition, as well as chemical pyrotechnical ignitors, were used in this study. The 

need for energies starting from 100 mJ and going to 10 kJ justifies the choice of these two 

ignition sources. In fact, the spark ignition used delivers a maximum power of 225 W, i.e., 

225 J/s. Thus, a permanent spark would be generated during 444 milliseconds to deliver an 

energy of 100 J. Therefore, for energies ranging from 100 J to 10 kJ, in order not to generate 

for a long duration and cause the droplets to sediment, chemical pyrotechnical ignitors (Sobbe 

GmbH) were used, which is especially in accordance with EN 14034 standards. Both ignition 

sources were placed in the center of the MIST sphere. The spark tungsten electrodes were 



placed with a separating distance of 6 ± 0.1 mm on stainless-steel electrodes which were 

insulated from the sphere’s wall using Teflon plugs. The permanent spark was generated 

following a signal sent from the KSEP 320 high voltage unit which was connected to the 

electrodes. To control the generation time, hence the ignition energy, the unit was bypassed by 

a custom control system. The chemical pyrotechnical ignitors were connected as shown in 

Figure 6 to the stainless-steel electrodes. A low-voltage electrical signal was supplied by the 

KSEP 310 unit to actuate these ignitors. As the use of a specific ignition source varies with the 

application, both ignition sources were examined at 100 J to guarantee that they both provide 

similar results (Section 3.3). 

Figure 6: Ignition sources placed on the two stainless-steel electrodes of the 20 L sphere; 

right: chemical ignitors, left: spark ignition 

3 Results and discussion 

After having characterized the mists in terms of granulometry and turbulence, an evaporation 

model allowing to determine the quantities of vapor and liquid present in the explosion sphere 

before ignition will be developed. Then, the results of the explosion tests will be commented 

on. 



3.1 Droplet Size Distribution (DSD) 

To measure the range of diameters that could be covered using the three nozzle sets, Jet A1 

mists were generated into the modified 20 L open sphere at ambient temperature during 4 s and 

an injection pressure of 3 bar (pressure used for the following explosion experiments). 

Measurements were performed with intervals of 50 ms (2 DSD per millisecond and an average 

value each 50 ms) and were stopped 1 second after the closure of the inlet valves. Figure 7 

demonstrates that, with the three chosen nozzle sets, three droplet diameter ranges are 

attainable. Nevertheless, it should be noted that a peak corresponding to small diameters 

(between 10 and 15 µm) was observed for both nozzle sets N’ and N2. In the case of nozzle set 

N’, the peak observed was explained by the persistence of ‘primary droplets’ combined with a 

coalescence phenomenon for larger drops (around 25 µm), whereas, in the case of nozzle set 

N2, the peak appears after a certain time of generation signifying a fragmentation phenomenon. 

Figure 7: Droplet size distribution (volume/mass) at t = 4000 ms of Jet A1 mist generation at 

P = 3 bar using the three nozzle sets  



Once the 3 ranges of diameters were validated, the evolution of the Jet A1 DSD with time was 

studied. Jet A1 mists were generated into the open sphere using nozzle set N2 with an injection 

pressure of 3 bar. The time employed for measuring the diameter ranges (4 s generation) was 

also used to measure the time evolution of droplets. Figure 8 presents distributions starting from 

t = 1950 ms corresponding to the beginning of the second half of the generation step, and ending 

at t = 3950 ms, corresponding to 50 ms before the closure of the injection valves. A time-step 

of 400 ms was used in order not to overload the figure. As it can be seen, the peak corresponding 

to primary droplets of a median diameter of 8 µm persisted all along the last 2 seconds. 

However, this peak tends to decrease in height (the log density distribution decreases from 

about 1.5 to 0.75). A shift towards the large diameters was also observed with increasing time 

showing the likely presence of a coalescence phenomenon. Nevertheless, it should be stressed 

that the time-evolution of the DSD does not call into question the validation of the 3 ranges of 

diameters. 

Figure 8: Droplet size volume / mass distribution of Jet A1 mists generated at P = 3 bar using 

nozzle set N2 - time step 400 ms starting from tinj = 1950ms 



Table 2 also demonstrates the evolution of d10, d50, d90, and SMD diameters after stopping the 

injection and without any effect from the injection of air. A slight increase (a maximum of 8% 

of the initial value) in the four diameters was observed justifying the shift of the distribution 

curves to the right and confirming the coalescence hypothesis. Moreover, the span factor, 

skewness, and kurtosis of each distribution curve were calculated. The span factor, which 

quantifies the distribution width, remained constant at a value of 1.4, showing that the 

distribution around the mean diameter did not vary a lot in the last second of measurement. 

Similarly, change in the values of skewness and kurtosis can be considered as negligible, 

demonstrating that, other than a change in mean diameters, the distribution curves do not change 

considerably after stopping the injection and that the mist cloud remains rather stable before 

ignition occurs.  

