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Abstract. The influence of particle size on the flammability and explosion severity
has been widely demonstrated for coals along the years: the thinner the particle size,
the more flammable is the dust and more severe are the explosions. Later, the
increase on the use of biomass led to using the same resources and techniques for
both groups of materials, considering them similar enough. However, there are basic
differences between biomass and coal dust particles that leads to different behaviours
when focusing on industrial fire safety. This difference is the starting point of this
review, where a study on the existing knowledge in relation to the size and shape of
biomass dust is presented. The methodologies and parameters used to determine par-
ticle size are described and discussed, showing the inconvenience of using only one
parameter (dso) to describe dust, as well as the need of a standardized methodology
to homogenise the results. The biomass data gathered from scientific literature and
the following analysis carried out has also highlighted the importance of identifying
samples in an accurate way and the strong necessity of further research on these
materials and on the interdependence between particle size and the experimental pro-
cedures for flammability and explosibility properties.
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Due to the measures established by different governments to reduce the green-
house gas emissions and limit the effects of climate change, the use of biomass has
been promoted over the last decades as a renewable source of energy, resulting in
an increase in the industries that produce, manage, storage and use biomass.
However, such activities are strongly associated with workplace working hazards
due to the inherent properties of biomass. Dust deposits and accumulations are
commonly known to experience spontaneous combustion (combustion without an
external ignition source) and smouldering combustion (flameless combustion).
These two phenomena can cause an enormous threat themselves and, additionally
and among other externals sources such as electrical sparks, can act as the igni-
tion source needed to produce other events such as open flame fires and explo-
sions (gas/dust/hybrid) (Figure 1) [1, 2].

The ignition tendency of dusts and their explosion severity are affected by mate-
rial factors such as particle size, moisture, and composition (including inertizing
material), which need to be considered when determining them. Several authors
have researched on the influence of these factors [3-8]. However, the role played
by them, and particularly by the particle size, is not completely understood yet;
recent works indicate that further research on the influence of particle size on bio-
mass dust flammability and explosibility is still necessary [9-11].

The influence of particle size on the behaviour of dust and its flammability has
been thoroughly studied for coals [12-15], and it is well-known that smaller parti-
cles cause casier-to-ignite clouds and that the resulting explosions are more vio-
lent. Moreover, deposits of coal dust (layers or in-depth ones) are also more
prone to ignite when the particle size is finer.

However, when studying biomasses, the answer is not that simple. Firstly, there
is no consensus on a definition for particle size and on how to determine and
report the particle size of biomass dust samples [16]. Unlike coal dust particles,
biomass particles are normally elongated [17], longer in one direction; this is a
characteristic that cannot be adequately represented by the most used particle size
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Figure 1. Route map for processes involving industrial accidents
related to solid biomasses.
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parameters. For example, it is usual that a dust sample is defined by the size of
the particles that can go through a sieve, but in the case of elongated particles this
size strongly depends on the relative position of the particles in relation to the
sieve holes. Because of that, it is possible that the median diameter (dsy), which
has been traditionally used as a universal parameter for reporting the particle size
of a dust sample, is larger than the hole size of the sieve employed to prepare the
sample; many calculation methods of ds5y are based on the assumption that parti-
cles are spherical.

Secondly, although several methodologies are available to measure the particle
size of dust samples [18-23], not all of them are suitable for biomasses in relation
with the flammability and explosibility parameters. The most used methodologies
in laboratories all around the world seem to be sieving and laser diffraction,
which, as mentioned above, are suitable for round particles but are not designed
to measure elongated particles [24-26].

Finally, it is important to note that using a single particle size parameter could
be inadequate for representing dust samples, which in fact contain a distribution
of particles with different sizes. Polydispersity [27], specific surface area (SSA) [28],
or skewness [29] are examples of other approaches that should be further studied
and may be adopted. These alternative parameters reflect the importance of also
considering the entire particle size distribution curve, not just one single represen-
tative diameter, and of providing a particle size that could be independent of the
particle shape; all these considerations could be essential to accurately describe
both heat exchange and fluid mechanics involved in the combustion phenomena.

Thus, it is clear that a more comprehensive understanding of the particle size
problem is needed, including aspects like its accurate measuring and reporting, its
role in the flammability and explosibility parameters or the interaction between
the experimental explosion procedures and apparatus and the particle size distri-
bution. This knowledge would benefit the management of fire and explosion risks
in biomass industrial facilities and could lead to improvements in the standardised
testing methods. As a first step, it seems necessary to gather information about
how biomass dust samples are being characterised by different research groups
around the world and which flammability and explosion severity values belong to
this broad group of materials known as ““biomass”.

This review analyses the existing knowledge in relation to the size and shape of
biomass dusts, including the different experimental procedures used and parame-
ters reported, the flammability and explosibility data available in the literature,
and the inconsistencies detected. In addition, suggestions, and advice to improve
the reporting of data are provided, along with future needs and aspects to be fur-
ther investigated.

2. Overall Characteristics of Biomass

Biomass is defined by the Directive 2009/28/EC [30] as the “biodegradable fraction
of products, waste and residues from biological origin from agriculture (including
vegetal and animal substances), forestry and related industries, including fisheries
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and aquaculture, as well as the biodegradable fraction of industrial and municipal
waste’’.

Biomass can be burned as a solid biofuel for heat and/or electricity production,
with or without previous treatments (selection, drying, size reduction, pelletizing,
etc.) [31]. The most typical biomass is lignocellulosic biomass, which is mainly
composed by three macromolecular organic polymers: cellulose, hemicellulose, and
lignin. Cellulose and hemicellulose are polysaccharides formed by sugar chains,
while lignin is an aromatic branched-chain stronger than the other components
and acts as structural support [32]. Since ancient times, these materials have been
one of the main energy sources for humanity, being the combustion of wood the
most common process worldwide. However, there exists a great variety of other
vegetal biomasses that can be used for the production of solid biofuels. For exam-
ple, standard ISO 17225-1 [33] compiles a list of solid biofuels according to their
origin and sources and proposes a four-level classification system. Table 1 shows
different biomass sources categorised following the three first levels of the ISO
17225-1 classification system. However, biomasses like animal manure, sewage
sludge or municipal garbage are not included in standard ISO 17225-1; neither is
peat.

Alternatively, some biomasses are used for producing bioliquid/biofuel or bio-
gas in industrial facilities instead of being used as solid biofuels (see Figure 2) [34].

As mentioned before, biomass samples (woody, herbaceous and fruit biomasses)
are usually fibrous in shape. Some examples are provided in Figure 3.

