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RESUMO

Rosa, Ana Carolina Souza. An experimental study on smoldering and other risks. Rio
de Janeiro, 2018. Dissertacdo (Mestrado) — Programa de Engenharia Ambiental,
Escola Politécnica e Escola de Quimica, Universidade Federal do Rio de Janeiro, Rio
de Janeiro, 2018.

"Smoldering combustion" é um risco muito comum e recorrente durante o
armazenamento de material granulado e particulado. Dependendo das caracteristicas
do material e dos fatores externos, a combustao pode ser mais ou menos favorecida,
influenciando diretamente a velocidade da combustdo. Uma grande variedade de
graos agricolas € suscetivel a esse tipo de risco, como milho, soja e trigo. Este
trabalho tem como objetivo avaliar como a variacao de trés fatores influenciadores
pode modificar a velocidade de queima do milho. Como metodologia de estudo, os
experimentos foram planejados e desenvolvidos em testes laboratoriais de pequena
escala com a ajuda do software Minitab. No projeto de experimentos no Minitab,
selecionou-se o tipo de experimento fatorial completo, definindo trés fatores (didametro
de particulas, umidade, condi¢ao de ventilagdo) com dois niveis e duas repetigdes.
Dezesseis experimentos foram realizados com base na norma EN-50281-2-1 com o
suporte de uma placa de aquecimento e termopares distribuidos no eixo central das
amostras. Apos a execucado dos experimentos, calculou-se a taxa de combustao de
cada experimento. Avaliou-se que o didmetro das particulas teve maior influéncia na
taxa de combustdo, seguido pela umidade. A avaliagcdo da influéncia de fatores
influenciadores € de extrema importancia para a compreensao deste fenbmeno para
o dimensionamento de estruturas adequadas de armazenamento com a integracao
de barreiras para reduzir o risco deste tipo de acidente.

Palavras-chave: 1. Smoldering. 2. Milho. 3. Planejamento Experimental. 4. Minitab.



ABSTRACT

Rosa, Ana Carolina Souza. An experimental study on smoldering and other risks. Rio
de Janeiro, 2018. Dissertation (Master degree) - Environmental Engineering Program,
Escola Politécnica e Escola de Quimica, Universidade Federal do Rio de Janeiro, Rio
de Janeiro, 2018.

Smoldering combustion is a very common and recurring risk during the storage of
particulate and granular material. Depending on the characteristics of the material and
the external factors, the combustion can be more or less favored, influencing directly
the smoldering speed. A wide variety of agricultural grains is susceptible to this type of
risk, such as corn, soy, wheat. This work aims to evaluate how the variation of three
influencing factors can modify the speed of corn burning. As a study methodology, the
experiments were planned and developed in small-scale laboratory tests with the help
of Minitab software. In the design of experiments in Minitab, the type of full factorial
experiment was selected, defining three factors (particle diameter, humidity, ventilation
condition) with two levels and two replicates. Sixteen experiments were performed
based on the standard EN-50281-2-1 with the support of a heating plate and
thermocouples distributed on the central axis of the samples. After the execution of the
experiments, the smoldering rate was calculated for each one experiment. It was
evaluated that the particle diameter had a greater influence on the combustion rate,
followed by humidity. Evaluation of the importance of influencing factors is extremely
important for the understanding of this phenomenon for the design of adequate storage
structures with the integration of barriers to reduce the risk of this type of accident.

Kew-words: 1 Smoldering Combustion. 2. Corn. 3. Design of Experiments. 4. Minitab.
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1 INTRODUCTION
1.1 Background of the study

Accidents involving combustible dust are still a recurring topic, studies on the
combustibility of dust and on understanding how the phenomenon occurs began with
the explosions and fires in coal mines. At the same time, studies on metals, and then
on plastic and agricultural products began. In most accident cases, these occur due to
lack of knowledge of the combustibility potential of dust. With respect to agricultural
products, grains throughout the handling, transport or storage process may, through
friction between the particles or with some equipment produce particulate material,

which under certain conditions may pose a variety of fire or explosion hazards.

Reports of explosions or fires with agricultural products date back to 1785, with the
flour explosion in a warehouse when a spark of a lamp ignited a dust cloud. Among
the agricultural products with combustibility, potential are corn, soybeans, wheat,
barley, oats, rice, sugar, etc. Throughout its manufacturing process, clouds can be
generated with the particulate material, and thus creating explosive atmospheres. After
the production process, these materials are stored in structures such as bins, hoppers,
and silos to be destined for the final consumer. The storage equipment provides an
ideal level of containment to provide gas and dust explosions, which is why silos have

been the scene of many accidents with grain dust.

Silos are structures to store raw materials or products with different materials sizes
such as grains or dust. Before its construction should be considered the type of
material to be stored and how they will be carried out the steps of loading and
unloading. To assist in these stages are used elevators and conveyors system that are
most responsible for promoting a certain level of friction and for leaving the dust in
suspension. Therefore, for its construction, it is important to know the maximum level
of pressure and temperature allowed so that it does not compromise the integrity of

the structure of the silos and does not allow an accident.

Among the hazards related to fire are the combustion with flames - flash fire and
combustion without flames - smoldering. The last hazard occurs due to the overheating
of the particulate materials that can occur by any piece or part of a heated device or

by a natural process initiated by the biological action according to Ogle (Ogle, 2016).
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That could start an exothermic reaction and with the release of energy causing the
heating of a certain mass of dust or grains. This process is a slow process, its detection
is difficult in some cases and the product may continue to burn for weeks as described
by Russo et Al (Russo, Rosa and Mazzaro, 2017). According to Vingerhoets, Snoeys,
and Minten (Vingerhoets, Snoeys and Minten, 2016), smoldering may evolve to open
fires and even to dust or gas explosions. With regard to explosion hazards, its confined
structure for storage is the main factor responsible for the sudden rise of pressure, thus
allowing the triggering of a gas or dust explosion. The loading and unloading steps in
the silos are extremely crucial because they allow the particulate material to be
suspended in the air and allow oxygen to enter the silos, as shown by Ogle et Al (Ogle,
Dillon and Fecke, 2014).

