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ABSTRACT

In a world where fuels are indispensable and ubiquitous in nearly every industry, attention
should be paid to the dangers they might cause. Indeed, numerous incidents have occurred
throughout the years due to accidental fuel releases in the form of mists, resulting in explosions
and human and material losses. Nevertheless, while standards and regulations for flammable
gases/vapours and dust are well-established, those for liquid aerosols remain less so. This is
mainly due to the lack of means of characterisation, available data, and scientific knowledge in
such a matter. The objective of this study is hence to propose a complete procedure allowing the
evaluation of the ignition sensitivity and explosion severity of fuel mist clouds. Suitable
prevention, protection and mitigation measures can then be implemented in a harmonised and

systematic way.

For this study, seven fuels of different physicochemical properties and industrial uses were
chosen. A gravity-fed mist generation system, which is relatively easy to manufacture and
controllable, was designed to mimic industrial leaks and ruptures while remaining adjustable to
a laboratory-scale apparatus. Based on a Venturi junction, the system was equipped with twin-
fluid nozzle sets with varying orifice diameters. Subsequently, modifications were made to the
standardised 20 L explosion sphere used for dust explosion tests to accommodate the mist
generation system. Moreover, a control and data acquisition system with customised software
was specifically developed to ensure the safe operation of the test equipment and optimal
interpretation of the experimental data. Once the test apparatus was ready and validated,
characterisation tests took place. Three nozzle sets were chosen with a maximum attainable mist
concentration of about 800 g.m-3 and droplet diameters ranging between 5 pm and 100 pum. The
mist cloud's droplet size distribution (DSD) was examined using an in-situ laser diffraction
sensor. Moreover, Particle Image Velocimetry (PIV) was performed to determine the level of
turbulence of the cloud inside the equipment throughout the injection process up to the moment
of ignition. Experimental findings also allowed the proposition of a correlation that predicts the
Sauter Mean Diameter (SMD) of a mist cloud generated using a twin-fluid nozzle based on the
characteristics of the fluid and the injection conditions. Subsequently, a complete modus
operandi was established and proposed after calibration and validation tests. The pre-
characterised mist cloud would then be ignited under different conditions to determine the
ignition sensitivity and explosion severity of the seven selected fuels in a single apparatus. It was
seen that the fuels could be classified into four minimum ignition energy (MIE) categories ranging
from less than 130 m] to 5 kJ. The lower explosion limit (LEL) and the limiting oxygen
concentration (LOC) were also determined. Moreover, it was observed that a smaller DSD, a

higher initial temperature, and a more turbulent mist cloud all lead to higher explosion severities



to a certain extent. The influence of the chemical nature, the vapour content, the ignition energy,
and the addition of flammable gases was also evaluated. This parametric analysis allowed the
differentiation between distinct classes of fuels and was complemented by flame propagation
studies conducted in a flame propagation tube. The flame speeds and burning velocities were
determined, allowing the understanding of the phenomenology of mist explosions. An

evaporation model was also developed to complement experimental findings.

This study proposed a liquid classification system, depending on which specific test procedures
were recommended. It also put forward the application of such procedures in industrial cases to
illustrate the importance of considering scenarios involving the generation of fuel mists,
particularly those with high flashpoints, and the need to assess the safety parameters of mists

through experimental means for standardisation.



RESUME

Dans un monde ou les combustibles sont d'un usage indispensable et sont omniprésents dans
I'industrie, il convient de préter attention aux dangers qu'ils peuvent représenter. En effet, de
nombreux incidents se sont produits au fil des ans en raison de rejets accidentels de combustibles
liquides sous forme de brouillard, entrainant des explosions et des pertes humaines et
matérielles. Néanmoins, si les normes et réglementations relatives aux gaz/vapeurs et aux
poussieres inflammables sont bien établies, celles relatives aux aérosols liquides le sont bien
moins. Ceci est principalement dii au manque de moyens de caractérisations, de données
disponibles et de connaissances scientifiques en la matiere. L'objectif de cette étude est donc de
proposer une procédure compléte permettant d'évaluer la sensibilité a l'inflammation et la
sévérité de l'explosion de nuages de brouillard d’hydrocarbures. Des moyens de prévention, de
protection et de mitigation adaptés pourront alors étre mis en ceuvre de maniere harmonisée et

systématique.

Pour cette étude, sept combustibles aux propriétés physico-chimiques et aux usages industriels
différents ont été choisis. Un systéme de génération de brouillard par gravité, relativement aisé a
concevoir et a contrdler, a été développé pour simuler des fuites de liquide sous pression tout en
restant adaptable a un équipement a I'échelle d’un laboratoire. Basé sur une jonction Venturi, le
systeme a été équipé de jeux de buses a deux fluides dont les diamétres d'orifice peuvent varier.
Par la suite, des modifications ont été apportées a la sphere d'explosion standardisée de 20 L
utilisée pour les essais d'explosion de poussieres afin d'accueillir ce systéme de génération de
brouillard. En outre, un systeme de contrdle et d'acquisition de données avec un logiciel
personnalisé a été spécifiquement développé pour assurer le fonctionnement slr de
I'équipement d'essai et l'interprétation optimale des données expérimentales. Une fois I'appareil
d'essai prét et validé, les essais de caractérisation ont eu lieu. Trois jeux de buses ont été choisis
avec une concentration maximale de brouillard atteignable d'environ 800 g.m-3 et des diameétres
de gouttelettes compris entre 5 pm et 100 pm. La distribution de la taille des gouttelettes (DTG)
du nuage de brouillard a été examinée a l'aide d'un appareil de diffraction laser in-situ. De plus,
la vélocimétrie par image de particules (PIV) a été réalisée pour déterminer le niveau de
turbulence du nuage a lI'intérieur de I'équipement tout au long du processus d’injection jusqu’au
moment de I'inflammation. Les résultats expérimentaux ont également permis de proposer une
corrélation qui prédit le diametre moyen de Sauter (DMS) d'un nuage de brouillard généré al'aide
d'une buse bi-fluide a partir des caractéristiques du fluide et des conditions d’injection. Par la
suite, un mode opératoire complet a été établi et proposé apres des tests de calibration et de
validation. Le nuage de brouillard pré-caractérisé est ensuite enflammé dans différentes

conditions afin de déterminer la sensibilité a I'inflammation et la sévérité de 1'explosion des sept



combustibles sélectionnés dans un seul et méme appareil. Il a été constaté que les combustibles
pouvaient étre classés en quatre catégories d'énergie minimale d'allumage (EMI) allant de moins
de 130 m] a 5 kJ. La limite inférieure d'explosivité (LIE) et la concentration limite en oxygene
(CLO) ont également été déterminées. En outre, il a été observé qu'un DSD plus petit, une
température initiale plus élevée et un nuage de brouillard plus turbulent conduisent tous a une
sévérité d'explosion plus élevée dans une certaine mesure. L'influence de la nature chimique, de
la teneur en vapeur, de 1'énergie d'allumage et de 1'ajout de gaz inflammables a également été
évaluée. Cette analyse paramétrique a permis de différencier des classes distinctes de
combustibles et a été complétée par des études de propagation de flamme réalisées dans un tube
de propagation de flamme. Les vitesses de flamme ont été déterminées, permettant la
compréhension de la phénoménologie des explosions de brouillard. Un modéle d'évaporation a

également été proposé afin d’analyser plus avant les résultats expérimentaux.