3. Flammability and Explosibility Properties

Several parameters are employed to define both the ignition sensitivity (or
flammability) and the explosion severity of dusts, such as the minimum explosion
concentration (MEC), the limiting oxygen concentration (LOC), the minimum
ignition energy (MIE), and the minimum ignition temperature of a dust layer or
cloud (MIT, and MIT,) for the former, and the explosion index (Kg,), the maxi-
mum explosion pressure rise rate (dP/dt),,.. and the maximum explosion pressure
(P,yax) for the latter. These parameters can be defined as follows (further informa-
tion can be found in the literature [1, 35]):

e Minimum explosive concentration (MEC) or lower explosion limit (LEL): the
lowest amount of dust dispersed in a certain volume of air forming a cloud that
could lead to ignition.

e Limiting oxygen concentration (LOC): the lowest oxygen concentration in a
mixture of combustible dust, air and an inert/non-flammable gas in order to
produce the ignition.

e Minimum ignition energy (MIE): the lowest energy required by a high voltage
capacitor discharge in order to produce the ignition of a dust cloud.

e Minimum ignition temperature: the minimum temperature that, once acquired
by a surface, can produce the ignition of a dust layer (MIT;) or a dust cloud
(MIT,).
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Biomass Used for Production of Solid Biofuels. Adapted from ISO
17225-1 [30]

Type Subtype Examples
Woody bio-  Forest, plantation and other virgin ~ Whole trees without roots, whole trees with roots,
mass wood stemwood, logging residues, stumps/roots, bark,
segregated wood from gardens, parks, roadside
maintenance, vineyards, fruit orchards and drift-
wood, and blends & mixtures
By-products and residues from Chemically untreated wood residues, chemically
wood processing industry treated wood residues, and blends & mixtures
Used wood Chemically untreated wood, chemically treated
wood, and blends & mixtures
Blends & mixtures
Herbaceous  Herbaceous biomass from agricul-  Cereal crops, grasses, oil seed crops, root crops,
biomass ture and horticulture legume crops, flowers, segregated herbaceous bio-
mass from gardens, parks, roadside maintenance,
vineyards, and fruit orchards, and blends & mix-
tures
By-products and residues from Chemically untreated herbaceous residues, chemi-
food and herbaceous processing cally treated herbaceous residues, and blends &
industry mixtures
Blends & mixtures
Fruit bio- Orchard and horticulture fruit Berries, stone/kernel fruits, nuts and acorns, and
mass blends & mixtures
By-products and residues from Chemically untreated fruit residues, chemically
food and fruit processing industry  treated fruit residues, and blends & mixtures
Blends & mixtures
Aquatic Algae Microalgae, macroalgae, and blends & mixtures
biomass
Water hyacinth
Sea and lake weed Lake weed, sea weed, and blends & mixtures
Reeds
Blends & mixtures
Blends &
mixtures

e Maximum explosion pressure (P,,..): the highest overpressure occurring when a
dust cloud ignites in a closed vessel.

e Maximum rate of explosion pressure rise (dP/dt),,,,: the maximum slope of the
pressure/time curve during a confined explosion of a dust cloud.

e Explosion index or characteristic constant of the dust (Kg, or K,,,,): the maxi-
mum rate of explosion pressure rise (dP/dt),,.. corresponding to a vessel volume
of 1 m?; if using a different volume, it can be calculated applying the “cubic law
equation”: Kg, = (dP/dt),ax - ys,
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Figure 2. Overview of applications of biomass.

Figure 3. Examples of different biomasses: (a) pomace, (b) malt
dust, (c) olive pellets, (d) wood chips.

Until March 2016, the experimental methods to determine these parameters in
Europe were defined by standards EN 13821 [36] (MIE), EN 50281-2-1 [37] (MIT;
and MIT,), EN 14034-1 [38] (P,.u), EN 14034-2 [39] ((dP/dt),.ax and Kg,), EN
14034-3 [40] (MEC) and EN 14034-4 [41] (LOC). In 2016, the combustible dust
test methods were grouped in the standard EN ISO/IEC 80079-20-2 [42], which
supersedes standards EN 13821 and EN 50281-2-1 to standardise all the protocols
for combustible dust tests. However, the series of European standards EN 14034
remains effective [42]. Other standards exist, such as the ASTM standards (see
Table 2).

The above standards establish the experimental conditions to be applied during
the determination of the combustible dust parameters, including the volume of the
apparatus, the ignition energy and location, the turbulence of the dust cloud (in-
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Table 2
Standards on Flammability and Explosibility Properties of Dusts

Parameter European standard American standard

MIE EN ISO/IEC 80079-20-2 ASTM E2019-03

MIT; EN ISO/IEC 80079-20-2 ASTM E2021-15

MIT, EN ISO/IEC 80079-20-2 ASTM E2019-03/ASTM E1491-06
MEC (or LIE) EN 14034-3 ASTM E1515-14

Pax EN 14034-1 ASTM E1226-19

dP/dt .y, Ks, EN 14034-2 ASTM E1226-19

LOC EN 14034-4 ASTM E2931-13

jection procedure and ignition delay) or the thickness and area of the dust layer,
etc. It is important to remark that the flammability and explosibility properties
are not fundamental characteristics of the dust but depends on the experimental
procedure and apparatus. This remarks the importance of applying standardised
techniques and of indicating if some deviation from the standardised method is
being used.

4. Particle Size

4.1. Particle Size Characterisation

Particle size is a notion introduced for comparing dimensions of solid particles. It
has been determined, studied, and compiled in several fields due to the different
consequences that its variation can cause.

In the field of flammability and dust explosions, particle size has been deeply
studied for fossil fuels, where a clear dependency has been observed: the lower the
particle size, the more probable ignition is, and the worse the consequences will be
[43]. Trying to avoid fine particles became then one of the keys of all prevention
plans in mines and coal storages [13]. However, how to precisely define the parti-
cle size of a sample has never been clarified and homogenised, at least in this field.

The term “‘particle size” usually refers to the median diameter, the so-called ds,
and is defined as the size value below which 50% of the cumulative distribution
curve is present (on a volume or mass basis). If more information was provided,
djp, dop and the specific surface area or SSA were the next parameters reported.
The d,, values represent the particle sizes for which xx% of the particles are finer,
on a volume or mass basis, while the SSA value measures the ratio of the surface
area to the mass for a sample of particles. However, other different “diameters”
have been used to identify the particle size and their definitions are presented in
Table 3 [22, 44]. Thus, the particle size of a dust sample does not correspond to a
fixed, intrinsic value, but depends on the parameter used to report the size, and
also on the experimental technique applied (see Sect. 5).
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Parameters to Identify the Size of a Dust Particle

Parameter Definition Abbreviature

Volume diameter Diameter of a sphere having the same volume as the dy
particle of interest

Surface diameter Diameter of a sphere having the same surface as the dg
particle of interest

Surface volume diameter Diameter of a sphere having the same volume/surface ds,

(Sauter’s diameter) area ratio as the particle of interest
Volume weighted diameter Mean of a particle size distribution weighted by the das
(De Brouckere diameter) volume

Drag diameter Diameter of a sphere that considers the drag force and d,
the interactions of the particle with gas flows

Free-falling diameter Diameter of a sphere having the same density and the dpp
same freefalling velocity in any given fluid as the
particle in interest

Stoke’s diameter Diameter of a sphere that has the same density and Cp
settling velocity as the particle of interest

Projected area diameter Diameter of a sphere having the same projected area as da
the particle of interest

Perimeter diameter Diameter of a sphere having the same perimeter as the -
particle of interest

Sieve diameter Minimum square aperture through which the particle -
will pass in a woven meshes

Feret’s diameter Distance between the two furthest points of the shape de

Martin’s diameter
Unrolled diameter

measured in a given direction

Distance between opposite sides of a particle

Mean chord length considering the centre of gravity of
the particle

Furthermore, using a single numerical value to report the particle size is a sim-
plification. It is known that the entire particle size distribution (PSD) curve exerts
a strong influence on the flammability and explosibility of dusts, being the finer
particles in the PSD curve that promote most to these phenomena [29]. This fact
is not adequately reflected by the ds, and, thus, additional parameters have been
proposed in recent years to complete the granulometry reports of combustible
dusts: polydispersity and skewness.