Table 2: Variation of droplet size parameters as a function of time 

time (ms) d10 (µm) d50 (µm) d90 (µm) SMD (µm) Span factor Skewness Kurtosis 

tf – 50 ms 7.3 58.6 90.4 15.6 1.41 1.76 5.01 

tf + 150 ms 7.6 60.5 92.3 16.7 1.39 1.81 5.16 

tf + 350 ms 7.6 61.2 93.8 16.5 1.40 1.80 5.10 

tf + 550 ms 7.7 61.9 94.3 17.4 1.39 1.75 4.92 

tf + 750 ms 7.7 62.2 95 16.6 1.40 1.77 4.93 

tf + 950 ms 7.7 63 96.3 16.9 1.40 1.81 5.06 

A full-factorial design of experiments was implemented to study the effect of the influencing 

factors listed in Section 2.4.1. Pareto charts, showing the absolute values of standardized 

effects, from the largest to the smallest, are presented in Figure 9.  



Figure 9: Pareto Charts of the Standardized Effects for d10, d50, d90, SMD, span factor, 

skewness, and kurtosis (Factors A = orifice diameter, B = air injection pressure, C = fluid 



type) with 1.993 being the critical value above which parameters have a statistical 

significance, and α being the significance level 

By comparing the effects relative to the reference line corresponding to a value of 1.993, the 

following conclusions can be drawn: 

a) Factor A, the orifice diameter: this factor showed a significant effect on both d50 and

d90; however, its effect on the other parameters is low. The orifice diameter, therefore,

mainly affects the skewness of the distribution curve, leading to a negatively skewed

distribution and indicating the presence of larger droplets but the persistence of smaller

ones.

b) Factor B, the air injection pressure: this factor has the largest influence on the presented

diameters as well as on the skewness and kurtosis of the distribution curves. Indeed,

injecting with a higher air pressure enhances fragmentation, not only leading to the

presence of smaller droplets, but also increasing the turbulence level, which leads to an

increased chance of coalescence, droplet-droplet interaction, or rainout.

c) Factor C, the fluid type: although its influence is lower than that of factor B, this factor

affects all the chosen responses.

d) The span factor is neither significantly affected by the three chosen factors, nor by the

persistence time as shown in Table 2.

e) The d50 diameter, which is the most common diameter used to characterize a mist or a

dispersion, is the most affected by the three factors.

In addition to the listed conclusions, attention should be paid to the influence of the interactions. 

From the charts above, interactions, such as those between factors B and C (air injection 

pressure and fluid type), were shown to have an important influence on d50 and d90. Such 

interactions should be studied in detail since their influence on the concentration and turbulence 

of the mist cloud is not negligible. Another influencing factor to be considered is the electrodes 



that were not present when conducting the series of DSD experiments. Such a type of 

measurement demonstrates the limitations that could be present when increasing the mist 

concentration or turbulence. Nevertheless, they show that it is possible to characterize a mist 

cloud when considering all faced obstacles, but also demonstrate that choosing the input 

parameters one by one (type of nozzle, pressure, fluid) does not ensure to predict the DSD with 

accuracy. The proposal of a correlation is, therefore, interesting.  

The experimental data permitted the establishment of a correlation linking the SMD with liquid 

and air properties, as well as with injection conditions, represented by the injection velocity. 

The SMD was chosen as it represents the volume to surface area ratio of the spray and is the 

most commonly used mean diameter in fuel droplets combustion systems and other applications 

requiring heat and mass transfer to liquid droplets [25]. A dimensional analysis was, therefore, 

performed followed by a multiple linear regression allowing to find the following empirical 

correlation (equation 8): 
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where SMD is the Sauter mean diameter, do is the orifice diameter, µl and µg the liquid and air 

dynamic viscosities respectively, La the Laplace number, We the Weber number, ρl and ρg the 

liquid and air densities respectively, σ is the liquid surface tension, and V is the initial velocity 

of the exiting jet.  

Existing empirical correlations expressing a mean droplet diameter for air-assist external 

mixing nozzles are numerous. One similar correlation is that established by Elkotb et al. [29] 

expressed as follows:  



:;< = 51� @/&+.1A-/&+.', !Ḃ#Ḃ$%
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where Re is the Reynolds number and Ḃ# and Ḃ$ are the liquid and air mass flowrates 

respectively.  

It should be noted that the Reynolds number which denotes the ratio of the liquid inertial to the 

viscous forces (as seen in equation 12) can be replaced by equation 13. The negative effect of 

both the Laplace and the Weber numbers, seen in both correlations, hence demonstrates the 

consistency with previous findings. 
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3.2 Particle Image Velocimetry (PIV) 

The turbulence level of the mist cloud, during and after generation, was quantified for the three 

nozzle sets and different fluids. Measurements were carried out at an injection pressure of 3 bar 

for 1-second generations to maintain the precision and visibility of the illuminated droplets. 