Cette étude a proposé un systéme de classification des liquides, a partir duquel des procédures
d'essai spécifiques sont recommandées. Les résultats de cette étude ont été également appliqués
a des études de cas industriel afin d’illustrer d’'une part I'importance de la prise en compte des
scénarios impliquant la génération de brouillards d’hydrocarbures et particulierement ceux
présentant des points d’éclair élevés et d’autre part, la nécessité d’évaluer les parametres de

sécurité des brouillards au travers de moyens expérimentaux destinés a étre normalisés.
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CHAPTER I:
INTRODUCTION




1.12.  Context and background

For centuries, the World has depended greatly on hydrocarbons which are ubiquitous,
indispensable fuels used in nearly every existing industry. However, their use has led to
numerous incidents along their value chain, i.e., during production, handling, storage, or
transportation. Among these incidents, the chemical and petrochemical industries have
witnessed a significant number of explosions triggered by involuntary mist releases (Santon,
2009; Lees et al.,, 2019). Such inadvertent releases can lead to the formation of a flammable
mixture that can cause an explosion in the presence of an ignition source. Identifying the risk of
formation of an explosive mist atmosphere in or around equipment dealing with flammable fluids
in industrial sectors, such as production, processing, distribution, and retail sectors, therefore
appears of importance to better manage fire and explosion risks. At the European level, two
Directives are currently implemented to properly manage explosion risks in the workplace. The
firstdirective, 1999/92/EC, provides minimum requirements for improving the safety and health
protection of workers potentially at risk from explosive atmospheres. It clearly defines an
explosive atmosphere as a mixture of flammable substances with air, under atmospheric
conditions, having the form of gases, vapours, mist, or dust and through which combustion
spreads after ignition has occurred. This directive also classifies the areas where explosive
atmospheres may occur according to their frequency and duration of occurrence (Zones 0, 1, and
2 for gases, vapours, or mist and Zones 20, 21, 22 for combustible dust, with decreasing frequency
of occurrence) (Directive 1999/92/EC, 2000). The second directive, 2014/34/EU, stipulates
which equipment and protective systems are intended for use in potentially explosive
atmospheres as it attributes equipment, which are categorised based on their level of protection,

to each classified zone (Directive 2014/34/EU, 2014).

As mentioned, the so-called ATEX Directives recognise the possible threat posed by mists.
However, there is still a lack of tools to assess explosion risks related to mists, and only a limited
amount of information is available on how to estimate the degree of the threat posed by high-
flashpoint fluid mists and the type of ATEX equipment to use. Furthermore, the International
Electrotechnical Commission IEC 60079-10-1 (2020) clearly states that current standards and
classifications do not apply to mist hazards generated at temperatures below the flashpoint.
Nonetheless, it became evident that several mist explosions did actually occur at temperatures
below the flashpoint of the aerosolised liquid (Eckhoff, 2005; Eichhorn, 1955; Gant et al., 2020)
and that, although ATEX standards recognise the dangers of flammable mists, liquid
categorisation is still limited to this flashpoint (see Section 2.3). Indeed, while the classification
of flammable gases and dust is well-established, that of liquid aerosols remains less so. This is

mainly due to a lack of scientific data and knowledge in such a matter, highlighted by the Energy



Institute (Energy Institute, 2015), which stated that “there is little knowledge on the formation of
flammable mists and the appropriate extents of associated hazardous areas”. These concerns were

also confirmed recently by Lees et al. (2019) and Yuan et al. (2021).

1.2.  Gas and dust explosions: going back to the basics

The attention of prevention officers and legislators has long been focused on the risks presented
by the generation of clouds of flammable vapours or gases, as well as on the formation of
explosive dust atmospheres. One might wonder why current standards are this well-established
and comprehensive for gases, vapours, and dust clouds and not for mist clouds. In fact, gases,
vapours, and dust clouds are currently well-defined, and their involvement in accidents is clearly
identified and assessed. On the other hand, the matter is more complex for mist incidents, as they
were often mistaken for vapour explosions and treated as such, just like dust clouds before the
first extensively investigated wheat flour explosion in Turin (Eckhoff, 2005). This lack of

knowledge and clear regulations cause the risks of mist clouds to be rather misevaluated.

Numerous standards currently provide experimental methods to determine the ignitability and
explosibility of combustible gases, vapours, and dust clouds (Table I-1). The existing standards
detail the experimental setups and operating conditions to be used during tests measuring
specific ignitability and explosibility parameters. The latter help in designing suitable safety
equipment as advised by the ATEX directive 2014/34/EU and proper explosion prevention and
protection systems (e.g., venting protective systems: EN 14491 (2012) for dust clouds, EN 14994
(2007) for gases and vapours).

Table I-1: Existing standards to determine the ignitability and explosibility of gases/vapours and dust clouds

Dust clouds Gases and vapours

EN 14034-1 (2004)+A1

(2011)
Explosion severity

(Pmax, P /dtmas, K) EN 14034-2 (2006) EN15967 (2022)

ASTM E1226-19 (2019)

EN 14034-3 (2006)

ASTM E2019-03 (2019)
Ignition sensitivity EN 1839 (2017)
LEL. MIE. MIT ASTM E1515-14 (2014)
( ’ ’ ) ASTM E681-09 (2015)
ASTM E1491-06 (2019)

ISO/IEC 80079-20-2 (2016)




Hazardous areas linked to gases, vapours, and dust clouds can, therefore, be well-classified (IEC
60079-10-1, 2020; IEC 60079-10-2, 2015), and precautions to prevent or mitigate explosions can
and should be taken. For instance, one of the most important conceivable ignition sources is a
heated surface. As a result, the maximum surface temperature of the equipment is an important
parameter to consider and must be included in the Ex-marking of ATEX equipment. Therefore, in
line with EN 1127-1 (2019) and EN 13463-1 (2009), equipment for use in such atmospheres must
have a safety margin to the auto-ignition temperature (AIT) (in the case of gases or vapours) and

the minimum ignition temperature (MIT) (in the case of dust clouds).

In addition, the limits of flammability (the lower explosion limit, LEL, and the upper explosion
limit, UEL) are crucial explosion risk prevention parameters. The gas/vapour or dust clouds
concentration should be maintained outside this explosive range to ensure a non-explosive
atmosphere at concentrations well below the LEL or well above the UEL. In a case where process
condition adjustments fail to preserve substances out of the explosion range, inerting becomes a
viable option. The available oxygen in the atmosphere is, here, replaced by an inert gas to reduce
or prevent an explosion. The limiting oxygen concentration (LOC) is hence introduced as an
important parameter below which flame propagation and, as a result, an explosion cannot take
place (CEN/TR 15281, 2006). This parameter, which will depend on the nature of the inert gas, is
determined following the EN 1839:2017 standard for gases and vapours and the EN 14034-4
(2011) standard for dust clouds. Moreover, as part of the risk assessment and hazardous area
classification (HAC) parameters, the minimum ignition energy (MIE) of a flammable cloud
should also be considered since it is the lowest stored energy upon which electrical discharge is
sufficient to effect ignition of the most ignitable concentration under specific conditions. So far,
there is little data on measured MIE of sprays and dispersed droplets (IEC TS 60079-32-
1:2013+AMD1:2017). It should also be noted that the standard ISO/IEC 80079-20-1 (2020)
provides guidance on the ATEX classification of gases and vapours (i.e., gas/vapour groups IIA,
[IB, and IIC) through the measurement of the ignition minimum current (MIC) or the maximum
experimental safe gaps (MESG) for gas/vapour-air mixtures so as to be able to select an
appropriate group of equipment. The compatibility of such equipment located in ATEX areas
against the risk of electrostatic ignition is based, in particular, on the comparison between the
values recorded during the evaluation of MIC or MESG and the MIE thresholds not to be exceeded
as given in the standard IEC 60079-32-2 (2015).

The selection of adequate equipment for dust relies as well on the determination of three dust
groups (Illa, I1IB and IIIC) based on the knowledge of the “combustibility” of the material, its
nature (metallic or not), its size (flyings or not) and its resistivity. In any case, it appears of

primary importance not only to control electrical hazards by limiting the current and voltage in



a circuit but also to manage electrostatic hazards by properly earthing/grounding, bonding, and

avoiding electrostatic discharge. The latter can only be achieved by evaluating the MIE properly.

When preventing the formation of an explosive atmosphere or the presence of an ignition source
proves difficult, mitigating measures to protect employees should be taken. Explosion
suppression, isolation, relief venting, and containment are all viable options to ensure the safety
of workers. The last two options rely on the maximum explosion overpressure (Pma.x) and the
normalised deflagration index K (determined from the maximum rate of explosion pressure
rise dP/dtmax). Indeed, from these two parameters of a confined explosion, a venting area can be
calculated to reduce the explosion severity and allow part of the material to escape to a location
where its emergence can be tolerated from a health and safety standpoint (Jespen, 2016).
Moreover, when affordable, the equipment can be designed to withstand overpressure and
contain the explosion without rupture, which can be considered an application of inherent safety

principles.