4.2. Polydispersity

The term polydispersity (or span) is used to describe the degree of non-uniformity
of a distribution and is calculated according to Equation 1.

o doo — dio
P dso

(1)
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The influence of polydispersity on dust explosions has been studied by different
authors. Castellanos et al. [27] observed that, at constant ds,, the explosion sever-
ity of aluminium dust (both P, and Kg, values) dramatically increased with ap.
Liu et al. [45] observed the same trend for coal. Li et al. [46] suggested that the
evaluation of coal dust explosion severity should be considered in terms of dust
concentration, particle size and polydispersity. However, data in [46] showed the
opposite trend than that found by Castellanos et al. [27], as Tascon pointed out
[29]. The reason for these contradictory trends seems to be the failure of ap to
differentiate the span of the curve in the fine size from the span in the coarse size
[29]. In connection with this idea about the importance of the fine size span,
Zhang et al. [47] measured the explosion severity of five coal samples with the
same op and different particle size distributions and concluded that both d;, and
dsp greatly affect the maximum rate of pressure rise. Their results also highlight
the idea that polydispersity cannot be used alone to describe these correlations.
Recently, Castellanos et al. [48] demonstrated that polydispersity also influences
MIE and remarked the importance of reporting polydispersity and d;, along with
dso to better describe the particle size distributions.

A common outcome from all the above studies is the significant correlation
between the dust polydispersity and its ignitability and explosibility parameters.
However, such correlation can be positive or negative, depending on the specific
d;o, dsp and dgy values of the sample, and this inconsistency makes polydispersity
index inappropriate, by itself, to characterise and compare materials and samples
in the field of dust explosions. Therefore, polydispersity should always be reported
along with other parameters such as d;, dsp and dgy, ds, or SSA.

4.3. Skewness

Skewness expresses the degree of asymmetry of a particle size distribution in com-
parison to a normal distribution [44].

Tascon [29] proposed graphic skewness (Skg) to complement the usual dsy value
to better describe the sample size distribution. This parameter showed a coherent
correlation when applied to data previously published [27, 46] and its interpreta-
tion is straightforward: 0 for a perfectly symmetrical PSD curve, < 0 for distribu-
tions with a tail of fines, and > 0 for distributions with a tail of coarse particles.
However, its significance in relation to the sample behaviour cannot be separated
from the median diameter dsy, which shows a stronger influence on explosion
behaviour [29, 49]. Thus, the application of skewness could be limited to compare
samples with similar ds.

4.4. Particle Shape

The approach of determining a diameter to characterise the particle size only
works for round-shaped particles, since the terms particle size and diameter are
unambiguous in the case of spheres, but not in the case of fibrous particles [50].
Particle shape is defined by the relative dimensions of the long, intermediate,
and short axes of the particle. A spherical particle has higher volume to surface
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ratio (or aspect ratio) than a cylindrical particle of the same volume. Therefore,
particles with a smaller aspect ratio heat up faster, which results in a faster con-
version rate during combustion. The relative influence of heating rate on
devolatilization time in the case of larger wood particles is less important when
compared to that for smaller particles, whereas the influence of particle shape
becomes more important with the increasing particle size due to the predominance
of internal heat transfer control within the large particles [51].

Near-spherical particles lose mass slower and also produce slightly lower vola-
tiles yield in comparison with flake-like and cylinder-like particles. The impact of
the shape on these processes increases when increasing the particle size [52]. When
the L/D ratio is lower, the devolatilization and burnout times are also lower [53].
Therefore, particle morphology has an influence on the ignition and explosion
phenomena. Ideally, it should be included in the studies that determine the
flammability and explosibility tendency of dusts. However, to include it, specific
parameters should be defined and established to standardise its determination and
reporting.

5. Size Characterisation Techniques

The choice of the technique will depend on many factors, including access to
equipment, costs, characteristics of the sample, particle size range, and time con-
straints. Measurements from one technique could be different from those obtained
using a different technique [54].

5.1. Sieves

Sieving is a physical method of separating granular materials and is one of the
most common methods for particle size analysis of solid materials. It consists of
passing a sample, which is a mixture of particles of varied sizes, through a sieve;
the particles that are smaller than the aperture of the sieve will pass through the
sieve and the larger ones will be retained by it. The sieve aperture indicates the
equivalent diameter, which is defined as the diameter of the largest sphere that
would pass through the mesh. To fully determine the particle size of a sample,
consecutive sieves of decreasing aperture size can be used. The standardised sizes
and the specifications of this method are described in ISO 3310-1 [55] and ASTM
E11-22 [56]. By weighting the amount of sample that is retained in each sieve, a
complete PSD curve can be determined [18§].

PSDs obtained with the standard sieving method are usually given as a function
of a single characteristic length of the particle. Thus, particle size is fully charac-
terised in the case of spherical particles, but it presents uncertainties when the par-
ticle has more complex morphologies, as is the case of most biomass powders [24].
The effects of non-sphericity may cause discrepancies in the results. Consequently,
particle shape must be specified along with the shape of the sieve apertures when
using this method [57]. Moreover, the lack of standardisation in the application of
this technique to the preparation of samples prior to flammability and explosibil-
ity tests makes it difficult to compare results from different laboratories.
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5.2. Laser Diffraction Methods

Laser diffraction (or light scattering) techniques fall within the category of non-
imaging type of methods using a light beam [58]. The general principle of this tech-
nique is that the interaction of a particle and light incident upon it gives rise to
diffraction of light due to slight differences in the path length of the light waves [26].
The diffracted waves are then scattered in different directions, which depend on the
size and shape of the particle: the smaller the particle, the broader the range of
angles over scattering occurs; large, spherical particles scatter mostly in the forward
direction [26]. Then, an optical model and an inversion algorithm are necessary for
deconvolution of the scattered pattern and size determination [26, 59].

This methodology also assumes that particles are spherical. Particles that devi-
ate from a sphere will introduce some degree of error [59]. In addition, agglomer-
ates cannot be distinguished by light diffraction instruments, and thus,
suitable dispersion procedures that prevent samples from agglomerating are a key
factor [26]; samples are dispersed in air (“dry’” method) or in a transparent liquid
(“wet” method) [58]. The laser diffraction technique also assumes that there is no
interaction between the light scattered from different particles, so there is a limita-
tion on the concentration of particles passing through the system [26]. The princi-
pal result of the laser diffraction technique is a volume-based PSD for a collective
of spheres [26, 44].