Results showed that the type of fluid did not have significant effects on the turbulence level, 

represented by the root-mean-squared velocity, at the end of the mist injection. Moreover, 

calculations were performed instantaneously after the end of the injection to visualize the 

turbulence level just before ignition (tv = 1 ms).  

Using the data acquired from PIVlab and equation (7), the root-mean-square velocity was 

calculated for each image corresponding to a specific time. The evolution of vrms with the 

injection time is depicted in Figure 10, where values of about 1.1 m/s were reached at the end 

of the mist generation with nozzle set N1 and Pinj = 3 bar (hence the instant at which the ignitors 

would be actuated). This vrms reached a maximum of 1.5 m/s at tinj = 450 ms. A decrease in vrms 



occurs after stopping the mist injection at t = 1000 ms as the level of turbulence decreases in 

the absence of compressed air injection and droplet-droplet interaction. Here, the sedimentation 

phenomenon takes the lead. Nevertheless, experimental explosion tests were only performed 

instantaneously after injection when the mist cloud was still considered turbulent. Velocity 

magnitudes, ranging from 0.5 to 5.5 m/s, were attained at the end of the injection (Figure 5), 

but higher values were reached during injection with a vertical velocity vector reaching about 

15 m/s.  

Figure 10: Evolution of the root-mean-square velocity with the mist injection time - 

generation using nozzle set N1 and Pinj = 3 bar 

3.3 Ignition sources 

Table 3 demonstrates explosion results performed at three different Jet A1 mist concentrations 

generated by N1 and ignited using both ignition sources (spark ignition and chemical 

pyrotechnical ignitors). It can be seen that when taking into account the standard errors, both 



sources can deliver rather coherent values of both Pm and dP/dtm when ignited at an energy of 

100 J.  

Table 3: Comparison between chemical ignitors and spark ignition for Jet A1 mists at three 

different concentrations 

Pm (bar) dP/dtm (bar.s-1) 

Mist concentration 

(g.m-3) 
102 116 130 120 116 130 

Spark ignition 

(100 J) 
5 ± 0.2 5.3 ± 0.2 5.5 ± 0.2 107 ± 28 125 ± 28 158 ± 28 

Chemical ignitors 

(100 J) 
4.9 ± 0.2 5.5 ± 0.2 5.1 ± 0.2 80 ± 28 88 ± 28 170 ± 28 

3.4 The evaporation model 

The d2-law, developed by Godsave [30], is a simplified droplet evaporation model. It 

demonstrates that the square of the droplet diameter decreases linearly with time in a diffusion-

controlled process. It is generally considered as a well-established law to represent the 

evaporation of a spherically symmetrical droplet in a fixed environment where the interaction 

between droplets is considered negligible and the temperature of the droplet is constant and 

uniform.  

Starting with a mass conservation in the gas phase with the hypothesis of a quasi-stationary 

regime: 
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The convection-diffusion equations are hence written as follows: 
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After applying first integration and a mass and energy balance on the droplet’s surface, and then 

solving the evaporation rate equations according to boundary conditions: 

,̇ = 4!5 "6
12,

ln(9: + 1) = ln(1 + 9?) (17) 

Where BT and BM are the thermal and mass transfer Spalding numbers respectively and are 

equal to the following: 
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Where Cp,v is the vapor phase heat capacity, T∞ and Td are the temperatures of the surrounding 

environment and the droplet surface respectively, Lv is the enthalpy of vaporization and Yvs the 

vapor fraction at stoichiometry and is calculated as follows:  
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A mass balance on the droplet consequently leads to: 

-# = -S
# − T* (23)



Where K is the evaporation rate constant of the fuel droplet of initial diameter d0 and is equal 

to: 

T = 8/ $
$V

ln(1 + 9:) (24) 

By applying equation (17), a relationship between both the thermal and mass transfer Spalding 

numbers can be obtained:  

9: = (1 + 9?)
W
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where Le is the Lewis number representing the ratio between thermal and mass diffusivities: 

CL = 5
$12/ (26) 

Solving equations 23 to 26 leads to determining the time evolution of the droplet diameter as 

well as the vapor/liquid ratio at different temperatures in a quiescent environment. Nevertheless, 

PIV measurements showed that droplet evaporation first takes place in a turbulent environment; 

therefore, the following equation, considering the mist aerodynamics, can be used in such case 

[31]: 
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Where Re is the droplet Reynolds number calculated from PIV data and Sc is the Schmidt 

number.  