The list goes on about parameters that can be identified and that permit preventing explosions,
selecting equipment, taking mitigating measures, assessing risks, and classifying hazardous
zones. Table -2 comprises some of such parameters, the current standards used to determine

and apply them, following the ATEX directives, and their applications through two examples:

- Example 1 considers an industrial pump which pumps benzene and is equipped with a
mechanical seal and placed at ground level outdoors. The latter has a molar mass of 78.11
g.mol-! and an AIT of 498 °C. A leakage is found due to the rupture of the mechanical seal
(secondary source of release according to EN 60079-10-1). Seen that the AIT of the
vapour is greater than 450 °C and that the MIE is higher than 0.2 m], an electronic
grounding system belonging to the equipment group IIA and temperature class T1 can be

used.

- Example 2 studies a cyclone aluminium dust collector followed by a filter bag. The
temperature of the surrounding surfaces must not exceed 475 °C (MIT of aluminium is
about 550 °C, dso = 23 pum) (BGIA GESTIS-DUSTEX, IFA). The MIE of very fine aluminium
powder can be as low as 1 m]. Aluminium powder is then combustible metal dust classing
this material in dust group IIIC. The dedusting mechanism can create an electrostatic
energy release of about 10 mJ, a value higher than the MIE. Therefore, the adequacy of
such equipment against electrostatic risks requires electrical grounding of all apparatus

and anti-static filters. Employees should also be equipped adequately.

These two examples illustrate succinctly the importance of safety parameters on the risk

management of processes handling gases or powders, but...



Table I-2: Application of some risk assessment parameters on gases/vapours and dust clouds

Parameter Gases and vapours Dust clouds Standards Applications

o Surfaces must be kept Example 1: temperature

) o below 80 % the AIT of O ISO/IEC 80079-20-1 class T1 (AIT > 450 oc)
Auto-ignition the mixture ] (2020) 3 equipment with a
temperature (AIT) . maximum T of 450 °C
o Equipment temperature o ASTM E659-15 (2015)
classes (T1 - T6) should be selected

o Surfaces must be kept

below the adjusted
MIT of the mixture o NF/BS CEIEN 50281-2-
1(2000) Example 2: equipment
Minimum ignition : Fa = Mg o 1SO/IEC 80079-20-2 with a maximum T of
temperature (MIT) MITadgjusted = 2,/3 X MIT (2016) 475 °C should be
] (°C) selected

o [EC 60079-10-2 (2015)
MITadjusted = MITsmm - 75

O
o (ISO/IEC 80079-20-1, © Example 1: Gas group
2020) 1A
. D -20- o Example 2: Dust
Minimum ignition energy o ISO/IEC 80079-20-2

(MIE) or current (MIC) Gas groups IIA, IIB, IIC Dust groups IIIA, IIIB, ITIC (2016) group IIIC

o ASTM E582-21 (2021) o Installation of

grounding/earthing

o ASTM E2019-03 (2019) systems




1.3. But what about mists?

Accidental explosions are not limited to the two states of matter mentioned above, solid and gas.
Liquids dispersed as mist clouds should also be taken into consideration. Agitation, splashing, oil
lubrication, ruptures in vessels and pipelines due to accidental damages or corrosion, and
evaporation then eventual condensation of the fuel into mist are all forms of unplanned releases
of flammable hydrocarbon aerosols which make chemical and petrochemical industries prone to

mist explosion hazards.

Of frequent occurrences in the industry, causing major accidents and being increasingly
documented (see Section 2.2), such flammable mists are neither well classified nor subject to
dedicated regulations. Qualitative guidance can be found in some standards, including the Energy
Institute’s model code of safe practice EI15 (Energy Institute, 2015) and IEC 60079-10-1 (2020),
but there exists a lack of quantitative methods permitting to assess mist explosions and
classifying linked hazardous areas correctly. As Gant (2013) pointed out, the matter is more
complex for mists than for gases, vapours and dust clouds. Although heterogeneous as a dust
cloud, the droplet size distribution of a mist cloud depends even more on time, turbulence level,
and concentration. Mist releases are not usually uniform and stable, mostly due to eventual
evaporation, droplet breakup, coalescence, or sedimentation. Moreover, with high flashpoint
multi-component fuels, the presence of volatile fractions renders studying their flammability and
explosivity rather challenging. Indeed, according to the [EC 60079-10-1 (2020) standard, if a mist
hazard has been established, ‘Zones 0, 1, or 2’ cannot be used as hazardous area classifications
since the types of protection used in such zones are not necessarily applicable for mist risks.
Additionally, the standard mentions that, due to their complexity, mist clouds’ risk assessment
should preferably be supported by specific references or operating experiences so that
judgements are based on pertinent data (IEC 60079-10-1, 2020). Therefore, standards are limited

to qualitative methods since each release is strongly influenced by the handled liquid.

Many efforts were made in the previous decades to quantitively study mist hazards. For instance,
Burgoyne and Cohen (1954) notably studied the effects of droplet sizes on the flammability of the
mist cloud. Ballal and Lefebvre (1978) conducted several studies to measure and predict the
ignition energy and quenching distance of quiescent and turbulent fuel mist clouds. In parallel,
throughout the years, a considerable number of mist-related incidents have been
reported. Eckhoff (2005) dedicated a chapter of his book to shed light on the explosions of liquid
droplets and past related incidents. Other incident reviews were published by Santon (2009) and
Lees et al. (2019). A liquid/area classification system was also proposed by the Health and Safety

Executive (HSE), dividing industrially interesting fuels into four release classes according to their



volatility and their ease of atomisation (Gant et al., 2016). The list of dedicated studies is far from
being exhaustive (which will be detailed in Section 2.4), but there is still no standard experimental

test method to evaluate safety parameters for mist ignition and explosion assessment.

1.4. Main goals and objectives

The increased interest and concern in preventing and mitigating mist explosion incidents call for
a standardised test method to evaluate such risks and a greater understanding of the influence of
external conditions. This work, therefore, aims to propose a complete procedure allowing the
evaluation of the ignition sensitivity and the explosion severity of fuel mist clouds. Hence, the
main parameters of interest are the LEL, MIE, LOC, Py, dP/dtex, and Ku. The variability and
complexity of a turbulent mist cloud are taken into account. They are studied experimentally and

by using complementary modelling and simulations.

The core of the manuscript comprises five chapters presenting the experimental and modelling

approaches taken to understand, assess, and prevent fuel mists explosions.

o CHAPTER II is dedicated to introducing a literature review on reported mist explosions,
their classification, and some generalities on the formation and ignition of a mist cloud. A
flammable mist cloud is defined along with the main factors influencing its turbulence
level, concentration, and droplet size distribution. In addition, the parameters of interest
linked to the ignition sensitivity and the explosion severity are discussed. Subsequently,
a scientific look at the two-phase combustion of a mist cloud considering evaporation and
group contribution phenomena is presented. The bibliographic approach in this chapter

has been reduced to its fundamentals to meet the manuscript’s needs.

o CHAPTER III offers a detailed description of the experimental methods followed to
establish a complete procedure and a new experimental set-up to assess the ignitability
and the explosibility of a mist cloud. The chapter starts off with a dimensional analysis
highlighting the influencing parameters on the generation of the cloud. A selection of fuels
is presented along with ex-situ characterisation of the physicochemical properties of the
liquids of interest. The employed experimental vessels, as well as in-situ characterisation
of the aerial behaviour of the fuel mist, are then put forward. Here, the turbulence level,
the concentration, and the droplet size distribution of a generated mist cloud are
quantified using different experimental and simulated techniques. This chapter ends with
dimensional analysis of a mist cloud's ignition and the presentation of the used ignition

sources.