5.3. Photo Analysis and Digital Image Processing

Photo analysis is one of the most accurate methods when it comes to determining
particle size and shape. This consists of passing the particles flow between the
light source and the cameras, which record the shadows cast by the particles.
Most particle analysis software maps the particle shape to an approximate ellipse.
Analysis using this technique provides better estimates than the bounding rectan-
gle to obtain the final particle dimension of interest [19].

This method has aroused great interest recently since different research studies
judge image-based systems as superior over competing technologies, at least for
particles above 1 pm [51, 60]. Its main limitation is the diameter range that one
specific optical device can measure. Moreover, the number of dispersed particles
to be measured must be large enough to generate a valid size distribution, thus
introducing some degree of uncertainty; this number can vary depending on the
particle distribution in size, shape, and morphology. In addition, 2D imaging pro-
cessing can only generate two dimensional projections, so some assumption has to
be adopted regarding the thickness of the particles for the particle volume calcula-
tion.

Despite this limitations, literature proposes photo analysis tools as a potential
method to determine particle size distribution, for example combined with direct
and in-line data acquisition for optimization and process control in industrial
facilities [60].
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5.4. Counting Methods

Counting methods were the first methods developed to determine particle size dis-
tribution by counting the number of particles. These methods suspend the dust to
produce a cloud that passes through the “‘measuring zone” where the technique of
each counting method is applied. The most common techniques are the optical
and the electro resistance methods.

The optical counting methods apply light beams to the dust cloud to measure
the particle size by considering transmitted or dispersed light [61]. Optical count-
ing methods provide data enough to measure the PSD without assumptions on a
theoretical distribution, however, the accuracy of the method depends on several
factors such as the refractive index of the particle tested, the approximation to
spherical shape of the same and the wavelength of the light beam.

Electro resistance counting methods are based on voltage differences when the
particles go through an electrical current. The main advantages of this method
rely on its simplicity and its independence on the particle shape as it only consid-
ers the volume of the particle [61]. The method provides high resolution results
and fine difference between two particles, which produces a highly accurate PSD
[62]. As it is possible to control the electrical pulses amplification, the method
allows the measure of a wide range of volumes [22]. However, its accuracy will
depend on the liquid volume measurement and pulse recording, as it must be
defined by several parameters in order to discriminate between the pulses and
noise. Besides that, the system calibration also influences accuracy [63] and it has
been found that the method is not suitable for porous materials [64]. It presents
low accuracy when measuring fibrous materials. Further information regarding
this method can be found in [65-77]

5.5. Air Elutriation Analysis

The particle elutriation method is based on the sedimentation speed differences
existing between particles and consists of circulating gas flow in the opposite
direction to the sedimentation direction in order to suspend and separate particles
according to size, shape, and density. Particle elutriation mainly depends on the
hydrodynamic behaviour in the fluidised bed, the dynamic behaviour of small par-
ticles, and especially the agglomerates caused by electrostatic attractions [78].
Hence, static electricity has multifactor effects than can have an influence on the
results. [79]

5.6. Sedimentation Techniques

Particle size can be determined measuring its sedimentation inside a fluid, as the
settling rate is related to its size according to the Stokes law [80]. The main disad-
vantage of sedimentation techniques relies in the assumption that the particles are
spheres when applying Stokes law, producing a deviation that increases the smal-
ler is the particle.

The classification of the sedimentation techniques can be done according to the
position of the particles in the test (homogeneous and line-start methods), to the
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force field (gravitational and centrifugal methods) or to the quantity measured (in-
cremental and cumulative methods) [81]. Besides that classification, there are sev-
eral methods that improved sedimentation techniques such as “image-
sedimentation”, which combines image techniques and sedimentation principles
[82], or ““photo sedimentation”, which combines gravitational sedimentation meth-
ods and photoelectric measurement [22]. Further information regarding this
method can be found in [83-85]

5.7. Ultrasound

Ultrasound attenuation or ultrasound extinction is a relatively new technique that
can only be applied to measurements in liquid dispersions. Its measurement range
is about 0.01-1000 pm and can handle high solids concentrations (up to 70% (v/
v)) and opaque liquid media [44], in contrast to laser diffraction methods. To
deduce the PSD from measurements, a deconvolution matrix is applied, which in
turn needs various thermodynamic, mechanical and transport properties of both
particulate phase and dispersion medium [44]. The main interest of this technique
is the wide concentration range and when dilution of the sample is impossible, as
for example in process or product controlling by in-line measurements [44]. Calcu-
lation of the material porosity and pore size is also possible by using ultrasound
techniques [86]. This methodology includes acoustic and electroacoustic spec-
troscopy techniques, both of which are based on sound propagation. Further
information regarding this method can be found in [87-91]

5.8. Laser Obscuration Time

Laser (or light) obscuration time techniques estimate particle size from the light
attenuation by the presence of a particle. Since the rotary speed of the laser in the
apparatus is known, the particle size can be determined using the obscuration time
[92]. This method is independent of material optical properties and optical models,
can be applied to heterogeneous mixtures and polymodal distributions, and also
does not assume spherical particles [92]. Laser obscuration time instruments can
be associated to video imaging systems to characterise particle shape [21].

5.9. BET

This technique is based on the physical adsorption of gas molecules on a solid
surface, i.e. physisorption [93]. BET methods are applied to obtain the specific
surface area or SSA (in m?/g) and/or the pore size of the particles, including aver-
age pore size, total pore volume and pore size distribution, but they do not pro-
vide either a PSD or a mean diameter. Different adsorbates can be used but the
most employed is nitrogen; adsorbate selection and its temperature are not trivial
aspects since some of them can produce pore shrinkage [94]. Calculation of the
specific surface area is usually based on the Brunauer—Emmett-Teller (BET) the-
ory [95], which is an extension of the Langmuir adsorption model, and the
obtained area is usually referred as “BET area”.
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It is important to note that, in spite of its popularity, the values of surface area
as derived by either the Langmuir or the BET analysis are of doubtful value [96]
and that this method presents important limitations in analysing the surface area
of microporous samples [97]. Then, it is important to exercise caution in applying
these methods for the assessment of surface area; BET areas can be misleading, as
reported by Addo et al. [98]. BET is the oldest and most often used but least reli-
able theoretical formulation used in physisorption; other models are available [93].

5.10. Air Pollution Emissions Measurements

The particles suspended in air that typically produce air pollution present a wide
range of particle size from 1 nm to 100 um. Because of that, the measurement of
air pollution emissions can be carried out using several methods such as filtration,
optical methods, beta-attenuation, resonating microbalance or size fractionation
[99-105].