Among the research carried out with this theme, several authors address the issue of
dust explosion both experimentally and theoretically. However, the analysis of dust
accidents in silos, as well as the phenomenon of smoldering combustion, is still a topic
that needs a more profound and effective study, so that it is possible to evaluate the
phenomenon, what factors influence and how this type of combustion behavior varies

by influencing factors.

Due to this lack of specific studies, this dissertation presents two main objectives. To
identify the principal risks related to silos and evaluate experimentally smoldering
combustion by varying some specific conditions. Thus, observe the evolution of
temperature over time in a column of dust and powders, which is one of the possible

risks in silos.

1.2 Relevance

Smoldering is a process that requires little energy and little heat flow to initiate a
combustion, as opposed to combustion with flames, a factor that may increase the
likelihood of the occurrence of this risk. Another important fact is the high complexity
and combination of transport and thermochemical processes inside a reactive porous
area, which could hinder the activity in suppressing this type of combustion when

compared to the flame combustion.
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There are some theoretical and experimental studies related to the theme. However,
the knowledge about this type of combustion is limited and there is still a need for
further study on the subject to assure that the phenomenon could be better understood,

and best preventive measures could be taken to avoid serious accidents.

1.3 Objectives

The present work has the objective to evaluate the principal risks in silos storage and
analyze the theoretical differences between the possible scenarios of risks and the
influence factors of each risk. Other objective is to promote a review of the literature in
the Scopus database and analyze the research development. As an experimental
objective to observe the phenomenon, understand how the smoldering process occurs
in corn grains’-¢¢¢, how the temperature varies inside the material samples and how
this can be a source of ignition to another fires and explosions. As a final objective,
model the phenomenon with the main factors influencing the rate of combustion of a

material sample with different particle sizes.

1.4 Limitations of the study

The theoretical scope of this research is limited to the analysis of the risks related to
fires and explosions that occur during grain storage in silos. The review of the literature
performed was limited to two scenarios of accidents: dust explosions and smoldering

combustion.

With respect to the scope of the practical part, the experiments were carried out with
corn grains, as this type of grain is involved in many reports of explosions. Some
experimental articles related to smoldering have used grains such as soybeans, wheat,
corn, among others, which ensured that the corn grain was susceptible to smoldering
phenomena in this work. The smoldering experiments were limited to corn grains with
three different sizes. Other particle sizes and grains types were not tested for lack of

time to test more samples.

During the preliminary tests some possible values for the temperature and the heating

time of hot plate were examined. However, for the initial tests only a single value of
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each parameter was set to reproduce all the experiments. Which ensured a total

process of smoldering on samples with corn flour.

Throughout the smoldering process, some toxic gases are released which also have a
high level of flammability. At a certain concentration within flammability limits, they may
become hazardous sources of fires or even sources of explosions. The quantity of
gases and the production rate of these gases is an important way to characterize
smoldering in structures such as silos. These gases may be the fuel to evolve from a
scenario of smoldering combustion to a flame combustion. However, the analyzes of
gases and the transition from smoldering to burning with flames were not present in

the initial scope of the tests.
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2 DUST EXPLOSION AND OTHER FIRES IN SILOS
2.1 Silos and their risks and accidents

Silos are structures designed for the temporary stocking of granular materials and have
a large storage capacity. They are mainly used for grain storage, in order to protect
them against weather, absorption of soil water and atmospheric humidity. Due to the
level of combustibility of granular materials stored, the risks of combustion are always
present during handling and storage. The material type stored in silos must be
considered in order to completely recognize the potential risks and the substances

likely to ignition.

In general, there are three possible substances liable to ignition: flammable or
combustible gases, dust clouds and a settled layer of granular or particulate material
(Krause, 2009). The first one is produced during some chemical reaction of the material
stored and the second could be generated due to normal activities as filling and
emptying the silo. The handling step can promote friction between the grains and
partition into particles with smaller diameters as grain dust. This feature may favor the
formation of dust clouds and may also facilitate the start of a combustion process due

to the increased surface area of the particles.

Combustion is a self-sustained oxidation process of a determined fuel as a gas, liquid,
or solid that generates heat, light or smoke. As the combustion development occurs in
the gas phase, liquid and solid fuel must undergo vaporization or pyrolysis processes
by absorbing the heat liberated during the combustion reaction. Pyrolysis is an
endothermic process and a common feature in the combustion of most solid

carbonaceous fuel with the development of a thermal degradation (Ogle, 2016).

The combustion process can be divided into two categories: flaming and smoldering
combustion. The first one exhibit a cloud of gases between the lower flammability level
(LFL) and upper flammability level (UFL) that can ignite and generate flames and
sometimes smoke. Flammable gases or vapors and combustible solids can be the
source of this combustion type. As opposed to combustion with flames, there are no
flames in smoldering combustion but glowing char and smoke are presented in this
process. Additionally, smoldering combustion may occurs with combustible solids as
grains, powders, and dust.
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According to CCPS (2005) dust presents four main inherent hazards in its
characteristics: combustibility, instability, reactivity, and toxicity. The first three are
directly related to accidents involving combustion process as fires and explosions.
Much of the dust handled in the industries has combustible characteristics, which can
lead to these accident scenarios. For the characterization of hazards, The standad 704
of National Fire Protection Association (NFPA) (‘NFPA 704’, 2007) presents
classifications of three principal categories for particulate material: health, flammability,

and instability.