o CHAPTER IV discusses the design and the validation of testing devices permitting the



completion of the opted procedure. The performance of the mist generation is evaluated
for seven selected fuels. A CFD approach is presented to complement experimental
findings. Ignition sources are also debated and compared as they may influence the
turbulence level and the growth of a flame kernel when actuated inside the explosion
vessel. In addition to calibration tests and uncertainty evaluations, a comprehensive
modus operandi is proposed. The latter was then debated and compared with a standard

dust configuration test.

o CHAPTER V offers an in-depth investigation of experimental results. The ignition
sensitivity and explosion severity of the seven fuels were first presented. A parametric
analysis of the influence of the fuels’ chemical nature, the droplet size distribution, the
level of turbulence, the ignition energy, the initial temperature, and the mist
concentration allows benchmarking of the test procedure against different types of fuels.
Moreover, the influence of fuel blending and varying the vapour fraction of an injected
mist is communicated. A sneak peek at hybrid explosions is also offered, where methane
and a fuel mist cloud are ignited, allowing the assessment of the contribution of each

component.

o CHAPTER VI first discusses the theory of group combustion in mist clouds. It then proposes
an approach to experimentally evaluate the flame speed and burning velocity in a flame
propagation tube and a vented experimental vessel in order to eventually determine the
laminar burning velocity. This velocity is an inherent, intrinsic parameter that may be
employed in sophisticated simulations to assess the effects of a mist explosion under
specified conditions. It was also determined by considering the pressure-time evolution
and semi-empirical correlations. A mist evaporation model is finally suggested to

complement experimental findings.

A general conclusion puts an end to the work performed in this thesis. This final chapter consists
of a review of the implemented mechanisms, followed by a proposition of a general classification
allowing the choice of a procedure based on industrial conditions. The impact of this study on the
modalities of risk assessment, prevention, mitigation, and ATEX classifications is subsequently

deliberated, followed by a presentation of some perspectives.

A final part appears at the end of this manuscript featuring the appendices, which support the

general development of the thesis.






CHAPTER II:

FROM THE GENERATION TO THE
IGNITION OF MISTS




roperly identifying a mist cloud and acquiring sufficient knowledge of previous mist

incidents, current standards, and ignition and explosion phenomenology are all

prerequisites for a process safety professional treating any mist explosion hazard. This
chapter, therefore, serves as a reference divided into four parts. A mist cloud is first defined
according to its droplet sizes. The second part then includes an incident review and discusses
reported mist explosions in transport, production, aviation, and other industries. Subsequently, a
third section is devoted to the current standards and proposals applied to classify oil fluids and
assess related risks. Finally, a literature review confers the key parameters to take into account in
mist generation, ignition and explosion phenomena, as well as the efforts previously made to identify
and study them. Measures to study the combustion kinetics and assess related risks are also

conveyed.

2.1. How to define a mist

To better understand the phenomenon of fuel mist explosions, the mist é 103
cloud should be well defined and characterised. According to the Globally g o
Harmonized System of classification and labelling of chemicals (GHS) Drizzle
(ST/SG/AC.10/30/Rev.8, 2019), mists are defined as liquid droplets, g = Ty
generally of sizes ranging from 1 to about 100 um, of a particular & P Clouds
substance or mixture suspended in a gas - usually air. The alternative
term “smoke” is then used for aerosols with diameters lower than 1 um 2 b —
(Fraser and Eisenklam, 1956), while “sprays” consist of dispersed é
droplets of diameters generally greater than 50 um. Other definitions are A0
also encountered. For instance, Ballal and Lefebvre (1981a) consider the >
term “mist” to be suitable for up to 100 um (Gant, 2013), while the IEC
60079-10-1 (2020) standard identifies a diameter range from sub- ot
micron to 50 microns. Figure 1I-1 depicts the variety of drop sizes that  Droplet size

(um)

may be found in natural/accidental occurrences as well as
Figure 1I-1: Drop size spectrum - redrawn

those typically created by atomisers. from Fraser and Eisenklam (1956)
This study concentrates on mist clouds of droplet diameters reaching 100 pm. It should be noted
that this research is limited to process safety applications and does not encompass combustion

engines for which sprays are generated.

Nevertheless, as proposed by Eckhoff (2005), the terms “spray” and “mist” are used arbitrarily in

the following of this thesis as they are both relevant in this case.



2.2. What mist releases have caused

High flashpoint liquids tend to be considered intrinsically safer and less likely to ignite than
liquids with low or moderate flashpoints (see Section 2.3). However, there are two exceptions to
this rule. First, a liqwuid can be ignited at temperatures below its flashpoint if it soaks into a
porous insulating substrate due to oxidative self-heating (Santon, 2009). Second, if, alternatively,
this same liquid is scattered as a fine spray in the air, it can ignite and result in a fire or explosion,

depending on the conditions.

Whilst acknowledging the risk, most articles and reviews on this topic point to a relatively low
occurrence rate. For instance, Eckhoff (2005) stated that “open reports of case histories of
accidental spray/mist explosions in the process industries are scarce”. Nonetheless, the
consequences of such explosions are often underestimated and unforeseen, mostly due to the
application of gas-phase flammable properties to the evaporated liquids underestimating the
ignitability and explosion severity of mists (Yuan et al.,, 2021). In fact, numerous scenarios might
contribute to the accidental formation of mist clouds from leaks at temperatures below the
flashpoint. Indeed, the assumption that reactivity is lost as the fuel mixture becomes richer loses
its accuracy in the presence of flammable mists, as their hazards may be unpredictable (Hansen
et al, 2013). In addition to being underestimated, mist explosions might often be confounded

with vapour explosions and their specificities neglected.

One explosion incident that has been doubted to be triggered by a mist release is the Buncefield
explosion, which took place on the 11th of December 2005. This incident occurred due to the
overflow of a gasoline tank after the failure of the safety systems initially fitted to prevent the
tank from overfilling. This failure led to the spilling of large quantities of gasoline that then formed
a fuel-air mixture igniting a few moments later. CCTV cameras and witnesses reported the
appearance of a mist-like cloud (Yuan et al, 2021). According to Atkinson (2017), several
incidents similar to the Buncefield explosion have occurred; nevertheless, none have caused such
widespread damage. This incident has contributed to the process safety community by raising
awareness of the significant impact such explosions can have and proving that more work and
attention should be put into the risk assessment of oil storage. Yet, oil storage is not the only

concern.

A mist incident survey conducted by the Health and Safety Executive shed light on several mist
explosion incidents, which took place around the world and in different industries, including
railway, manufacturing, refinery, offshore, and aviation. The authors used various databases such
as the National Technical Information Service, Major Hazards Data Incidents Service (MHIDAS),

and the Chemical Engineering and Biotechnology Abstracts (Santon, 2009). Thirty-seven



incidents were identified, including 20 explosions which resulted in 29 fatalities. Santon (2009)

further stated that in all cases, the incidents arose from the ignition of mist at temperatures near

or below the liquid’s flashpoint. The leaks involved in such explosions were created by

pressurised sprays or condensation aerosols of industrial high-flashpoint fuels such as kerosene,

diesel, as well as lube and fuel oil.

Ten years later, Lees et al. (2019) analysed additional incident
databases (UK HCRD Hydrocarbon Release Database, ARIA,
and ZEMA) to institute common trends in flammable mists
incidents (see Figure I1-2). The authors stated that, as of 2016,
with the increased interest in mist explosions, incident report
forms for the HCRD, such as the Report of an Oil and Gas
Incident Form (ROGI), began to include the question: “Did a
liquid spray/mist release occur?”, which was not the case for
the ARIA and ZEMA databases. The HCRD findings
demonstrated that around 10 % of reported releases on
offshore oil and gas installations on the UK Continental Shelf
between 2016 and 2018 involved sprays or mists. Diesel,

hydraulic oil, and lubricating oil were found to be the most

= 0il = Hydraulicoil = Thermal oil

® Crude oil = Heavy oils u Diesel

= Gasoline = Fuel oil Methanol
Ethylene Propane Others

Figure 1I-2: Fluid spray releases from
ZEMA and ARIA databases - reproduced
from Lees et al. (2019)

involved in the reported mist incidents, as they each formed 20 % of the latter. Most of these

releases were greater than 10 kg and were considered “under pressure” (pressures ranging from

3.6 to 200 bar). Furthermore, the authors stated that the temperature was scarcely reported, and

that the majority of the release hole sizes were between 1 mm and 10 mm (circular orifice

equivalent diameter) with a circular, annular, or slit hole geometry.