6. Review of Current Available Data

A review of biomass data has been carried out with a focus on fire and explosion
safety in industrial facilities. Information was gathered from scientific literature in
order to know what samples have been characterised and how have been reported.
In some cases, authors provided graphical data, so approximate values were
extracted from figures and graphs. Not only biomass samples were considered, but
also coals, as their behaviour is well known and can be used for comparison pur-
poses. Although this collection of biomasses and coals does not intend to be
exhaustive, it is quite representative of the research carried out in the last
25 years. From the information collected it was noticed that most of the samples
are woody biomasses. However, some studies focussed on non-woody biomasses,
such as shells, straw, or sewage sludge, among others.

The complete data set collected is displayed in the Supplementary Information
appendix and includes 113 different samples (29 non-woody biomasses, 60 woody
biomasses and 24 coals) obtained from 23 published papers.

The methodology that had been applied to determine the particle size is shown
in Figure 4, where each group is defined by a pattern (non-woody biomass is
shown as solid, woody biomass as small dots, and coal as large dots) and each
method by a colour (laser diffraction is represented as blue, sieves as yellow, Coul-
ter Counter as red, BET & Dynamic Image Analysis as orange, and method not
reported as green). As can be seen, laser diffraction is by large the most used
method, followed by sieving. Although these two methods do not properly work
for fibrous particles, as explained above, only a few studies applied other meth-
ods. It is remarkable that several studies provided particle size information with-
out specifying the methodology applied, making impossible the replication of
results. The PSD curve is rarely reported (only 36.3% of the samples).

Although laser diffraction apparatuses can provide SSA, d;, and d,; values,
approximately only 25% of the papers selected provide this type of information.
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Figure 4. Methodologies for determining the particle size of the
samples in the data set.

The median diameter (dsp) is the most common parameter reported, in some cases
complemented with the d;y and dy, values. However, only half of the studies
include d;, and dy, values.

Some studies have highlighted the disagreement between the results obtained
using different techniques [17]. Trubetskaya et al. [51] pointed out that sieving and
2D dynamic imaging produced very similar size distributions for a set of biomass
samples, while a significant deviation was observed when compared with the
results from laser-based technologies. Furthermore, non-trivial differences can be
detected between laboratories using the same technique [17].

Besides particle size, some of the samples were characterised in terms of proxi-
mate analysis (moisture—M, ash—A, volatile matter—V, and fixed carbon—FC
content) or particle shape, being SEM the most commonly used technique,
although some studies applied polarised light microscopy or digital camara pho-
tos.

Explosion severity parameters, i.e., the maximum explosion pressure (P,,,,) and
the explosion index (Kg;) or the maximum explosion pressure rise rate (dP/dt), .
are reported for most samples. Although Kg, calculation is immediate from (dP/
dt)nax, some authors do not report this value or vice versa; these parameters have
been calculated and added to the data set when not reported. In addition, differ-
ent ignition sensitivity parameters are provided in some cases, existing an impor-
tant amount of data regarding the minimum ignition temperature in layer (MIT)),
the minimum explosion concentration (MEC) and the minimum ignition energy
(MIE). However, it is important to remark that few works include a complete
characterisation of the samples. Reporting only the explosibility properties and/or
just some of the flammability parameters is the widespread practice and this selec-
tion depends on the scope and objectives of the study. The same can be said
about the characterisation of the samples (particle size distribution parameters,
particle shape and proximate analysis).
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Table 4

Correlation Between Physicochemical Parameters and Flammability
and Explosibility Properties: Red Indicates a Correlation Coefficient
Between — 1 and — 0.6, Orange from — 0.6 Up to — 0.2, Yellow from
— 0.2 Up to 0.2, Light Green from 0.2 Up to 0.6 and Dark Green from
0.6 Upto 1

Pmax Kst (dP/dt)max MIE MIT/ MITC MEC LOC
d1o 53 53 57 12 15 11 24 0
dso 71 71 75 26 45 25 38 10
dao 53 53 57 12 15 11 24 0
das 16 14 14 0 13 0 2 0
ds» | 15 15 15 0 13 0 4 0
SSA | 28 28 28 0 13 0 4 0
M 68 66 70 30 23 25 38 10
% 44 44 48 23 23 19 35 10
A 43 43 47 23 23 19 34 10
FC 33 33 37 12 |2 8 24 0

It is important to note that some specific studies do not provide standardised
values, but alternative ratios or parameters, which complicates comparison
between samples and analysis of the data. For example, some studies express
MEC as a burnt equivalence ratio [106, 107]. Other studies report P,,,, in terms
of absolute pressure (bar(a)) [17, 107-109], whereas standard EN 14034-1 [38]
define P,,,. as an overpressure in bar(g); also dust explosion venting standards use
gauge pressures [110, 111]. These contradictions are misleading to readers and can
produce mistakes in the interpretation and application of data. Furthermore,
reporting alternative parameters or ratios makes it difficult to compare data.

Moreover, not all data were obtained following standardised experimental pro-
cedures. Only 67% of the 113 samples (60 biomasses and 16 coals) are reported to
have been tested according to a recognised standard (ISO, EN, ASTM or others).
The remaining 33% samples (29 biomasses and 8 coals) are reported without spec-
ifying if a standardised methodology was applied, and only in the case of 9 bio-
masses out of these 37 samples information on the number of repetitions of the
tests is indicated.

In addition, it can be seen that poor identification of samples is not unusual.
Several biomasses are identified by their common names in English, not by their
scientific names, or by general terms as ‘“wood pellets”, “wood dust” or “wood
chips”. These oversimplifications can lead to confusion and misunderstanding
about the sample’s origin. As most of the biomasses have vegetal origin, using
species scientific names provide valuable information for further comparison and
discussion of the data.
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After collecting and studying all the information presented in the Supplemen-
tary Information appendix, the data was statistically analysed. As mentioned
before, biomass are heterogeneous products from different origins whose proper-
ties substantially vary from type to type. Therefore, in order to properly address
biomass ignition or explosion properties, physicochemical characterization has to
be carried out in order to properly define the biomass type. However, it was
found out that several studies did not include this information. Table 4 reports
the statistical analysis carried out using the relationship between the physicochem-
ical properties and the explosion and ignition parameters. In this table the colour
of the cell represents the correlation coefficient between factors (from — 1 in red
to 1 in green) while the numerical value represents the number of samples avail-
able for the analysis.

From the data presented in the table it can be noticed that the correlation val-
ues are quite low, and only close to 1 when low amount of data were considered
and, therefore, accuracy cannot be guaranteed. Moisture and median size ds, are
the parameters which present greater data amount and therefore, might lead to
the most significant correlations. Indeed, to detect possible correlations between
particle size parameters and flammability or explosibility parameters, a statistical
analysis is displayed in the following section with the most relevant data that
might lead to draw significant conclusions.

Regarding proximate data, it can be noticed that the studies providing explo-
sion severity parameters reported moisture, volatile, ash and fixed carbon contents
in more cases than those studies that focused on ignition sensitivity. Similar ten-
dency was found when considering particle size main parameters (d;), dso and
dop). Moreover, important parameters that are usually determined with the same
PSD method, such as d, ;, d;, and SSA are not often reported and, therefore, it is
impossible to properly address their influence on ignition sensitivity and explosion
severity.