For fire and explosion hazards, the most relevant characteristics are flammability and
instability of the particulate material, which the first one address the degree of
susceptibility of materials to burning and the second one address the degree of intrinsic
susceptibility of materials to release energy. The categories include materials with
larger particle diameter such as powders and pellets up to dust (Table 2-1). Materials

in categories 1 through 4 are prone to the combustion process.

Table 2-1 - Hazard categories.
Source: (NFPA 704, 2007)

DEGREE
OF DESCRIPTION CRITERIA
HAZARD
a Materials that are readily dispersed in air and Materials that ignite spontaneously when
burn readily exposed to air.
Finely divided solids, typically less than
o . 75 micrometers (that present an elevated risk of
Materials in this degree produce hazardous ! . .( " P v !
. forming an ignitible dust cloud, such as
atmospheres with air under almost all ) L . . .
. finely divided sulfur, aluminum, zirconium,
3 ambient temperatures or, though unaffected - . .
. . and titanium); Materials that burn with extreme
by ambient temperatures, are readily L .
o .. rapidity, usually by reason of selfcontained oxygen
ignited under almost all conditions. . .
(e.g., dry nitrocellulose and many organic
peroxides)
. Finely divided solids less than 420 um
Materials that must be moderately heated or v . 'Ll
. . . (40 mesh) that present an ordinary risk of
exposed to relatively high ambient . L . L
. - forming an ignitible dust cloud; Solid materials in a
2 temperatures could release vapor in sufficient , .
. flake, fibrous, or shredded form that burn rapidly
quantities to produce hazardous atmospheres . .
. . L and create flash fire hazards, such as cotton, sisal,
with air before ignition can occur.
and hemp.
Combustible pellets, powders, or granules greater
Materials that must be preheated before than 420 um F|nely.d|vu.:led soI.|ds less th.a_n 420 pm
1 o . that are nonexplosible in ambient conditions, such
ignition and combustion can occur. . . .
as low volatile carbon black and polyvinylchloride
(PVC).
Materials that will not burn under tvoical fire Materials that will not burn in air when exposed to
0 P a temperature of 816°C (1500°F) for a period of

conditions.

5 minutes.
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Among the risks of fires and explosions, one can trigger the other, however, there are
some differences between these two types of phenomenon. According to Crowl (Crowl,
2003), the difference depends on the time frame in which the events occur. Fires are
events that occur much slower compared to explosions which are very short events
with a sudden release of energy. Also to corroborate the idea of time frame, Rein (Rein,
2016) explain the basic difference is that fires are considered the flame spreading and
explosions are considered the flame propagation, which its velocity is much faster than
the first one.

Initially, to develop a fire is necessary the coexistence of three requisites: fuel, oxidizer
(air) and a source of ignition, which is known as fire triangle (Figure 2-1). Actually, in a
silo the fuel and the oxygen always be present, so any source of ignition with a minimal

energy could be the possible third element of this fire triangle.

IGNITION \/ | OXIDIZER

Figure 2-1 - Fire triangle.

To develop an explosion it is necessary the existence of five requisites of the explosion
pentagon. Besides the three requisites of the fire triangle, it is necessary a perfect
mixing between the fuel with an oxidizer (air) in the explosion range and a partial or
complete confinement of the fuel-air mixture (Figure 2-2). If the fuel is a particulate
matter as grain dust, the explosions are entitled as dust explosion. For this type of
explosion, the dust must be suspended and form a cloud with a concentration between

the explosive limits.
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CONFINEMENT

Figure 2-2 - Dust explosion pentagon.

In fires, the stage can begin with two fuel options: flammable gases or fuel vapor
formed by pyrolysis step when particulate solid materials burn. The gaseous phases
of the fuel and oxidant are not mixed prior to the combustion reaction. The oxygen and
the fuel molecules are separated and move toward each other through a diffusion
process until the flame surface to maintain the reaction, the flame present in this case
is a diffusion flame. By contrast, gas explosions are different and are characterized by
a pre-mixing of fuel and oxygen; it exhibits a premixed flame type that justifies the
reason why they occur faster than fires. In dust explosions, a dust cloud shows a
diffusion flame near the dust particles and a premixed flame in a greater scale (Rein,
2016).

Explosions exhibit a combustion reaction in the mixture flammable-air gas system in a
region known as combustion wave, which can be of two types, deflagration or
detonation wave. Figure2-3 has depicted a simple structure of a combustion wave. The
basic difference between them is the propagation speed of the reaction front and the
level of pressure achieved.
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Figure 2-3 - Structure of a combustion wave.

In order to perform an analysis of an accident involving a combustion event, it is
important the complete understand of the events related to fires and explosions. One
must be taken into account the mechanisms of flame spreading, flame propagation

and principally the characteristics of the material stored.

2.1.1 Types of silos

Several researchers have studied the complex structure of the silos in order to
understand their behavior during storage, as well as the stages of filling and emptying.
For the realization of a suitable design of a silo should be considered the type of
material that will be stored, to minimize the risk of accidents. Despite storing some
industrial materials such as aluminum dust, most of the material stored in silos are

agricultural products.

Silos can be described as vessels that are used for the storage of particulate solids
materials. Generally, silos are large structures used for long-term storage either at the
beginning of a process to store raw materials or at the end of a process to store
products. The material used in silos construction defines one of their classifications.
The typical material used in its construction can be metal, concrete, masonry, and
wood silos (used for seed storage). Additionally, there is a silo type called silo bag,
which is an emergency mode of grain storage and it has been commonly used in Brazil
areas with typical vegetation of the central regions of this country for corn and soybean

storage.