The fact that the MIST sphere is a closed vessel should be taken into account. The saturation 

pressure at a given temperature should hence be considered to define the characteristics of the 

mist. Moreover, such evaporation can also be studied during the droplet combustion where 

similar calculations can be carried out in both quiescent and turbulent environments by 

including the combustion enthalpy Q, the oxygen mass fraction YOx,∞, and the mass 

stoichiometric coefficient s, as follows:  
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Figure 11 shows the influence of the initial ambient temperature on the evaporation time of a 

Jet A1 droplet of initial diameters of 10 µm, 40 µm, 70 µm, and 100 µm in a turbulent 

environment with and without combustion. Combustion appears to accelerate the evaporation 

of the droplet; for example, for a droplet of 10 µm as an initial diameter, the evaporation time 

at 300 K decreases from about 3 ms to about 0.2 ms in the presence of combustion. It can be 

seen that as the ambient temperature increases, the contribution of the droplet combustion 

becomes more negligible. The effect of the ambient temperature is seen to be rather significant 

on the dynamics of the droplet evaporation; however, starting from about 470 K, a temperature 

very close to the initial boiling point of Jet A1, this influence begins to decrease. Another 

pinpointed detail is the influence of the initial droplet diameter, where its increase slows down 

the droplet evaporation.  

However, it should be noted that such models only depict the behavior of a single droplet and 

do not account for the saturation effect or group interactions caused by nearby vaporizing 

droplets. 



Figure 11: Influence of the ambient temperature and the initial droplet diameter on the 

evaporation time of a Jet A1 droplet 

3.5  Evolution of the mist explosion severity 

3.5.1 Influence of the Droplet Size Distribution 

The flammability and the explosion severity of a mist are highly influenced by the droplet size 

distribution. Indeed, Rao and Lefebvre [32] indicated that improving atomization and droplet 

size distribution is the most effective method to increase the fuel evaporation rate. Bowen and 

Shirvill [1] also clearly highlighted the critical dependence of the ignition of aerosols on the 

droplet size for a fixed fuel/air ratio.  

Jet A1 mists were generated by the three nozzle sets, N1, N’ and N2, at a controlled temperature 

of 20 °C and varying mist concentrations starting from 80 to 500 g/m3. Figures 12 and 13 show 

the evolution of the explosion overpressure and the rate of pressure rise as a function of the fuel 

mist concentration ignited at 100 J using the chemical ignitors. It can be seen that, at 

concentrations, both Pm and dP/dtm tend to decrease with increasing DSD. From a 
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thermodynamic point of view, the decrease of the maximum explosion pressure can be 

explained by a lower fuel conversion. Indeed, although ignition takes place in a rather turbulent 

mist cloud, large droplets may still be affected by gravity resulting in them falling faster than 

smaller droplets and decreasing the average mist mass concentration at the ignition location. 

However, other phenomena, such as enhanced drop/wall interaction due to inertial effects of 

the large droplets should be considered. From a kinetic point of view, the maximum rate of 

pressure rise is even more sensitive to the DSD: the Sauter mean diameter has a strong influence 

on the heat transfer, radiative transfers, and evaporation rate (d2 law of evaporation), which 

results in a significant decrease of dP/dtm when the SMD increases.  

It should also be noted that high mist concentrations could not be attained by nozzle set N1 

since the average concentration tends to change when injecting for a long time. Indeed, the 

longer the injection, the lower the inter-droplet distance due to higher concentrations. 

Consequently, not only coalescence is promoted, but also the effects of sedimentation and 

interaction with the sphere’s walls. Moreover, a plateau is reached as the average mist 

concentration becomes harder to control with high injection durations notably for nozzle sets 

N’ and N2. This endorses the statement of Burgoyne [7], who expressed the difficulty of 

measuring upper limits of flammability in mist clouds due to the lack of uniformity at high 

concentrations where an extended range of average concentrations is reached. Table 4 

summarizes the values of the maximum explosion overpressure and the maximum rate of 

pressure rise attained with every nozzle set. These values were determined by assuming that the 

maximum value corresponds to that found at the beginning of the plateau-like curve. Similar 

results were obtained by Zhen et al. [33] who studied the explosion characteristics of RP-3 and 

RP-5 jet fuel mists. Although the droplet size distribution was unknown, their findings on RP-



3 (a Chinese equivalent of Jet A1) mists demonstrate a maximum explosion pressure of around 

6.5 bar for a spray injection pressure of about 3.4 bar. 

Figure 12: Variation of the maximum explosion overpressure as a function of Jet A1 mist 

concentrations for nozzle sets N1, N’, and N2 

Figure 13: Variation of the maximum rate of pressure rise as a function of Jet A1 mist 

concentrations for nozzle sets N1, N’, and N2 
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Table 4: Evolution of the explosion severity of Jet A1 mists with the change of DSD 

Nozzle set Pmax (bar) dP/dtmax (bar/s) 
Mist concentration 

(g/m3) 

N1 5.8 190 125 

N’ 6.4 195 380 

N2 4.3 70 330 

3.5.2 Influence of the initial temperature 

In a heated atmosphere, the danger of oil leaks cannot be overlooked. Mist may be released in 

hot crankcase engines, turbines, or heat transfer systems, which can reach temperatures of up 

to 100 °C. Indeed, in their literature study, Yuan et al. reported an explosion in LaGrange, USA, 

caused by a heat transfer fluid leak at a high temperature [9]. Moreover, the vapor/liquid ratio 

is greatly influences by the mist temperature. Therefore, using the water jacket surrounding the 

MIST sphere, its temperature was set to 27 °C, 40 °C, and 60 °C (± 2 °C) to study the impact 

of the initial temperature on the mist explosion severity. The liquid was not preheated but 

temperature measurement performed during the injection of the mist shows that the temperature 

variation is negligible (2 degrees maximum). Mist mass concentration was varied from about 

25 g/m3 to about 180 g/m3 with nozzle set N1 at an injection pressure of 3 bar. A spark-ignition 

source of 100 J was then activated at an initial sphere pressure of 1 bar.  