Nevertheless, it is clear that there is a lack of information in the literature that
hinders performing a significant statistical analysis. Researchers should consider
including these parameters when publishing research as it has been proved that
these physicochemical parameters affects and flammability and explosibility
parameters.
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Figure 5. Distribution of numerical data corresponding to the
particle size of biomass and coal samples.
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6.1. Influence of Particle Size on the Flammability and Explosibility
Properties

The d,, values of both biomass and coal samples obtained in the literature and
presented in the Supplementary Information were analysed. Figure 5 shows violin
plots for the d;9, dsy and dg,y values referred to each sample group. The grey inner
band represents first and third quartile, and the white dot inside corresponds to
the median value. Induvial results are plotted as dots. Several papers reported
only the ds, value, so a greater density of dots is shown in the ds, violin plot. The
wider the plot section, the more probable is the data. Because of that, it is possi-
ble to figure out data distributions. For example, dyy plots showed a slightly
bimodal distribution tendency, with a wide range. On the other hand, ds, points
located very close to each other, leading to small density areas in short ranges.

Biomasses presented a wider range for all these three parameters, as well as
higher values (see Figure 5). That means that, in average, biomass samples in the
data set had larger and more heterogeneous particles than coals. This is particu-
larly notorious in the case of the dyy violin plot. The wide range associated with
dgg indicates the great variation between the different biomass PSDs.

The deviances detected in the set of biomass samples can be partly explained by
the difficulty of properly preparing the samples composed of fibrous particles —
typically presented in biomasses— when using milling and/or sieving procedures.
Moreover, this could also suggest that biomass samples from industrial facilities
present a greater variety of particles sizes in comparison with other materials.

This dispersion of particle size, together with the heterogeneous morphology
and composition of biomass samples, leads to great deviances when studying
explosion severity. As shown in Figure 6, Kg, and (dP/dt),,.. presented wider ran-
ges for biomasses than for coals. In contrast, P,,,, showed a greater deviation for
coals than for biomasses as the data retrieved from coals did not take into
account the different types of coals (anthracite, lignite, coke, etc.). This behaviour
can be explained by the fact that the heat of combustion, which determines the
amount of heat that can be liberated in the explosion and the subsequent over-
pressure in a confined volume [1], varies significantly depending upon the coal
type but much less in the case of biomasses.
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Figure 6. Comparison of coals and biomasses in the data set
depending on the explosion severity parameters.
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Figures 7 and 8 show the correlation of the explosion severity parameters with
the specific surface area (SSA) for biomass and coal samples reported in [108, 112,
113]. The dispersion of data for the group of biomass samples was also remark-
able, as demonstrated by the R? value, and contrasted with the behaviour of the
coal data. The explosibility values for biomasses varied within a bigger range and
did not evolve as linearly as they did for coals.

However, when the biomass data was separated into the different forest biomass
species (Pinus massoniana, Cinnamonum campora and Populus alba), as shown in
Figures. 9 and 10, the data dispersion reduced significantly and the R? values
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increased, becoming similar to those calculated for coal samples. This has impor-
tant implications for risk management. Extrapolating data to a biomass from a
different species could lead to gross errors, as each biomass presents different
explosion behaviour, which depends on its chemical composition, moisture, vola-
tile content, particle shape, etc. Moreover, Figure 10 illustrates that the influence
of SSA on Kg; could be much stronger for biomasses than in the case of coal
since the slopes of the three biomass lines were higher. It is important to note that
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all these four figures (Figures. 7, 8, 9, 10) are semi-logarithmic plots, specifically
linear-log plots.

The role played by SSA in explosion severity is quite evident according to Fig-
ures. 7, 8, 9, 10. This result agrees with previous study by Gerhold and Stahmer,
who formulated correlations of both P, and Ks, with the natural logarithm of
SSA and H; (calorific value) [114].It is important to remark that the SSA values
included in the above figures were determined indirectly by laser diffraction, i.e.,
the surface areas of the particles were not actually measured but they were esti-
mated from the spherical particles assumed by the theoretical models implemented
in the measuring laser equipment. On the contrary, the set of d3, values reported
in the Supplementary Information did not correlate with the explosibility parame-
ters as well as SSA did, because in this case they were a mixture of different bio-
mass materials, not a group of samples of the same biomass; the 5, correlations
are not presented here. It is important to note that, despite the high number of
samples gathered in this review, very few samples of the same biomass type (same
species) but with different granulometry are available in the literature; and not all
of them include all the particle size parameters (some report SSA, others d;,,
etc.).

A similar influence of the surface area of the particles on the flammability and
explosibility parameters has been reported for other fibrous materials. Iarossi
et al. investigated the flammability and explosibility parameters of two fibrous
materials: polyamide and polyester fibres [115]. They concluded that finer flock
sizes (smaller dtex, i.e. smaller diameter, or shorter length) have higher values of
P and Kg; and smaller MEC, MIE and MIT. The main reason for this beha-
viour is that increasing either the diameter (dtex) or the length of the particles
results in a decrease of the specific surface area. This conclusion also agrees with
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the results by Marmo and Cavallero [116], who demonstrated that the MIE of
nylon flock is affected by both the diameter and the length of the fibre (much
more by the diameter than by the length). Also, Marmo et al. [117] tested a set of
textile samples mainly composed of wool, natural fibres and synthetic fibres, and
found that the lower the fibre diameter is, the higher the Kg.. In addition, Bagaria
et al. [118] investigated the effect of particle morphology on the minimum ignition
energy of aluminium dust samples that had the same particle size distribution, and
demonstrated that the MIE of irregular particles is lower than the MIE of spheri-
cal particles; once again, the specific surface area played a key role in the results.
Although differing in chemical nature, non-spherical biomass dusts are expected to
have a similar behaviour in relation to the effects of the particle diameter and
length. In fact, this similar behaviour has already been demonstrated for some
fibrous wood samples by Amyotte et al.[119].

Figure 11 illustrates the correlation between dsy and Kg, for the only four
groups of samples with different size fractions available from the data set [112,
120]. It can be seen that the median diameter also correlates well with the explo-
sion severity. It is clear that further research is necessary in this field in order to
identify the parameters that best relates to the flammability and explosibility beha-
viour of biomasses. Despite the effort devoted to understanding biomass proper-
ties over the last years, few studies have addressed the issue of particle size
influence over flammability and explosibility properties. As pointed out by San-
tandrea et al. [121], the selection of the right metrics is not a trivial issue; the size
range of the particles and the phenomenon controlling the combustion mechanism
could play a key role here. A multi-metric approach could be necessary.

In addition, the size and morphology of dust particles, along with the humidity
and agglomeration processes, influence the dustiness of the material, i.e. the ten-
dency of a dust to form clouds [122]. This aspect is relevant when analysing explo-
sion risks at industrial scale.

As pointed out by Bagaria et al. [118]], literature shows that particle morphol-
ogy can influence dust explosion properties, but this is not always evident, as
shape is often not decoupled from size distribution.