Another silos classification is related to the silo and soil position that can be divided

into three groups (Lacovic, 2014):

| - Elevated silos: characterized by being fixed above the ground.
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Il - Underground silos: are those located below ground level. They are simplified

constructions, but of easy permeability and difficult discharge.

IIl - Semi-subterranean silos: they are silos of intermediate form to the elevated silos

and underground. They are half below ground level and a half above ground level.

The silo capacity (size of each structure) depends on how much grain the producer
wants to store and for how long, besides the number of crops per year. Based on
inherent safety, it is safer to have more silos of medium size than silos of large size,

which can reduce the risks of accidents and the severity of consequences.

Most silos are circular, but square or rectangular silos are often used due to the easily
in fabrication and space economics. According to (CCPS, 2005), most silos used in
chemical processing units are of modest size (3000 cubic feet or less). Silos of modest
size are fixed on structures as legs, while very large silos are generally located on

foundations.

For the design of a silo, it is essential the knowledge about the flow process and a
mechanical perspective. Regarding process flow, there are two different flow patterns
in the storage silo when it is being emptied: mass flow and funnel flow. In the first case,
all of the material stored in a silo is constantly moving with very little difference in a
velocity profile across the silo. However, in funnel flow, there is a central flow of
material and a stagnant material near the silo walls. The material in the upper part
around the flow continuously refills it (CCPS, 2005). These normal flow patterns are

illustrated in Figure 2-3.

Figure 2-4 — Normal flow patterns: mass flow and funnel flow.
Source: (CCPS, 2005)
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In relation to the other mechanical perspective, the stresses applied to the walls of the
silo must be determined to design the silo to supports these loads. These stresses
come from the static and dynamic conditions throughout the process of filling and
discharging the silo. Experimental measurements on models and industrial size
models have indicated that the distribution of stresses on the wall changes
considerably when the flow begins after the initial filling, and these tensions remain
after the exit is closed (CCPS, 2005).

The silos structure may have other auxiliaries in order to assist the usage and protect
them from severe accidents such as fires and explosions. The usage is facilitated by
auxiliaries like a bin vent filter, ladders, bulk elevators, platforms, and a railing around
the roof.The industrial instrumentation can assist in the protection by measuring and

monitoring using level, temperature and pressure instruments.

2.1.2 Risks and accidents

Several authors around the world documented cases related to accidents of dust
explosion, such as Eckhoff (2003) that in his work elucidates some explosion historical
cases with dust, such as grains, coal, aluminum, and silicone. The author begins with
the Count Morozzo’s detailed a report of the first dust explosion accident cited in the
literature that occurred in 1785 with flour dust in a warehouse at a bakery in Turin, Italy.
Despite the low severity, Morozzo’s analysis of this accident allows the learning of

important concepts such as the key elements for the development of explosions.

Additionally, it was illustrated a set of accidents evolving grain dust explosions in
Norway and the United States with wheat, barley, and oats between 1970 and 1988.
Besides, three accidents cases related to smoldering gas explosions in Norway, USSR
and Sweden with grain, feedstuffs and pelletized wheat bran in silos between 1985
and 1989 were described. Some accidents with fires, coal dust and gas explosions in

coal dust plants and silos were also reported.

The U.S. Chemical Safety and Hazard Investigation Board (CSB) has published
several accidents reports with combustible dust explosions and fires. At least 281

combustible dust fires and explosions occurred in the industry between 1980 and 2005
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that occurred in a variety of industries with different types of combustible dust and
triggered 119 fatalities and 718 injuries in the United States (U.S. CSB, 2006)

Abbasi and Abbasi (Abbasi and Abbasi, 2007) exposed a list of illustrative examples
of dust explosion incidents between 1911 and 2004 in different countries. According to
the authors, some of the most damaging accidents in chemical and agro-processing

industries have been caused by dust and not by flammable liquids or gases.

Among the risk of accidents, dust explosions pose the most serious and widespread
of explosion hazards in the process industry alongside vapor cloud explosions (VCE)
and boiling liquid expanding vapor explosions (BLEVE) (Abbasi and Abbasi, 2007).
This is explained by the large amounts of heat and high pressures generated in
milliseconds when a combustible dust cloud is accidentally ignited in a process
enclosure. The resulting dust deflagration may, or may not compromise its structural

integrity depending if the vessel is adequately protected or not (Taveau, 2017).

Dust explosions continue to be the exclusive cause of severe losses in diverse process
industries. The complete understanding about an accident with a detailed report from
accident investigation represents an important source of information to develop safety

barriers.

2.2 Gas and Dust Explosions
2.2.1 Literature Review

Over the years several accidents have occurred with different combustible dusts. This
stimulated the study of explosions with this type of solid fuel. Studies related to dust
explosions have started from reports of incidents in coal mines, followed by studies
with metal dust and agricultural grain dusts such as wheat, corn, rice, etc. In the
literature review, some work reviewing the theoretical work on dust explosions were
found. Work with explosions can be roughly divided into three main groups: air-dust

mixture, ignitions, explosion parameters.

Regarding the concentration of the air-dust mixture, there are studies concerning the
evaluation of the quality of dispersion of particles in a sphere of 20 L (Wu, Liu and

Zhang, 2017), numerical simulations to examine the dust particle distribution and its
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influencing factors during the dispersion (Chen et al., 2015), comparisons between
measurements of dust concentration and Computer Fluid Dynamic (CFD) modeling of
silo filling processes in order to find configurations where the dust concentration
exceeds the lower explosion limit (Klippel et al., 2014). There are also work related to
concentrations such as the limit oxygen concentration (LOC) in the work of Clouthier
and Krause who investigated the LOC of fifteen fuel dusts and methane mixtures in
the standard 20 L explosion chamber (Clouthier and Krause, 2017); as the minimum
explosible concentration (MEC) in the work of Yuan et al with the extensive
investigation on experimental test of dust MEC using the Siwek 20 L vessel (Yuan et
al., 2012) In addition, there are some studies evaluating the influence of particle size
on the explosions. We et al (We et al., 1991) studied the particle factors which affect
the explosibility of dusts as particle size, dust concentration, pore size, and chemical
composition. Di et al (Di et al., 2013) used a previously validated CFD 3D model to

simulate the dust dispersion inside the sphere at different dust diameters.