Lube oil - New Jersey, USA

A closed loop for containment and recirculation was being tested in a centrifugal
~~Ocompressor test. High-velocity air atomised and blended the lube oil. Six hours
after the testing, an explosion occurred, shattering windows 150 meters away and
leading to 6 fatalities and 30 injuries (Vervalin, 1974).

Diesel - Ship Reina del Pacifico

Evaporation of oil in the hotter sections of the crankcase and subsequent
© circulation and condensation in the colder parts are suspected of having produced

mists of finer droplets leading to a strong explosion which subsequently

propagated to three other engines leading to 28 fatalities (Eckhoff, 2005).

Light gas oil - Salford, UK

A passenger train collided with a tanker train carrying light gas oil with a flash
point of 66 °C. Following the collision, there immediately was an explosion leading
to 3 fatalities and 53 injuries (Santon, 2009).

Jet A - New York, USA

TWA Flight 800 en route from NY to Rome. According to reports, this explosion
resulted from the ignition of the flammable fuel-air mixture in the centre wing fuel
tank. A dynamic test revealed that the kerosene would suspend as mists when the
tank is vibrated, lowering the lower explosion limit below the LEL of kerosene
vapours. Two hundred thirty fatalities occurred (Shepherd et al,, 1997).

Hydraulic oil - Oregon, USA

The atomised fluid was ignited by welding sparks in a hydraulic oil-powered
© elevating work platform. According to the investigation, a pinhole leak developed,

causing the pressured hydraulic fluid to atomise into a mist, leading to 1 fatality

(National Institute for Occupational Safety & Health, 2003).

Butyl acrylate - Jiaxing, Zhejiang, China

A mist was produced during the pumped delivery of butyl acrylate (flashpoint 49
°C). The static energy built in the droplets, and the discharge between them ignited
the mist, resulting in a fire and a series of explosions (Wang et al., 2019).

Unknown oil - Incheon, South Korea

According to The Guardian, a fire at an unfinished warehouse was started by an oil
mist explosion trapping numerous workers on an underground level. Thirty-eight
people were killed, and ten were injured (CTIE 2020).

Diesel - Miss Dorothy Towing Vessel

0 An engine room aboard the towing vessel caught fire due to the ignition of a
spraying diesel fuel from a central engine’s fuel system onto an uninsulated
component of the engine’s exhaust system (NTSB, 2022).

Figure 1I-3: Illustrative example of mist related incidents throughout the years - some are adopted from Santon (2009)
and Yuan et al. (2021)

Figure I1-3 depicts a historical timeline of some example mist accidents. It portrays explosions
that took place throughout the years in different industries and were caused by different potential
ignition sources (see Section 3.10). Such ongoing incidents highlight the importance of setting up
means of prevention, protection, and mitigation for ATEX and accidental risks linked to mist
explosions. The lack of knowledge and research in this field can be considered one of the
numerous causes of the continuing occurrence of such incidents. It should be noted that many

have gone non- or misreported due to the lack of exposure and guidance.



2.3. Classification of oil fluids

Jespen (2016) identifies five key terms to consider in zone classification for oil fluids. First, the
zone should be identified according to the duration of occurrence of the explosive atmosphere
and the type of explosive mixture. One must also be familiar with the notion of the grade of
release when it comes to liquid (or gas) releases into the atmosphere from a point source.
Generally, a continuous, primary (occurs periodically or occasionally), and secondary (unlikely
to occur in normal operation) grade of release under air conditions will result in Zone 0, 1, and 2
classifications, respectively. The third and most difficult component of the zone classification
work is determining the zone extension outside equipment, which is often caused by failure leaks
and is highly influenced by the liquid’s characteristics, the level of ventilation, and the release rate
and volume. A point source (e.g., secondary grade) release requires the use of a basic dimension,
the hazard radius. This dimension is defined as the hazardous area’s horizontal extent in the
open air and predicted as the distance at which the flammable vapour concentration has reduced
to the LEL. Finally, it is palpable that the degree of ventilation is a critical factor in establishing
a correct zone classification as it influences the extent of a zone depending on whether the
equipment is placed in an open, closed, or sheltered area. The five mentioned terms are crucial
factors in zone classification. However, to appropriately implement this classification system and
identify potential oil fluid ATEX areas, it is first necessary to know to which class this oil fluid

belongs.

As mentioned previously, the flashpoint of an oil fluid is currently used as a key indicator of its
volatility and the extent of rapid vapour formation from its release. Qil fluids are, therefore,
generally classified according to their flashpoint and handling temperature. Adopted standards,
such as the EI15, NFPA, GHS, and OSHA, all take into account these parameters but might differ
by flashpoint boundaries or by including the boiling point as well. The Energy Institute’s model
code of safe practice EI 15 (Energy Institute, 2015) classifies oil fluids as seen in Table II-1. Under
normal processing settings, however, the mentioned classification is generally insufficient for
proper zone classification. As a result, the “fluid category” notion was introduced, which is now a
critical aspect in calculating zone hazard radii. Fluid categories comprise five groups, including A,
B, C, G(i), and G(ii) (see Table A-1 in Appendix A). The category of interest here is category C
which contains any flammable liquid that does not evaporate quickly or boil upon release but can
reach a temperature beyond its flashpoint or create a flammable mist or spray when released.
However, when zone classification during processing is necessary, it is a requirement that the
fluid fall into category C and no other category. A liquid belonging to Class Il or III (1) can fall in
category C if it is handled at conditions permitting the generation of a flammable mist (system

pressures above 5 bar) or at temperatures above its FP but below its boiling point. Otherwise,



areas around Class II or III (1) equipment are generally not viewed as hazardous areas where
zone classification is necessary. EI 15 recognises that the FP is not always a reliable indicator and
recommends increasing hazard radii. Nonetheless, additional guidance on such a matter remains

scarce.

Table II-1: Classification of oil fluids according to their flashpoint and handling conditions (Energy Institute, 2015)

Class 0il fluids
Class 0 Liquified petroleum gases
Class 1 FP <21°C
Class Il (1) or (2) 21°C<FP<55°C
Class III (1) or (2) 55°C<FP<100°C
Unclassified FP > 100 °C

(1) Handled below FP, (2) Handled at or above FP

For the purpose of clarifying and enhancing existing guidelines, as of 2011, the Health and Safety
Executive (HSE) has led a Joint Industry Project (JIP). The project has involved research on the
formation of flammable mists of 12 common fuels, methods for predicting the extent of the
flammable cloud, and concepts for protected equipment and equipment selection. Subsequently,
in 2016, the HSE proposed a liquid classification system, categorising fluids according to their
properties and operating conditions. The classification distributed different liquids into a
restricted number of classes, a system similar to that used in the area classification of gases or
vapours (Gas Group and Temperature Class). Influencing parameters were examined and taken
into account, as the system was based on the liquid’s flashpoint and its estimated ease of
atomisation (Gant et al., 2016). The latter was represented by the ratio of the Ohnesorge number
Oh to its critical value Oh. for primary atomisation (other calculations were performed for
secondary atomisation). This value represents the transition from a wind-induced break-up to an
atomisation break-up, and it is calculated as a function of the Reynold number Re (equations II-
1,2). It should be noted that the Ohnesorge ratio depends on the physicochemical properties of
the fluid as well as the jet’s velocity. A fluid can, therefore, be classified into different Release

Classes depending on the dispersion conditions.
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Where p;, i, and o; are the liquid’s density, dynamic viscosity, and surface tension, respectively,

d,, the orifice diameter, and U; the liquid’s jet velocity.