6.2. Influence of Flammability and Explosibility Experimental Techniques

The experimental apparatuses and methods (see Table 2) employed for character-
ising the flammability and explosibility properties of dusts determine the results
obtained, since the parameters measured are not fundamental properties of the
materials [35]. Furthermore, they can also affect the PSD of the samples. For
example, injection and dispersion of dust samples within the 20 L explosion test-
ing device, which is used in the MEC, LOC, P, and Kg, tests, result in further
comminution of materials [123]; this effect is acknowledged by the standards [38—
41]. The dispersion system in this explosion vessel is composed of a pressurised air
container, a fast-acting valve, a pipe and a nozzle.

Experiments with coal dust by Miller et al.[49] indicate that the change in PSD
varies with concentration; the lower the dust concentration, the greater the parti-
cle size change. This change in size is not insignificant: coal dust samples into the
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common range of 125 g/m® up to 1250 g/m> had over a 49% decrease in particle
size for dsq, and over a 59% decrease for d;y [49].

Bagaria et al. [124] compared the performance of the standard dispersion sys-
tem used in the 20 L sphere to that of a novel device in a 36 L dust explosion
apparatus. In this novel device the dust was stored just below the vessel and did
not pass through an outlet valve. As a result, some mitigation of the particle
breakage was achieved, but not so high as expected, leading to the conclusion that
both the nozzle and the cloud turbulence have a prominent role in size reduction.
Further results obtained for three different materials (anthraquinone, acet-
aminophen and ascorbic acid) [124] indicate that all the stages of the dispersion
mechanism play a role in the loss of particle integrity; eliminating only one stage
would not eliminate particle breakage because the others will cause a similar
amount of attrition of the larger particles received. As demonstrated by Sanchir-
ico et al. [125], the type of nozzle also affects the intensity of the change in the
particle size; the rebound nozzle generates a more significant particle breakage
than the perforated dispersion ring.

On the other hand, the particle size itself also determines the dispersion of dust
inside the 20 L sphere. For example, Sarli et al. [126] developed numerical simula-
tions that suggest that dusts with large particles (= 100 pm) do not follow the
fluid flow and are pushed toward the walls, generating dead volumes into the
sphere.

In the case of the minimum ignition energy (MIE), the MIKE3 apparatus does
not generate particle breakage, as demonstrated by Bagaria et al. [127]. This dif-
ferent behaviour with respect to that described above can be explained by the
lower air pressure used to disperse the dust in the MIE tests (7 bar) in comparison
with that employed in the 20 L and 36 L vessels (20 bar). However, the MIKE3
apparatus also generates a slightly shift in the PSD, in this case towards larger
diameters [127]; the reason is that a fraction of the smallest particles escapes the
tube through the top lid, sticks to the tube or becomes trapped around and under
the electrode. If the dust had an electrostatic nature, it was demonstrated that
many of the smaller particles would stick to the tube, leading to a significant shift
in size distribution.

These changes in the PSD of the samples and the resulting differences between
the real particle size in the dust cloud tested and the size measured prior to the
tests could have significant implications when assessing risks in industrial facilities.
Although none of the above experiments involved biomass materials, it could be
inferred that these phenomena also occur when testing biomasses. However,
experimental verification is necessary to confirm whether or not —and in what
extent— these changes can happen. It is important to note that size reduction after
injection in the 20 L sphere is insignificant for some materials, such as Lycopo-
dium spores, which present a high elasticity value in comparison to other materials
[125].

It is well-known that injection and dispersion of fibres in experimental explosion
chambers is problematic, what has led to the application of alternative dispersion
methods by some researchers [17, 108, 115] and even to the proposal of new
experimental methodologies [128]. As pointed out by Di Sarli et al. [129], the non-
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sphericity of particles plays a role in dust feeding and dispersion, and in turbu-
lence generation in the 20 L vessel. They performed CFD simulations by taking
into account only the effect of the shape factor on the drag coefficient, and they
studied the variation of the corresponding turbulence kinetic energy, which
showed different trends depending on the particle size. However, turbulence is also
influenced by the interaction between the real geometry of the particles and the
fluid flow, the nozzle, and the vessel wall; in consequence, this problem is not yet
fully understood.

Nevertheless, it is clear that the behaviour of the fibrous particles in the stan-
dardised tests performed in the 20 L vessel and in other chambers could differ
somehow from that of spherical particles. It can be deduced that this dissimilar
behaviour could also happen in explosion tests in large vessels or even in real
explosions in industrial equipment. This opens several questions:

e Does the dissimilar behaviour of fibrous particles generate significant differences
in the initial conditions of the tests?

e How do these potential differences affect the test results?

e Are the results obtained in the 20 L sphere and in other chambers underesti-
mating or overestimating the flammability and explosibility properties of fibrous
dusts?

e Should the design methods of mitigation techniques, like venting, be adapted
somehow when applied to fibrous particles?

It is evident that there are not satisfactory answers to these questions yet.

Additionally, particle size has great influence on the ignition risk of dust depos-
its and layers. To determine this risk, the minimum ignition temperature on a
layer is determined with a 10 cm-diameter, 5 cm-thick metallic ring on a tempera-
ture-controlled hot surface, following the standard [42]. Miron and Lazzara [130]
determined that there are three main factors affecting the ignition risk of a dust
layer: nature of dust, layer thickness and particle size, in this order of importance.
This shows again the importance of particle size on the flammability of dust, as
well as the importance of the testing methods on the determination of these
parameters.

The influence of particle size on dust layers ignition for coals have been deter-
mined in several cases [28] and clearly showed that the thinner the particle size,
the lower the temperature needed to ignite the layer. However, this certainty is
heavily influence by the possibility of agglomeration of the particles. An agglom-
eration of fine particles can cause an increase on the effective particle size that
produces an increase on the temperature needed for ignition [131].

When analysing this tendency for biomasses, Fernandez-Anez and Garcia-Tor-
rent [28] observed that in some cases, there are no differences between the beha-
viour of bulk materials compared to dust, opposite behaviour than the expected
and observed for coals. However, this effect is observed in thicker layers, situation
that has not been commonly studied for fossil fuels. This variation on the beha-
viour can represent a change on the way of handling and storing biomasses.
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6.3. Prediction Models

Different prediction models for dust combustion have been developed and can be
found in literature [132]. As described by Russo and Di Benedetto [133], the steps
through which a single particle reacts in an organic dust cloud are the following:
the dust particle is heated, producing volatiles (step I) that may react with the air
in the form of homogeneous combustion (step II), then producing heat; and paral-
lelly, the dust particle may undergo a heterogeneous combustion by reacting
directly with oxygen diffusing towards the particle itself. All these combustion
mechanisms are affected by the particle size. When the particle diameter is lower
than a critical value, devolatilization followed by homogeneous gas-phase combus-
tion is the dominant mechanism [134].