Ignition issues are related to the sensitivity of the stored materials, the lower the energy
required to start the combustion, the greater the sensitivity. Khalili (Khalili et al., 2012)
demonstrated the peculiar behavior gas/dust explosions and proposed simple models
to estimate th ignition sentivity. Hosseinzadeh et al (Hosseinzadeh et al., 2015)
measured the critical ignition of a variety of pure dusts with different particle sizes and
the impact on the minimal ignition energy (MIE) on mixtures of them. Danzi, Marco,
and Riccio (Danzi, Marmo and Riccio, 2015) evaluated the effects of a mixing of a
combustible dust in the minimal ignition temperature (MIT) of the layer and of the cloud

tested in a Godbert Greenwald (GG) furnace and on a hot plate.

Other works concern explosion parameters to understand their development and
severity. Chen et al (Chen et al., 2017) studied the flame propagation and dust particle
movement of a large-scale dust explosion process using CFD. The work of Cuervo,
Dufaud, and Perrin (Cuervo, Dufaud and Perrin, 2017) was developed a numerical tool
to assess the flame propagation properties analyzing the flame velocity as a function
of its stretching and hydrodynamic instabilities. Proust (Proust, 2017) performed large
scale experiments which the flame velocity and turbulence characteristics were
evaluated. Ben et al (Ben et al., 2015) calculated radiative heat transfer exchanged
between particles in suspension and proposed an original method of calculating heat

transfer between dust and gas in the preheat zone of the flame.
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The two essential parameters studied to assess the severity of explosions are the
maximum explosion pressure reached (Pmax) and the maximum rate of pressure
(dP/dT)max, alson known as the deflagration index (Kst). Fumagalli et al (Fumagalli et
al., 2017) proposed a mathematical model for the deflagration index as a function of
the mean particle diameter for organic dusts. The work of Zhang, Ma, and Zhang
(Zhang, Ma and Zhang, 2014) presented a method to calculate the rate of pressure
rise for dust explosion known as Recursive Fitting Method (RFM), which had better
repeatability and higher accuracy. Dyduch and Pekalski (Dyduch and Pekalski, 2013)
presented two methods to determine the explosion severity parameters for more
accurate determination of explosion severity parameters, a statistical method and a

method that adjusts the results for variances of turbulence intensity.

Despite several studies, dust explosions still require further studies in order to
understand the phenomena involved and the factors that influence and can aggravate

an explosion, since accidents with dust explosions are still recurrent in the industries.

2211 A cluster of Literature Review

The subject of a dust explosion in several industries and with different types of dust
has been studied for years by several authors. For a better understanding of how this
issue has developed and continues to develop over the years, it is important to conduct
a search in literature. In this work, a bibliographic research was carried out in the

Elsevier Scopus database.

For an initial research, we used the keywords with the following string: "dust explosion".
The key words in this string were selected in order to obtain the largest number of
documents related to this subject, which returned 1818 documents. Selecting only the
documents in the English language and publications from 1967 untill 2018 reduced the
number to 1057 documents. After analyzing the titles and abstracts, all that was not
related to the keywords and those that did not present all the information in the
database were eliminated and only 372 documents was selected. Another analysis of

abstracts was perfomed and only 201 documents were listed from 1967 to 2018.
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For the evaluation of the clusters formed in the topic of the dust explosion of this work,
the software VOSviewer was used, in which the list of documents generated by the
Scopus database was inserted. It presents three possibilities of types of cluster
visualization: network, overlay, and density. There are some map options that allow
the creation of different maps. It will be presented two clusters of dust explosions: a

map based on text data and a map based on bibliographic data of authors.
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Figure 2-5 - Network visualization of dust explosion text data.

The fisrt map analyses words present in the titles and abstracts of the selected works
and was developed selecting at least six as a minimum number of co-occurrence
terms. Figure 2-5 shows the cluster with network visualization of text data, which
indicates four clusters group connected with fifty three terms (Table 2-2). In this view,
it is possible to check the links between the most used terms in the selected works
according to the number of occurrences, that allows us to understand how the research

is progressing in the topic of dust explosion.



Table 2-2 - Cluster groups of dust explosion text data.
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Cluster 1 Cluster 2 Cluster 3 Cluster 4
Combustible dust
Experimental investigation
Experimental result
) ) Assessment
Explosion behavior
] Closed vessel CFD
Flame velocity . )
o Combustion process Deflagration
Hybrid mixture )
. Design Duct
Ignition energy ) .
. Dispersion Dust layer )
Ignition source . Evaluation
o dP/dt Equipment
Investigation ) ) ) ) Hazard
Dust dispersion Explosion venting
LEL . ) Kst
) Dust explosion hazard Fire o
Lycopodium ) Mitigation
) Dust particle Flammable Gases
Mathematical model Pmax
Maize Starch NFPA
MEC ] Prevention
Modelling Overpressure
Methane ) . . .
MIE Numerical Simulation Pipe
. o Pressure rise Process Industry
Minimum ignition ]
Silo Vent area
temperature .
) Sperical vessel
Organic dust
Oxygen concentration
Starch

LEL = Lower explosible limit, MEC = Minimum Explosible Concentration, MIE =
Minimum Ignition Energy

The overlay visualization depicts the topics covered and how the research developed
over the years. Figure 2-6 shows this type of visualization and allows us to recognize

the direction of the research regarding the dust explosion.
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Figure 2-6 - Overlay visualization of dust explosion text data.