Based on findings and the JIP’s modelling, a categorisation system was created to classify fluids
into four release classes bound by the flashpoint and the propensity to atomise (Oh/Oh.), with
comparable features related to mist formation and flammability as seen in Table II-2. Gant et al.
(2016) concluded that fluids which belong to Release Class I tend to be more easily atomised and
are more volatile such as commercial fuels. The authors suggested that these fluids should be
treated as EI15 Category C fluids but with a more conservative mindset and care because releases
between 1 and 5 bar can create a hazardous zone. Release Class Il comprises fluids less likely to
atomise and more volatile, such as viscous fuel oils. The authors mentioned that no flammable
zone should be considered for hole sizes = 1 mm and pressures < 20 bar, otherwise, fluids should
be treated as Category C fluids. The same advice was given concerning Release Class III, which
includes fluids less volatile and less prone to atomise, such as hydraulic and lubricating oils.
Finally, fluids which are less volatile and more atomising (e.g., heated hydraulic or lubricating

oils) and belong to Release Class IV should be treated as Category C fluids.

The authors insisted that any extrapolation of the results to general guidelines for all orifices, all
pressures, and all fluids is unsuitable due to the small quantity of data gathered currently. More
work is, therefore, required to establish a generic liquid classification system that facilitates the
identification of hazardous zones and the installation of suitably ignition-protected equipment

within these areas.

Table 11I-2: HSE liquid classification of flammable mists (Gant et al, 2016)

Oh Ratio < 2 Oh Ratio = 2

Release Class II Release Class I
32°C<FP<125°C
More volatile, less atomising  More volatile, more atomising

Release Class III Release Class IV
FP =125 °C
Less volatile, less atomising Less volatile, more atomising

Calculations were based on reference conditions (an orifice diameter of 1 mm and a pressure drop of 10 bar)



2.4. Still in the mist? A bibliographic study

The possibility of flammable mist forming during normal operation or due to an anticipated
technical failure should be evaluated (Energy Institute, 2015). In most situations, safety
professionals tend to resort to engineering judgements and operational experiences, a method
considered rather qualitative, when faced with mist releases. This is due to the high complexity
of mist formation. Moreover, a mist's ignitability and explosibility depend not only on the amount
of vapour but also on droplet sizes, concentrations, orifice diameters, release pressures, etc.
Numerous studies have been carried out to assess mist hazards and push for a more quantitative

approach. This section discusses:

o Mist generation methodologies followed by fellow researchers
o Flammability and explosivity tests

o Two-phase combustion kinetics analyses

o Risk assessment studies based on previous tests and analyses

Relevant parameters to this research are pinpointed throughout this section.

2.4.1. Mist generation and characterisation

The industrial applications of sprays and mists include combustion and air conditioning due to
their rapid vaporisation and controllable heat and mass transfer. They also include fire
suppression and cleaning due to their high momentum impact (Ashgriz, 2011; Nasr et al., 2002).
Sprays are likewise widely used in internal combustion engines and gas turbines. This extensive
industrial use of sprays lays out various possible generation techniques that researchers have
used to simulate mist releases due to leaks or ruptures. Indeed, a representative and reproducible
generation methodology should be adopted to mimic, as much as possible, industrial accidents

while maintaining a controllable mist cloud to study.

2.4.1.1. Existing generation methodologies

Williams (1990) described the process of atomisation as injecting a liquid through a narrow
diameter or by increasing the surface area of a sheet of liquid until it becomes unstable and breaks
down. The liquid's nature, as well as the type and form of the atomiser, play an essential role in

the atomisation mechanism.

Researchers have used different mist/spray generation methodologies in the context of studying
hazardous ignition or explosion scenarios. Many have categorised these methodologies, such as
Eckhoff (2005), who classified the devices used for atomising and generating sprays into three

main categories, including air-blast or aero-dynamical atomisers, generators depending on



centrifugal action, hydraulic/hydro-dynamical spray generators, in addition to one last category
of special atomisers such as electrostatic or ultrasonic ones. Gant (2013) proceeded by listing the
following four principal ways used to generate mists: spray discharge from a pressurised liquid
reservoir, condensation of saturated vapour, agitation and splashing, and air stripping. More
recently, Yuan et al. (2021) reported three main categories of spray generation methodologies:

the Wilson cloud chamber, electrospray, and mechanical injectors.

Among these techniques, four categories, corresponding to the most discussed in the literature,

will be described below:

Liquid pressurisation

This mist generation method encompasses both intentional (e.g, spray painting) and
unintentional emissions (e.g., point release from damaged pipework). Spray breakup is the
primary mechanism allowing mist formation in a jet release; however liquid droplets may collide
with surrounding solid surfaces and fragment further. Researchers like Addai (2016) pressurised
a specific volume of liquid in a solvent chamber and then evacuated it into a vacuumed test
apparatus (mainly the 20 L explosion sphere), creating a mist cloud due to the pressure
difference. Such a technique ensured a droplet size distribution (DSD) up to around 20 pm for
tested liquids. Gant et al. (2016) and Giles et al. (2017) also used this method to study the
flammability hazards of high-flashpoint liquid releases under different pressures. One downside
of liquid pressurisation is the presence of a continuous liquid stream, ligaments, or non-spherical

droplets at low pressures, rendering the measurement of the mist cloud’s DSD rather difficult.

Electrospray

Mist generation is achieved by applying electrostatic forces to a liquid. A liquid with appropriate
electric conductivity is fed through a tiny nozzle creating an electrostatic force which results in
charged and uniform droplets. The nozzle's tip is kept at a few kilovolts relative to a ground
electrode placed at a specified distance from the nozzle. Ashgriz (2011) explained that
electrospray basically results from sending a high voltage power supply which causes
electrophoresis and the creation of an electrostatic force overpowering that of the surface
tension. The fluid is deformed into a conical shape extensively studied by Taylor (1964), who
experimentally demonstrated that when a high enough electric field is given to the meniscus
fluid/air interface, it develops into a conical shape. Such a method ensures high control of the
flow rate and diameter range of the spray as the droplet size distribution tends to be narrow (low
coalescence phenomena are observed due to the presence of charged droplets) (Jaworek, 2007).
However, one main downside is its non-applicability to all types of liquids and its sensitivity to

the electric field surrounding the emitter tip. For instance, electrospray modes may vary when



varying the electric field at the orifice capillary at constant fluid properties (Ashgriz 2011).
Jaworek (2007) also stated that high surface tension liquids could not atomise using this method.
Moreover, the conductivity and dipole moment of the liquid should not exceed certain limits. Lian
(2011) also mentioned that it is challenging to theoretically determine the droplet size of the
electrospray and increase its droplet concentration. This mist generation method has been used
in studies on aerosol flammability. For instance, Lian et al. (2010) investigated the ignition of a
heat transfer fluid aerosol generated by electrospray where droplet diameters were controlled
between 70 um and 110 pum. Lin et al. (2015) later proposed an improved electrospray method
producing more uniform droplets, better dispersion, smaller DSD, and higher concentrations. The
authors utilised their test method with a propane pilot flame to analyse the flame propagation of

a heat transfer fluid and noticed better repeatability.

Condensation of a saturated vapor

Condensation can occur due to a sudden rapid pressure drop that lessens the temperature of the
mixture and triggers condensation of the existing vapour, like in the case of the Wilson cloud
chamber. Based on the mentioned phenomenon, Hayashi et al. (1975, 1977) developed a droplet-
generating device, in which they characterised the propagation of flames in droplet-vapour-air
mixtures. The authors were able to develop three types of chambers, ensuring three Sauter Mean
Diameters (see Subsection 2.4.1.2) of 4-7 um, 18-25 um, and approximately 30 pm by varying the
minimum and maximum volume of the chamber, the maximum stroke, and the expansion time
and speed (Cameron and Bowen, 2001). Consequently, based on the methodology of Hayashi et
al. and Wilson’s cloud chamber principles, Cameron and Bowen (2001) designed a new integrated
cloud chamber/combustor producing quasi-monodisperse aerosols. Burgoyne and Cohen
(1954), and similarly Singh and Polymeropoulos (1988), employed equipment that cooled a
saturated vapour in a nitrogen environment with a regulated nuclei concentration. The mist was
then infused with oxygen to achieve the same nitrogen-to-oxygen ratio as air. Many subsequent
studies were based on the condensation principle to generate aerosols, such as; Bradley et al.
(2014), who studied laminar mass burning and entrainment velocities in the case of isooctane,
ethanol and hydrous ethanol/air aerosols, and Thimothée (2017), who performed flame
propagation tests in microgravity conditions on sprays generated in a spherical combustion
chamber based on the Wilson cloud chamber. The advantage of such a technique is the relatively
monodispersed mist cloud that can be generated; however, droplet diameters larger than about
50 pm are not yet attainable. It should be noted that, according to Freeston et al. (1956),

condensed mists are one of the main causes of crankcase explosions.