Figures 14 and 15 show that heating the sphere to a temperature greater than the flashpoint of 

Jet A1 (40°C, Table 1) can indeed alter both explosion overpressures and rates of pressure rise. 

For instance, the rate of explosion pressure rise increased from values of 145 bar/s at T = 27 °C 

to about 285 bar/s at T = 40 °C, and then to 540 bar/s at T = 60°C at a mist concentration of 87 

g/m3. The gradual increase of the vapor concentration surrounding the droplet before ignition 

until reaching the lower explosive limit of Jet A1 vapors explains the changes observed in the 

figures. Indeed, with the increase of vapor concentration, droplet evaporation does not remain 



the only limiting regime of the ignition step which becomes gradually dominated by a gas 

combustion regime. With the change of the temperature, the maximum explosion pressures 

were slightly affected as the initial number of moles decreases with increasing temperature. 

However, results showed that this effect is more noticeable on the rate of pressure rise, hence 

on the limiting combustion regime and the combustion kinetics of the mist-vapor cloud. It 

should also be underlined that the effect of the temperature is less perceptible at high mist 

concentrations, notably starting at a concentration between 115 g/m3 and 130 g/m3, where the 

behavior of both the explosion overpressure and the rate of pressure rise tends to alter at a 

constant temperature of 60 °C. In fact, when the temperature increases from 20 to 60 °C, the 

vapor pressure of kerosene rises from 4 to 18 mbar [34]. This suggests that kerosene cannot be 

entirely vaporized at 60 °C for concentrations more than 125 g/m3, at which point saturation 

occurs as demonstrated by using the evaporation model developed in Section 3.4. Furthermore, 

aside from the early moments of ignition, the flame temperature will swiftly grow above the 

auto-ignition temperature, with the initial temperature bearing minimal influence. As a result, 

it appears that at mist concentrations greater than 125 g/m3, the difference between vapor and 

mist explosive behavior decreases. 
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Figure 14: Variation of the maximum explosion overpressure as a function of Jet A1 mist 

concentration at T = 27, 40 and 60 °C 

Figure 15: Variation of the maximum rate of pressure rise as a function of Jet A1 mist 

concentration at T = 27, 40 and 60 °C 

Similar tests were carried out using nozzle set N2 providing a d50 of about 60 µm. Table 5 

shows the values of Pm and dP/dtm at three different temperatures and mist concentrations of 

150, 235, and 455 g/m3. Mist clouds generated using N2 nozzle exhibited a similar behavior 

where both thermo-kinetic parameters tended to increase with increasing temperatures.  

Table 5: Effect of the sphere temperature on Pm and dP/dtm for three different Jet A1 mist 

concentrations generated by nozzle set N2 

Mist concentration 

(g/m3) 
150 235 455 

Temperature (°C) 27 40 60 27 40 60 27 40 60 
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Pm (bar) 0 5.7 7 1.2 6.6 7.2 4.3 7.4 7 

dP/dtm(bar/s) 0 178 456 47 276 523 67 521 454 

As already stated, the vapor concentration in the mist plays a significant role in the rate-limiting 

step determination. In order to highlight some specificities of Jet A1 mist explosion with regard 

to gas-phase explosion, theoretical calculations were performed for Jet A using NASA 

Computer program CEA (Chemical Equilibrium with Applications). Figure 16 shows a slight 

decrease in the explosion pressure when the temperature increases, which is not the case for the 

kerosene mists. This trend is probably due to the reduction in the initial number of gas molecules 

in the closed vessel at a higher temperature, which is confirmed by various studies showing that 

the explosion pressure of vapors tends to decrease with increasing temperatures while the rate 

of pressure rise remains rather insensitive to such variations [35–37].  

To explain such a difference between theoretical calculations and empirical mist explosion, the 

evaporation model, detailed in Section 3.4, was utilized by considering the whole mist cloud 

generated in the MIST sphere. The assumptions were that each mist droplet vaporizes at the 

same speed and that vaporization begins when the generation stops, which is a strong 

hypothesis. Moreover, the saturation and the fluctuation of the gas concentration, as a function 

of temperature, were taken into account. Figures 17(a) and (b) exhibit the evolution of the vapor 

mass fraction and the normalized vapor ratio (dividing the volume of the generated vapor by 

0.6 %v/v, the LELvapor-air of Jet A1) as a function of both the initial temperature and droplet 

diameter. It can be seen from Figure 17(b) that, at T = 40 °C (313 K), the vapor content does 

not even exceed half the LELvapor-air. Therefore, kerosene mist would not be completely 

vaporized, and the DSD would have shifted to lower diameters from that at 27 °C. After 1 ms, 

ignition would then occur in a two-phase system: small droplets in presence of ‘a layer’ of 



kerosene vapor. Such effect, which is usually insignificant, becomes rather considerable when 

explosions take place at temperatures higher than 20 °C.   