By the year 2000, studies were focused on combustion process and issues relates to
pressure rise, deflagration with closed vessels. Near to 2005, the subjects were related
to explosions inside ducts and pipes, studies of dispersion of the particles and its
conection to the combustion process, and some works about mathematical modeling
with organic dust. Around 2010, studies were focused on assessing the risk of
combustible dust explosion. Several works were focused on the evaluation of the
maximum pressures (Pmax) obtained, the pressure variation with time (dP/dt) and other
parameters related to temperature and minimum energy to ignite and trigger an
explosion and fires. From 2015 until the present moment, there are some works
evaluating CFD (Computer Fluid Dynamics) simulations, others studies analyzed the
relationship between lower explosible limit (LEL) and the behavior of explosions and

fires with hybrid mixtures.

In density visualization (Figure 2-7), there are several topics that have been well
addressed over the years. On the map, there are several hot spots spread but there
are two greater groups of hot spots. One is more directly connected with experimental
investigations with the parameters like minimum ignition energy, minimum ignition

temperature and minimum explosive concentration. In addition, there are also some
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works about experiments with hybrid mixtures. The other one is related to
computational experiments such as CFD simulations in silos to evaluate some risks

such as overpressure and explosion venting.
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Figure 2-7 - Density visualization of dust explosion text data.

It was created a map with the analysis of authors of the selected works in the
bibliographic search. It was developed selecting at least 4 as a minimum number of
documents of an author. Figure 2-8 shows the cluster with network visualization of
bibliographic and indicates thirteen clusters group connected with thirty-two authors
(Table 2-3).

The network view illustrates all the listed authors and the links between them. It is
possible to observe that the first five clusters are the greater clusters in terms of
document numbers. But only cluster 3, cluster 4, and cluster 5 are more relevant than
the others due to the link between the clusters and the number of published

documents.
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Figure 2-8 - Network visualization of dust explosion bibliographic data (authors).

Table 2-3 - Cluster groups of dust explosion bibliographic data (authors).

Cluster 1 Cluster 2 Cluster 3 Cluster 4
Du, B.
’ Dahoe, A. E. .
Huang, W. Eckhoff, R K. | D Benedetto, A el E. K.
Kuai, N. Di Sarli, V.
\ Scarlett, B. Gabel, D.
Liu, L ) Russo, P.
Skjold, T. . Krause, U.
Yuan, J. Van Winaerden. K Sanchirico, R.
Zhang, Q. 9 T
Cluster 5 Cluster 6 Cluster 7 Cluster 8
Amyotte P. Kauffman, C. W. Klemens, R. Dufaud, O.
Khan, F. Sichel, M. Kosinski, P. Perrin, L.
Cluster 9 Cluster 10 Cluster 11 Cluster 12
Tamanini, F. Dobashi, R. Mannan, M. S. Radandt, S.
Ural, E. A.
Cluster 13

Tanaka, T.
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In the overlay visualization (Figure 2-9), we can verify that the most recent cluster are:
cluster 4 that presents publications between the years 2014 and 2016, and the clusters
1 with publications around 2013 and 2015.

Another visualization to check the distribution of the authors according to the
publication of documents is the density view (Figure 2-10). The authors with the
greatest amount are placed in some hot spots and authors with fewer publications
appear with lighter colors like green and yellow distributed throughout the map. As
already seen in the network visualization, the first five clusters showed greater

relevance that had more intense hot spots, followed by the clusters 6, 7 8, and 9.

2.2.2 Theoretical Basis

As previously mentioned, the structures designed for material storage as the silos have
a containment level that favors the development of scenarios for explosions. According
to Crowl (Crowl, 2003), an explosion can be understood as the set of three essential
characteristics: a sudden release of energy, a rapidly moving blast or shock wave and
a blast magnitude large enough to be potentially hazardous. Inside a silo, two possible

explosions can occur gas explosion and dust explosion.

During storage of granular or particulate material, flammable gases may be generated
from certain chemical reactions within the material pile, which permeate all material
until they are placed in the upper part of the silo. With the presence of an ignition source
with sufficient energy to ignite these gases, explosions with gases can be triggered
inside the structure. For the development of gas explosions, it is necessary that the
flammable gases and the oxygen present inside the silo form a mixture within the limits
of explosiveness. If this mixture is below the lower explosion limit (LEL) or above the

upper explosion limit (UEL), explosions will not occur.

A possible source of inflammable gases are the gases from the pyrolysis reaction, the
first step of the smoldering process. During this stage some gases such as CO and
CHa4 can be released during the pyrolysis reaction, forming a flammable mixture with

the oxygen in the upper part of the silo.

Another possible explosion inside a silo is a dust explosion. It is not a new problem in

industrial installations, for over than 300 dust explosions are reported worldwide.
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Several accidents involving dust can be found in the literature, and its consequences
may be as catastrophic as caused by gas explosions, resulting in deaths, injuries, and

destruction of the installations.

For initial combustion, the three requirements are a fuel (grain, powder or dust), an
oxidizer and a sufficient source of heat or ignition. However, for a dust explosion,
particulate material as dust must be dispersed and developing a dust cloud at the same
time that the ignition source is present (Cashdollar, 2000). The combustible material
must be able to form a dust cloud that initiates and sustains an explosion. Several
factors can influence this first stage influencing the rate of combustion and
consequently the spread of the flames. There are some studies regarding the minimum
fuel concentration, the limiting amount of oxygen, the influence of particle size, shape

and humidity.