Spray nozzles

These mechanical injectors require a high relative velocity between the encompassing air/gas
and the liquid to be atomised. Lefebvre and McDonell (2017) stated that the kinetic energy of the
fluid, exposure to high-velocity air or gas, or mechanical energy applied externally through a
rotating or vibrating device all contribute to the disintegration of a liquid jet or sheet during the
atomisation process. The resulting spray is frequently characterised by a broad spectrum of drop
sizes, due to the random nature of the atomisation process. Spray nozzles vary in many different
characteristics and are usually categorised based on their atomisation mode, specifically on how
the energy imparts to the liquid (Dombrowski and Fraser, 1954). Some of the main nozzle

categories include:

o Twin-fluid nozzle: its performance depends on the contact between a gas stream and a
liquid stream and can generate fine droplets at low liquid flow rates. Such nozzles can be
based on different mechanisms, such as liquid pressurisation, gravity, and the siphon
principle. Air caps for twin-fluid nozzles can vary between flat fan, full cone, or hollow

cone affecting the type and angle of generated spray.

o Swirl nozzle: a fast-swirling fluid in a swirl nozzle is subjected to centrifugal force as it
rotates in the nozzle chamber. This centrifugal force causes a liquid sheet to develop and

break into droplets.

o Ultrasonic nozzle: a thin film of liquid flows on a vibrating surface and breaks into fine
droplets. According to Avvaru et al. (2006), more uniform DSDs can be obtained since
regular finite-amplitude capillary waves are sent. Such nozzles can generate low-pressure
low-velocity sprays, which can be controlled and shaped rather accurately. Nevertheless,
the droplet size distribution of the generated sprays depends significantly on the

rheological nature of the liquid.

Many more spray nozzle types exist, differing in their mode of operation. Table II-3 regroups
some of the spray nozzles used in fuel spray explosion and ignition studies and shows that a great

deal of mist-concerned studies has used this type of nozzles.

Ashgriz (2011) stated that the mass flow rate, liquid mass distribution, spray pattern, spray
impact, spray angle, and droplet size are all factors that can be used to classify spray nozzles.
Various parameters affect the factors listed above, such as the nozzle geometry, the nature of the
fluid, and the feed pressure. Many studies were performed to investigate the effect of such
parameters on the droplet size distribution and turbulence level obtained from spray nozzles (see

Subsection 2.4.1.2).



Table I1-3: Spray nozzles used in aerosol flammability/explosivity-related studies

Spray nozzle type Authors
Copper hemispherical nozzle (Sung and Zhang, 2021)
Rotary atomising nozzles (Willauer et al., 2006)

(Ballal and Lefebvre, 1981a)

Simplex swirl atomisers (Rao and Lefebvre, 1976)

Single and twin fluid nozzles (Puttick, 2008)
Solenoid fuel injector (Yuan et al,, 2019)
Spinning cup atomiser (Ballal and Lefebvre, 1978)
Spinning disk atomiser (Pande et al., 1984)

(Jones and Zabetakis, 1952)

Twin-fluid nozzle (Bowen et al, 1997)

Ultrasonic atomising nozzles (Polymeropoulos and Das, 1975)

2.4.1.2. Characterisation techniques

Mist characterisation is a mandatory step to take while studying the flammability of oil mists.
Gant (2013) stated that properly characterising 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 (1999) 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 characterisation techniques due to the rapid time evolution of mist properties.
Lemkowitz and Pasman (2014) 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.



Droplet Size Distribution

As a mist is seldom monodispersed, it can be
considered as a range of drop sizes spread around an
arbitrary mean value. The droplet size distribution is M g o Yolume (mass)

then usually graphically represented by plotting a

histogram of drop size, with each histogram bar

AN/AD or AQ/AD

indicating the number of droplets whose dimensions 844

lie within the limits D - AD/2 and D + AD/2, providing q 227

T

an instructive picture of the DSD. The drop volume of

Drop diameter

the spray can also be plotted instead of the drop ) ) ) ,
Figure 11-4: Histograms presenting the drop size

numbers, resulting in the skewness of the histogram to ~ based on the number and volume of the spray
(Lefebvre and McDonell, 2017)

the right, as shown in Figure 11-4.

Volume-based distributions are often employed in studies on spray characterisation as they
illustrate the impact of changing operational conditions on the DSD (Lefebvre and McDonell,
2017). However, using number, surface area, or volume-based distributions may be acceptable

and/or interesting depending on the application.

Many mathematical and empirical distribution functions can be employed to represent the entire
DSD using a few parameters. Such functions are mainly used to compare modelling /theoretical
results to experimental results. They generally comprise normal, log-normal, Nukiyama-
Tanasawa, Rosin-Rammler, and upper-limit distributions, all described in detail by Lefebvre and
McDonell (2017). Nonetheless, it is sometimes deemed more convenient to work with mean
diameters rather than the entire DSD in many mass-transfer and flow calculations. Such

diameters usually follow equation II-3:

1
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Where i signifies the size range, N;the number of droplets in the corresponding size range, and D;

the diameter of the centre of the size range.

Table 1I-4 demonstrates some diameters that can be of interest in mist combustion and their
general applications. In addition, representative diameters are usually used for most engineering
purposes. They are usually represented by dx, where x % of the total liquid volume has smaller
droplet sizes. For example, in the case of Dos (or dso), 50 % of the total liquid volume is in droplets
smaller than this diameter (also known as the Mass Median Diameter MMD). Furthermore, as

mean and representative diameters are insufficient to represent a spray’s DSD (Tascon, 2018),



additional information may sometimes be required. Some factors can be calculated to supply a
better representation and to determine the width and characteristics of the DSD curve. These
factors include skewness, which measures the level of asymmetry of a distribution curve around
the mean value, kurtosis, which indicates whether the data are light-tailed or heavily tailed
relative to a normal distribution, and relative span factor, which indicates the range of the droplet

sizes relative to the median diameter (level of polydispersity) (see equations 11-4,6).

Dyo — D
span factor A= % 11-4
0.5
E(x — p)?
skewness s = ————— I1-5
o
E(x —p)*
kurtosis k = (—4’1) II-6
o

Where u is the mean of x, o the standard deviation of x and E(t) the expected value of quantity t.

Table 1I-4: Mean and representative diameters of mist clouds and their application (Lefebvre and McDonell, 2017)

Name of the Equations N
Symbol diameter (11-7,10) Application
1
2
D20 Surfac'e area L NiD;\? Surface area controlling
mean diameter YN,
L
1
- .D3\2
D3 Volume' length L N;D; Evaporation, molecular diffusion
mean diameter Y N; D,
L l
D Sauter mean ZN—LD? Mass transfer, reaction
32 diameter (SMD) Y N; DL.2 ’
De Brouckere or Y N, D*
Da3 Herdan mean S Combustion equilibrium
. Y'N; D3
diameter L=

10 % of the total liquid
do.1, d1o - volume is in droplets
smaller than this diameter

Representation of the persisting small
droplets, choice of droplet separators

50 % of the total liquid

Mass Median .
dos, dso . volume is in droplets Half the total aerosol mass
Diameter .
smaller than this diameter
90 % of the total liquid Sedimentation, influence on flame
do.g, doo - volume is in droplets propagation, complete evaporation

smaller than this diameter and cooling processes




Optical drop size analysers differ in whether they apply imaging or non-imaging methods.
However, one common factor between such analysers is that they are non-intrusive and do not
impact or modify the DSD. Optical imaging, laser diffraction, optical array probes, and Phase
Doppler particle analysers are all different apparatuses used for DSD measurements. Table I1-5
summarises some studies on the flammability of aerosols and the techniques used to characterise
their DSD. Many researchers, such as Lefebvre and McDonell (2017), recommend using only the
SMD diameter for combustion applications. Indeed, the SMD is important when considering
active surface reactions and is considered to best reflect the overall vaporisation behaviour of
sprays for both diffusion-controlled and radiation-controlled vaporisation (Alkidas, 1981).
Others, such as Aggarwal and Sirignano (1986), suggested that an alternate measure, notably the
average surface area mean diameter Do, was more suited for investigating the ignition behaviour

of polydisperse sprays, as it is preferred for surface-controlled reactions.