Figure 16: Comparison of theoretical adiabatic explosion overpressure and experimental 

results for Jet A1 mists at T = 27 and 40 °C 

Figure 17: (a) the vapor mass ratio (b) the vapor/LEL ratio as a function of the initial 
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Experiments performed at 27 °C were also proceeded by the composition analysis of exhaust 

gases by micro-gas chromatography (SRA 3000 µGC Analyzer equipped with a thermal 

conductivity detector). Results showed the continuous but decreasing presence of O2 

accompanied by the appearance of CO as of a mist concentration of 151 g/m3 (corresponding 

to about 3 g of injected Jet A1). This quantity of Jet A1, if all droplets were assumed to 

evaporate and if calculations were carried out on n-dodecane as a suitable Jet A1 surrogate, 

corresponds to a global theoretical fuel equivalence ratio (Φ) of about 2 (%fuel w/w ≈ 11). On 

the other hand, comparing the molar fractions x of the exhaust gases (��� = 10��, ���� = 0.1,

and ��� = 0.05) to those found by CEA for a wide range of Jet A1 concentrations showed that 

the molar fractions correspond to a fuel-air mixture of a global experimental Φ of about 0.75. 

Such finding validates that the injected mist concentration does not correspond to the actual 

quantity in suspension due to rainout and sedimentation phenomena which also explains the 

presence of a plateau in explosion pressure-time evolution curves. Nevertheless, it can be seen 

that µGC tests of explosion exhaust gases, coupled with CEA simulations, could provide a good 

estimation of the actual mist concentration inside the explosion vessel.  

3.6 Mist explosion sensitivity 

3.6.1 Minimum Ignition Energy 

One of the most important parameters necessary for the assessment of explosion risks and 

hazardous areas is the minimum ignition energy (MIE). This energy can be defined as the lowest 

spark energy required to ignite the most easily ignitable mixture of a flammable substance in 

the air. Nevertheless, it should be noted that this energy is easily influenced by the droplet size 

distribution, the turbulence of the mist and many other factors. In order to measure this 

parameter, a high-voltage spark ignition system was developed allowing the control of both the 

voltage and the spark duration. A Brandenburg 3590-1320 DC/DC converter of 12 V to 10 kV 

voltage, with a total power of 5 W and a maximum input current of 0.5 mA, was used in this 



system. This converter's output may be adjusted, allowing the adjusting of the provided energy 

to the mist cloud. The real spark duration, as well as the continuous delivered current, would 

then be calculated to obtain an accurate estimation of the delivered ignition energy. Tests were 

performed at different mist concentrations using the MIST sphere equipped with the N1 nozzle 

set at an initial temperature of 27 °C. Figure 18 depicts the variation of the MIE of Jet A1 mist 

with average concentrations ranging between 110 and 160 g/m3. This variation exhibits a nearly 

parabolic behavior, as the fuel concentration shifts from lean to rich, with a minimum of about 

200 mJ.  

It is common for hydrocarbon fuels to exhibit a lowest ignition energy on the fuel-rich side of 

the stoichiometric fuel-air ratio. Indeed, Lewis and Von Elbe linked this phenomenon to rapid 

fuel depletion near the ignition point and the comparatively slow fuel diffusion into this region 

[38]. As a result, a fuel-rich environment is required to maintain the spark-generated flame 

kernel developing during the first ignition phase to keep providing fuel molecules to the flame 

kernel. Therefore, as discussed by Lee et al., an optimum equivalence ratio is maintained within 

the flame kernel [39]. Nevertheless, it is noteworthy that, because of the multi-component 

nature of Jet A1 fuels, determining the equivalence ratio under specific conditions is difficult. 

In reality, for over 300 hydrocarbon species in such a fuel, a precise initial liquid phase 

composition and all of the Antoine coefficients must be determined. Basing the calculation of 

the fuel equivalence ratio on n-dodecane, a well-known surrogate of Jet A1, and supposing that 

all the mist evaporated once ignition occurs, a mist concentration ranging between 130 and 140 

g/m3 can be represented by a theoretical equivalence ratio between 1.5 and 1.75. A local and a 

global fuel equivalence ratio should be distinguished here. Indeed, the ignition source is 

actuated instantaneously after the end of the mist injection. Hence, the mist concentration 

surrounding the ignition source could be considered higher than that near the sphere walls. The 

minimum ignition energy over the range of tested concentrations is indeed on the fuel-rich side 



if we consider a local fuel equivalence ratio in the vicinity of the ignition source. On the other 

hand, with increasing concentrations, it becomes harder for the flame kernel to be sustained. It 

is noteworthy that a CFD study is under development to better determine the local mist 

concentration near the ignition source.  