According to (Abbasi and Abbasi, 2007) dust explosion is initiated by the rapid
combustion of flammable particulates suspended in air. The fuel can be any finely
divided solid material, capable of reacting rapidly and exothermically with a gaseous
oxidizer. In this case, the fuel is a combustible dust and the particle size is typically in
the range 1-100 micrometers (Skjold and Eckhoff, 2016). Smaller particles present a

greater risk due to their weight they can be suspended in the air longer.

As previously mentioned, the combustion occurs inside a combustion wave and can
be of two types: deflagration or detonation. The primer is almost always present in dust
explosions scenario (Lemkowitz and Pasman, 2014). However, a deflagration can
develop to a detonation wave due to the effect of flame acceleration when burnt gas
expansion increases the turbulent characteristics of the flame resulting in an increase

in the mas burning rate (Ogle, 2016).

The propagation of flames in a deflagration wave is carried out by heat conduction.
The heat from the hot zone is transferred to the cooler unburned material ahead of the
flame and this heating will promote the achievement of ignition temperature, thus

igniting and burning the material.

Due to the level of confinement, the rapid oxidation of the dust leads to a rapid increase
in temperature and consequently increase in pressure. Both types of combustion wave

in a closed structure are characterized by a maximum explosion pressure (P max) and
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a maximum rate of pressure increase ((dP/dt)max). These two parameters are

important for evaluating particulate explosion severity.

The mechanism for dust explosions can be seen in Figure 2-11, which represents the
sequence of events that can trigger the primary and secondary explosions. For the
occurrence of the first explosion with dust, it is necessary that the dust must be
suspended and reaches the minimum concentration in the air that it will become
explosive, thus forming a dust cloud that when finding a source of ignition with sufficient
minimal energy can be ignited. After the ignition of the dust, the flame propagation and
pressure wave process occur and if the place where the dust cloud ignition occurred
presents some level of containment, the pressure increase may become sufficiently

high to break the structure of the confinement, and thereby trigger the first explosion.

After the first explosion, the following will occur as a cycle with the fuel feeding through
the dust layers of any uncontrolled deposits, which will be suspended due to turbulence
generated by the pressure wave, being later ignited by the propagation of the flame

and allowing the sequence of secondary explosions.
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Figure 2-11 - Mechanism of Dust Explosions.

2.2.3 Analysis of explosions scenarios

Regarded to the history of accidents and the severity of the consequences, the dust

explosion phenomenon is studied with the objective of improving the comprehension
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of susceptibility to this latent risk. As more than 70% of the dust processed in the
industries are combustible, most of the installations with dust processing equipment

are susceptible to explosions with dust (Abbasi and Abbasi, 2007).

Accidents are regarded as a powerful tool in the acquisition of knowledge on the
development of explosion, the lessons learned in each incident or accident can assist

in managing the associated risks in handling and storing of dust or powder.

Evaluating some accidents and works with risk assessment of explosions in
confinement structures as silos, bin, vessels, etc. It was elaborated a fault tree analysis
(FTA) as an attempt to comprehend the events related to explosions. Figure 2-12
depicts the possible evolving basic and intermediate events for the development of an

explosion.

Analyzing the FTA, we find that there are four intermediate events to trigger the

explosions, which are based on the five factors necessary for a dust or gas explosion.

Fuels that feed an explosion in a silo can be flammable gases generated from the steps
of smoldering process into the stored material (pyrolysis and oxidation reactions) or
dust clouds. However, they need to have particle size within an explosive range and
must be in suspension. Dust clouds can be formed during the loading or unloading
procedure or resuspended during some inappropriate operation or even after primary
explosions where pressure waves can resuspend dust in some connection with the

silo.

The oxygen is an element that will always be present inside the silo and to avoid any
accident of explosions it is necessary that it be kept below the limit oxygen
concentration (LOC). The possible faults related to this element is the failure of the
inertization, which may allow the oxygen concentration to be above or near LOC.
Another possible scenario of failure is the inadvertent entry of oxygen into the silo
which may be either a rupture in the silo or some connection of it, or even a failure in

the blocking of the air intake inside the silo.

For an ignition source to become effective it is necessary that it reach the minimum
energy required to ignite the material stored inside the silo, this parameter is usually
evaluated in experiments by the minimum ignition energy or by the minimum ignition

temperature. Among ignition sources, there may be faults in external or internal
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sources. The latter originates from the self-heating triggered by microbiological action
or by hot embers that can fall into the stored material and stimulate self-heating of the
material. Among the sources of external ignition, the possible faults are related to

flames, eletric current, static electricity, hot solids, and etc.

However, according to Krause (Krause, 2009), some experiments have determined
that very high temperatures are necessary to ignite a gas and that either very large
areas or very high temperatures are required to ignite dust clouds by means of a hot

solid.

The last necessary factor is the partial or total confinement, which is an elementary
feature of the structure of a silo. It allows an increase in temperature and consequently
an increase in pressure. There are some devices such as vent that assist in the relief
of the maximum explosion pressure of the silo, a failure in this device can allow a higher
elevation in the internal pressure and a failure in the strength of the structure can cause

the silo rupture, and trigger an explosion releasing the accumulated energy
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Figure 2--12 - FTA of explosions.
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2.3 Smoldering and other fires
2.3.1 Literature Review

It has been studied the issue of smoldering combustion a few years ago. However,
studies related to smoldering in particulate materials was made by Palmer in 1957,
who measured smoldering velocities and temperatures in small, thin layers of the cork,

wood and grass dust.