The reactivity of the dust-air mixture, i.e. the deflagration index Kg, has
already been simulated by means of thermo-kinetic models that take into account
the dust size (the mean dust diameter of spherical particles). The objective of these
models is trying to reproduce the 20 L sphere experimental data. The models by
Fumagalli et al. [135, 136] showed good agreement with the experimental values
of materials that have near-spherical particles, excepting for Kg, values under
50 barem/s, which corresponded to mean diameters above 150 um. An improved
version has been presented by Copelli et al. [137], who achieved predicting the Kg;
value for different dusts above 60 um. A review of different models and modelling
approaches to estimate the explosion index can be found elsewhere [138].

However, the above models assume spherical particles and its application to
fibrous materials has not been validated. For this reason, Di Benedetto and Russo
extended their previous model, which had been developed for spherical particles
[43, 139], to particles with cylindrical shape [133], but validation was carried out
only for nylon fibres with very low diameter/length values. Trubetskaya et al. [51]
developed a model to estimate the yields of volatiles and char during combustion
of biomass, and recommended to represent biomass particles in combustion mod-
els as infinite cylinders, where the particle width is represented by the Martin min-
imum diameter. Nevertheless, proper characterisation of the size and shape of
dust particles is critical to apply this type of prediction models.

6.4. Current Standards

The new European standard EN 80079-20-2 [42] proposes 500 um as the upper
limit for particles which may form explosive mixtures with air at atmospheric
pressure and temperature. Despite the lack of total consensus concerning the defi-
nition of combustible dust, 500 um is commonly considered an appropriate size
criterion; North-American NFPA 652 [140] also agrees with this value. However,
EN 80079-20-2 does not specify any methodology to determine the particle size of
the sample.

EN 80079-20-2 gives some general advice about the preparation of the sample
to be tested and its particle size: “If it is not possible to test the sample as received,
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or if the sample is no longer representative of the process material then it may be
necessary to condition or alter the sample for testing. This may include grinding/
sieving, drying and humidifying”’. A further note clarifies that “where finer fractions
are present in a facility it is appropriate to take fractions of less than 63 um to give
the most easily ignitable mixtures”. In addition, informative Annex E suggests
that, when 20-L sphere is used, the material should be sieved to reduce its size to
the point that it can be dispersed.

In this sense, the series of EN 14034 standards [38-41] state that the particle
size distribution (and the moisture content) shall be determined for the sample as
tested and given in the test report; these standards notify readers that the P,
and (dP/dt),,.. increase with decreasing particle size, whereas MEC and LOC
decrease. No further indication about the size of the samples for testing is pro-
vided.

Thus, the decision about testing the samples as received or modifying them by
grinding and/or sieving relies on the laboratory —and those for whom the testing is
being done— but this does not assure that the results from different laboratories
are comparable. As an example, the IFA laboratory in Germany, which produces
and maintains the GESTIS-DUST-EX database [141], informs users that tests on
dust clouds are generally performed with a fraction of < 63 um and tests on
deposited dust with a sample fraction of < 250 um; different criteria could be
applied by other laboratories.

In contrast, the ASTM standards indicate that tests may be run on as-received
samples but due to the possible accumulation of fines at some location in a pro-
cessing system, it is recommended that the test sample be at least 95% minus 200
mesh (75 pm). They add that it should be recognized that the test results may not
represent the most severe dust deflagration possible when a material is tested in
the as-received state.

Fibrous materials or particles are mentioned both in the European and in the
North-American standards, but they do not include any specific provisions for
sample preparation, particle size determination, or particle size reporting of these
materials. EN 80079-20-2 even differentiates combustible dust from combustible
flyings, which are defined as “solid particles, including fibres, where one dimension
is greater than 500 um in nominal size, which may form an explosive mixture with
air at standard atmospheric pressure and temperature’’; it later adds that the ratio
of length to width of combustible flyings is 3 or more and gives some examples:
carbon fibre, rayon, cotton, sisal, jute, hemp, cocoa fibre, oakum and baled waste
kapok. Visual inspection (by microscope if necessary) is proposed by EN 80079-
20-2 to determine whether the material consists of combustible fllyings. In any
case, EN 80079-20-2 ask to continue the test procedure in a Hartmann tube to
determine whether the sample (combustible dust, combustible flyings or com-
bustible flyings with dust) is or not combustible; dust that does not contain parti-
cles less than 500 um is considered a non-combustible dust.
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7. Perspectives for the Future

(a) Investigating the appropriateness and accuracy of new techniques and devices
to measure the PSDs of fibrous biomass samples may gradually lead to
replace or complement conventional sieving and laser diffraction methods. In
this sense, alternative methods such as digital image processing and laser
obscuration time are new paths to explore. In addition, selecting and reporting
the relevant size parameters in relation to the combustion properties will
become more tailored and differentiated in the coming years.

(b) High-quality reporting of the characteristics of biomass samples, along with
their flammability and explosibility properties, will be essential for minimising
uncertainties and allowing comparison and discussion of data obtained by dif-
ferent research groups and laboratories all around the world.

(¢) International cooperation and sharing new data will play an indispensable part
in improving experimental methodologies and in generating in-depth knowl-
edge that could foster substantial progress in the biomass handling and store
safety field. It would be advisable to generate a database covering the biomass
samples tested by scientific community and industry in order to push forward
scientific research and provide guidelines regarding how each biomass behaves.
This kind of database for biomass materials could complement other existing
compilations, such as the comprehensive generic GESTIS-DUST-EX database
[141].

(d) Further studying the effects of the experimental procedures on the flammabil-
ity and explosibility properties of dusts and on the PSD of the real samples
tested will be necessary in order to improve these standardised methodologies.
More detailed indications about the preparation and characterisation of
fibrous samples are foreseen.

(e) Adequate knowledge of the behaviour of elongated biomass particles during
the injection and dispersion in flammability and explosibility tests and of the
influence of particle morphology on these properties will benefit the safe han-
dling of these materials in industrial facilities.

8. Concluding Remarks

The analysis of literature data carried out in this study has confirmed the strong
influence of particle size on the explosion severity of biomass dusts and has high-
lighted the broad variability of biomass samples and the importance of the origin
of the sample. These results remark the necessity of characterising and preparing
biomass samples following a standardised methodology prior to the flammability
and/or explosibility tests. Also, biomass samples should be identified in an accu-
rate, scientific way.
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Furthermore, some testing procedures differ between laboratories or researchers,
so the compilation of results could lead to better understand how procedures
influence results in order to improve or optimise these methodologies.

Additionally, this study has highlighted that there has been, for a long time, a
common approach of assuming that biomasses, as a fuel, could be analysed fol-
lowing the same procedures applied to coals. However, the characteristics of these
two groups of fuels are not the same, and new procedures should be developed in
order to properly characterize biomass. It secems that a single metric is not suffi-
cient to properly characterise these elongated particles. It would be essential not
only to establish which parameters should be used instead or additionally to the
mean diameter ds, but also the procedure to determine them.

All the above aspects deserve further research by those interested in powder sci-
ence and technology, biomass handling and combustion, and fire and explosion
mitigation.
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