There exist few MIE tests performed on Jet A1 or kerosene mists. Ballal and Lefebvre [40,41] 

notably tested the ignition sensitivity and flame quenching of such fuel-air mixtures in quiescent 

conditions and developed a general model for both quiescent and turbulent mist clouds. Their 

findings demonstrated an MIE, starting from about 800 mJ and descending to about 10 mJ, with 

an increasing Φ reaching unity in a quiescent mist cloud. Their studies on other hydrocarbons 

exhibited minimum ignition energies of an order of magnitude between 100 and 300 mJ for 

diesel and heavy fuel oil mists of an SMD of 60 µm. Studies performed by the US Department 

of Transportation also showed that the MIE of kerosene-air sprays can reach 15 mJ around  

27°C [40,41]. In addition, our results differ from that obtained for gaseous mixtures of Jet A 

fuel and air, which exhibited MIE as low as 1 mJ at temperatures above 50°C, but were not 

ignited with 100J at 30°C [40,41]. 

Figure 18: Variation of the minimum ignition energy with Jet A1 mist concentration at T = 

27°C 
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Tests on a higher DSD mist cloud are currently being carried out and show a significant increase 

of the MIE, corresponding to lower ignition sensitivities. 

3.6.2 Lower Explosive Limit 

The Lower Explosive Limit (LEL), also known as the Lower Flammability Limit (LFL), is 

defined as the lowest concentration at which a mixture’s flame propagates away from the 

ignition source. In this study, values of LEL of Jet A1 mists were determined depending on 

whether an overpressure took place or not. Tables 6 and 7 show how the LEL depends greatly 

on the DSD and the initial sphere temperature. Its values tend to increase with increasing DSD, 

a finding rather coherent with that of Zabetakis [42] but incoherent with that obtained by 

Burgoyne [7]. The author demonstrated that in upward flame propagation tests, LEL values 

tend to decline as drop diameter increases due to the flame stretching induced by the falling 

droplets. Nevertheless, such an effect becomes harder to identify when dealing with a spherical 

or quasi-spherical flame growth as in the 20L sphere.  

Table 9 shows that LEL values decrease with increasing temperatures which is logical as it is 

well known that lower flammability limits tend to decrease while upper limits increase as the 

temperature is increased [43]. It can be seen from Tables 6 and 7, that at room temperature, 

LEL values can range between 94 g/m3 (1.2%v/v) at 20 °C and 65 g/m3 (0.8%v/v) at 27 °C. It 

should be noted that in order to present the LEL in percentage vapor, it was assumed that mists 

fully evaporated at the instant of ignition, which is not the case, as shown in Figures 17 (a) and 

(b).  Using a pilot flame to ignite the mist cloud, Burgoyne stated that the LEL of hydrocarbon 

mists is roughly 50 g/m3, especially for tetralin [7]. The author used a pilot flame to ignite the 

mist cloud. On the contrary, Eckhoff established that values of LEL for a spray range between 

100 g/m3 and 500 g/m3 regardless of the fuel volatility [2]. Similarly, Dufaud et al. [44] found 

comparable values of 250 g/m3 for lube oil mists. For kerosene vapors, Coward and Jones [45] 

stated that their lower flammability limit, determined in an upward flame propagation tube and 



at a temperature sufficient to vaporize kerosene, lies around 0.7%v/v. This value is coherent with 

those obtained in the MIST sphere at elevated temperatures. It is also important to stress that 

the lower flammability limit of kerosene vapor can be significantly decreased by the presence 

of mist generated by fuel vibrating or sloshing, for instance [44]. Finally, although consistent 

with literature data obtained for kerosene or other hydrocarbon fuels, the LEL values are still 

very dependent on the placement of the ignition source used as well as on the apparatus in 

which the ignition takes place. 

Table 6: LEL of Jet A1 mists as a function of DSD at T = 20°C 

Nozzle set 
DSD range 

(µm) 

SMD 

(µm) 

D10 

(µm) 

D50 

(µm) 
LEL (g/m3) LEL (%v/v) 

N1 8-10 7 9.2 9 94 1.2 

N’ 40-60 10 15 14.5 127 1.6 

N2 80-100 16.7 7.6 60.5 220 2.8 

Table 7: LEL of Jet A1 mists as a function of initial temperature using nozzle set N1 

Initial temperature 

(°C) 
LEL (g/m3) LEL (%v/v) 

20 94 1.2 

27 65 0.8 

40 58 0.7 

60 51 0.6 

3.6.3. Limiting Oxygen Concentration 

The European standard EN 14034-4 [46] for dust clouds defines the Limiting Oxygen 

concentration (LOC) as the maximum oxygen concentration at which dust explosions no longer 

occur during three consecutive tests for any given dust concentration. This parameter is usually 

measured under worst-case-scenario conditions, i.e., when the mixture is most flammable and 

is usually expressed in percentage of oxygen [47]. It is used as an explosion prevention measure 



to inert (decrease the oxygen content in) explosive atmospheres. Mist explosions may be 

efficiently avoided by maintaining the oxygen concentration below this threshold throughout 

the whole process system. Studies of LOCs associated with mists are recently scarce and are 

still limited to some conducted in the twentieth century [7,40,48]. This parameter is dependent 

on the initial temperature, the type of flammable mixture, and the used inert gas.  