Table I1-5: Particle analysis techniques employed in mist ignition studies

Particle analysis technique Representation Reference

Laser Diffraction Particle Analyser
(Malvern Instruments Ltd.) SMD, span factor (Yuan et al,, 2019)

Light scattering technique SMD (Ballal and Lefebvre, 1978)

(Liuetal., 2016)
Mie extinction detection system SMD (Bai and Wang, 2015)
(Liuetal., 2014)

(Maragkos and Bowen, 2002)
Phase Doppler anemometry (PDA) SMD
(Gant et al., 2016)

The Malvern Mastersizer X™ SMD (Cameron and Bowen, 2001)

Droplet velocity and turbulence level

The velocity, velocity profile, and level of turbulence all have a considerable effect on the primary
and secondary atomisation of a liquid jet (Lefebvre and McDonell, 2017). Indeed, an increase in
flow velocity promotes the jet's disintegration by increasing both the amount of turbulence in the
liquid jet and the aerodynamic drag forces produced by the surrounding medium. This may lead
to a fluctuation in the mist cloud’s concentration causing it to fall into/out of the flammable range
or modifying the droplet trajectory in the ambient environment. Not only does the turbulence
level affect the process of jet breakup (primary and secondary atomisation of a liquid jet), but it

also influences the level of violence of an explosion considerably (Dahoe et al, 2001; Skjold,



2003). It should also be noted that it may enhance coalescence/agglomeration and droplet-wall
interaction phenomena as the cloud becomes denser in a confined vessel. Researchers, such as
Bowen and Cameron (1999), therefore highlight the importance of quantifying the turbulence
level of a mist cloud before ignition. Techniques like PDA and particle image velocimetry (PIV)
can be used to calculate velocity vectors and fluctuations and turbulence intensity. Cameron and
Bowen (2001), Bai and Wang (2015), Y. Wang et al. (2017), and Liu et al. (2016) all used the PIV
technique. On the other hand, PDA was less used as it may be a source of error if droplets are not

spherically shaped.

Mist concentration

The heterogeneous nature of a spray renders determining an exact concentration difficult. Such
a parameter is important as its increase leads to a decrease in inter-droplet distances, increasing
the chance of coalescence and sedimentation. For mist ignition studies, in order to specify the
concentration of an ignited mist, different concentration zones should be identified. For instance,
in conditions where sedimentation is plausible, concentrations expressed in weight per unit
volume may give a vague impression of the relative flow rates of fuel and air into the propagating
flame front. Burgoyne (1963) and Cook et al. (1977) differentiated between a suspended/static
concentration (weight per unit volume) and a kinetic/flame-front concentration that depends on
the former and both the sedimentation and upward flame speeds. While some researchers, such
as Yuan et al. (2019), still use suspended/static concentrations, others, such as Sun et al. (2022)

and Giles et al. (2017), use particle analysis techniques to quantify the kinetic mist concentration.

2.4.1.3. Influencing factors on the DSD

Kooij et al. (2018) studied the effect of spraying parameters, such as the injection pressure and
the nozzle type, as well as fluid parameters (density, viscosity, 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. This helped
them conclude that it is possible to predict the droplet size from the calculation of the Weber
(We = (Oh. Re)?) number and the geometry of the nozzle. Additionally, Schick (2006) stated that
droplet size and droplet size uniformity vary based on 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. Influencing factors will be discussed in detail, divided into liquid
properties and ambient and operating conditions as follows, and will then be grouped and

implemented as dimensionless numbers in the rest of this manuscript:



Liquid properties

According to Lefebvre and McDonell (2017), the liquid properties that affect the size of droplets
are mainly surface tension and viscosity. Kooij et al. (2018) validated the latter as they studied

the effect of both parameters on the size of droplets.

capacity of a liquid to change its surface area under (shear) stress. In the case of
hydrocarbon fuels in contact with air, it decreases as the temperature increases. Schick
(2006) stated that increasing the surface tension increases the amount of energy required
for atomisation, which will consequently lead to an increase in the droplet size for given
operating conditions. The mentioned findings are in agreement with correlations
developed by Krishna (2003), which exhibit that reducing the surface tension produces

smaller droplets, i.e., increases the specific surface area of the atomised liquid.

the nozzle flow rate and the spray pattern. However, the effect of viscosity varies with the
type of nozzle used (Lefebvre and McDonell, 2017). For instance, in the case of air blast

nozzles, sensitivities towards variations in y; are lower than in pressure nozzles.

According to Schick (2006), as a liquid's viscosity and surface tension increase the amount of
energy required to atomise it, an increase in any of these parameters will typically increase the
droplet size. An increase in viscosity hence reduces the Reynolds number and prevents any
inherent instability in the jet or sheet from developing. The combined impact is to slow down the

breakdown of the spray and increase the size of the droplets.

Ambient and operating conditions

The ambient gas conditions in which the liquid is sprayed can vary extensively in pressure and
temperature, leading to a significant influence on the cloud’s characteristics. Operating

conditions, as well as the employed nozzle’s geometry, should also be considered.

the droplet size diameter. In the case of twin fluid nozzles, increasing the air pressure
increases the liquid suction rate affecting the initial spray velocity (Yao etal., 2013). This
increase in pressure and acceleration hence increases the dynamic forces influencing the
liquid jet and thus enhances the atomisation by increasing spray breakup. Schick (2006)

similarly stated that an increase in injection pressure leads to a decrease in droplet size.

pressure, the mean drop size increases until reaching a maximum value and then slowly



declines (Lefebvre and McDonell, 2017). The ambient gas density can also influence the
spray angle and droplet size. For instance, increasing the ambient gas density for a plain-
orifice atomiser leads to a wider spray angle. This gas density is mainly affected by the
is generated in a confined environment. For instance, in the case of a twin-fluid nozzle, as
the spray is injected, the pressure gradient between the liquid reservoir and the confined
environment decreases until reaching zero, inversely affecting the syphon phenomenon

and stopping the liquid suction.

Various formulae and correlations exist in literature to relate the SMD to liquid properties and
ambient and operating conditions and are detailed and implemented in Subsection 4.1.5 (Bowen
and Shirvill, 1994; Elkotb et al., 1982; Lefebvre and McDonell, 2017).

2.4.2. Ignition sensitivity of fuel mists

The capacity of ignition sources to ignite flammable/explosive mixtures must be evaluated
differently depending on the kind of discharge (Hattwig and Steen, 2004). Before determining
such a capacity, one must quantify, if feasible, the ignitability of such mixtures. The goal of this
section is to derive practical criteria for assessing the ignition hazards posed by ignition sources,
contributing to a fundamental understanding of this phenomenon without delving into the
technical details outlined by existing standards and regulations. Indeed, when a flammable mist
cloud is exposed to specific conditions, its ignition sensitivity is an estimate, in the framework of
risk analysis, of the likelihood that it will ignite. This responsiveness can then be determined
under certain industrial conditions or worst-case scenarios and is affected by the type and power

of the ignition source, the delivered energy, the fuel concentration, and the oxygen content.

2.4.2.1. Ignition sources

A source of ignition near a mist release can arise from electrical and non-electrical equipment in
various forms, includ