For this study, the LOC is considered as the concentration of oxygen below which no flame 

propagation occurs. To maintain a worst-case scenario, Jet A1 mists were injected into the 

explosion sphere using the nozzle set N1 at 27 °C. 100 J chemical ignitors were used to ignite 

the cloud. Nitrogen was used as the inert gas and was injected into the sphere before the mist 

thereby reducing the oxygen percentage inside the sphere. The LOC was determined using 

Go/No-Go ignition at least three times per oxygen and mist concentration. Findings showed 

that Jet A1 mists generated with nozzle set N1 have an LOC of 15.8 %v/v corresponding to a 

mist concentration of 144 g/m-3. It can, therefore, be concluded that this mist concentration 

corresponds to an optimum mist concentration. Such a result can be considered complementary 

to the previously performed experiments which exhibited plateau-like behaviors.  

Table 8: Variation of the minimum oxygen concentration with Jet A1 mist concentration 

Mist concentration 

(g/m3) 

Oxygen 

concentration 

(%v/v) 

116 18.5 

130 16.6 

144 15.8 

160 16.5 

174 17 



4 Conclusion and perspectives 

For the first time, an experimental set-up used to determine both the ignition sensitivity (MIE, 

LEL and LOC) and explosion severity (Pmax and dP/dtmax) characteristics of mists has been 

designed and validated. The device is versatile and can test mists of different concentrations, 

DSD, turbulence, and nature. It is expected to be used in future efforts to standardize testing for 

the assessment of explosive characteristics of hydrocarbon mists. In this study, this set-up, and 

the related experimental protocol, were applied to Jet A1 mists, and the influence of the DSD 

and the initial temperature on the explosion thermo-kinetic parameters was determined.  

The following conclusions were drawn: 

1. Using the Venturi-based generation system, which was employed for this study, three

ranges of droplet diameters can be obtained (from 5 to 120 µm). The DSD of the mist

cloud (represented by d10, d50, d90, and SMD diameters) can be significantly influenced

by the nozzle orifice diameter, the air injection pressure, and the fluid characteristics.

The air injection pressure appears to be the factor with the highest effect. Interactions

should be taken into account, for instance through correlations, in order to better

characterize the mist cloud.

2. Initial temperatures can significantly alter the explosivity of Jet A1 mists by changing

the vapor/liquid ratio of the mist and hence, the rate-limiting step of the combustion.

For instance, dP/dtm increased from values of 145 bar/s at T = 27°C to about 285 bar/s

at T = 40 °C, and then to 540 bar/s at T = 60°C at a mist concentration of 87 g/m3. It

can also be observed that even little temperature fluctuations (from 20 °C to 27 °C) can

induce changes in experimental values, emphasizing the need to maintain the sphere

temperature constant when conducting experiments but also highlighting the impact of

such a parameter on industrial mist explosions.



3. Chemical equilibrium calculation (e.g. with CEA NASA), combined and compared with

gas chromatography analysis of the composition of the gaseous products, might offer a

decent estimation of the actual mist concentration within the explosion vessel,

considering droplet-wall interactions, rainout phenomena, and sedimentation.

4. The MIE of Jet A1 for mist concentrations between 110 and 160 g/m3 demonstrated a

parabolic behavior as the concentration increases, reaching a minimum of about 200 mJ

at a concentration of about 140 g/m3 and 27°C. This result is essential for the explosion

risks assessment as some studies show that kerosene vapors ignite for energies higher

than 100J at this temperature. The potential presence of hydrocarbon mist should

therefore be an element that requires reconsidering the classification of hazardous areas.

5. The LEL of Jet A1 mists is highly influenced by the DSD of the mist cloud, as it

increases with increasing droplet sizes. Moreover, with increasing initial temperatures,

LEL values tend to slightly decrease approaching the LEL of kerosene vapors.

6. The LOC of Jet A1 of droplet diameters ranging between 8 and 10 µm is about

15.8 %v/v corresponding to a mist concentration of 144 g/m3. This value corresponds to

the optimum mist concentration and complements explosion severity tests.

Although additional tests are required on other hydrocarbon fuels, characterizing the ignition 

sensitivity and the explosion severity of mists using a single setup was proven possible in this 

study. The MIST sphere can be considered as a suitable apparatus, simple to find in most of the 

laboratories and able to give quantitative indications on prevention and protection strategies for 

hydrocarbon mist explosions. 
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