Leisch, Kauffman, and Sichel (Leisch, Kauffman and Sichel, 1984) examined the
combustion, propagation, and ignition properties of horizontal layers of grain, grain
dust, and wood dust. In this work, unknown properties such as combustion wave
velocity, maximum temperature, charring temperature, combustion zone length,
minimum ignition energy, and minimum power per unit area to establish ignition have

been measured for grain and wood dust.

Krause and Schmidt (Krause and Schmidt, 1997) in their work they reported
experimental investigations on thermal conditions, which may cause or promote an
ongoing smoldering process. Glowing nests or heated spherical bodies were used as
a source of ignition into the powder deposit of three particulate material: cork dust,
beech wood dust, and cocoa powder. The results obtained characterized the
smoldering process in terms of smoldering propagation velocities depending on some
parameters as the size of the glowing nest or the hot body, size of the deposit and

properties of the bulk material.

In addition, Krause and Schmidt (Krause and Schmidt, 2000) did some extensions of
their experiments analyzing more sample sizes and measured the oxygen content
within the dust sample. An important observation was that the smoldering combustion
may be sustained at a very low oxygen content of about 2%. Moreover, some organic
materials like wood dust, grain dust, cellulose, etc. contain bound oxygen that can be
released during the pyrolysis reaction of the material, thus sustaining the smoldering

process.

El-Sayed and Abdel-Latif (El-sayed and Abdel-latif, 2000) performed a series of
experiments with corn flour dust and a mixture with corn flour and wheat flour to
determine the ignition characteristics for the cases of constant hot surface temperature

and constant heat flux. They had concluded that the time to ignition was determined
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as a function of layer depth, the ignition time increase as layer depth increases.
Another important conclusion was related to the amount of energy and the sample
size. Dust with high depth and small particle size can be ignited by the same quantity

of energy given to dust with low depth and large particle size.

Krause and Schmidt (Krause and Schmidt, 2001) presented a mathematical model to
predict propagation temperatures of smoldering fires within dust accumulations. In
order to validate it, some experiments were performed to obtain the necessary
information on the propagation temperatures and velocities of the reaction front. The
model was applied to predict self-ignition temperatures of five different specks of dust:
black coal, cork dust, methionine, cocoa powder, and cornstarch. The numerical
computations of self-ignition and the experimental data presented a model accuracy of
+5 % or less.

Chong, Chen, and Mackereth (Chong, Chen and Mackereth, 2006) determined some
features of milk powder smoldering by observing the generation of CO and O:2
concentrations per unit mass of milk powders and the changes in temperature as milk
powder samples underwent external heating with hot air at 300 °C. Whole milk powder
and skim milk powder were analyzed. The first produced significantly higher amounts
of CO and attained much higher temperatures than the second one. With the increase
of the sample size, the amount of CO generated and the maximum sample temperature

increased.

He and Behrendt (He and Behrendt, 2009) evaluated two categories of the smoldering
process: forward and reverse smoldering. The objective of the work was to predict and
compare theoretically intrinsic characteristics of natural forward and reverse
smoldering using the volume reaction method. Results indicated that both categories
occurred at very low oxygen fractions (less than 4%). Reverse smoldering was
dominated by the kinetics of char reaction oxidation, while forward smoldering was
dependent on oxygen diffusion. Regard to propagation velocity reverse smoldering
was faster than forward smoldering and the temperature inside the fuel bed was

significantly lower than forward smoldering.

The study of (Chunmiao et al., 2013) observed the ignition behavior of magnesium
powder layers with four different particle size (6, 47, 104 and 173 um). A model was

developed describing temperature distribution and its change over time while
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considering the melting and boiling of magnesium powder. This proposed model was

in close agreement with experimental data over a wide range of particle size.

El-Sayed and Khass (El-sayed and Khass, 2013) performed some experimental tests
to determine the minimum hot surface temperature for rice husk dust ignition, the
ignition temperature, and the ignition times. Additionally, the authors evaluated the
effects of the dust particle size and the depth of the dust layer on ignition parameters.
The rice husk material was sieved into three particle diameters bands: 75-106, 106-
120, and 120-150 ym. The results showed that as the initial temperature of the hot
plate increases, the maximum temperature of rice dust increases and the ignition delay
decreases. In addition, as the dust layer height increases the minimum hot plate

temperature for ignition decreases.

He et al. (He et al., 2014) in order to validate the modeling of one-dimensional biomass
smoldering and combustion, the authors investigated experimentally some effects as
fuel type, moisture content and particle size on natural downward smoldering. To
perform the experiments with natural downward smoldering, it was used four materials
(pine trunk, corn stalk, activated char, and pyrolysis char), different moisture contents
varying between 0 - 21% and the powder was separated using five sieves with meshes
of 20, 40, 60, 80, and 100. Results indicated that the fuel type influenced the
propagation velocity of the char oxidation front and the moisture content influenced the
propagation velocity of the drying front. Additionally, the maximum temperature inside
the fuel sample was not sensitive to the variation of fuel type or moisture content. As
the particle size decreases, it increased slightly for corn stalk and it was almost

unaffected for pine trunk.

Vingerhoets, Snoeys, and Minten (Vingerhoets, Snoeys and Minten, 2016) elaborated
some experiments with several organic products, where the size and temperature of
the smoldering nest and the available oxygen were correlated with an emission level
of carbon monoxide. In order to detect CO emission amount, three set of experiments
were performed. The first one, samples of skim milk powder and methylcellulose were
stored for several hours in an oven at 200°C. The second one, an almost equal sample
of skim milk powder was installed at the ceiling of an operational spray drying, close to
the hot air inlet. The third one different sizes of small skim milk powder samples were

inserted in approximately 300°C hot air stream. Results revealed a significant increase
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in CO emission when the sample was aerated and similar emission levels in industrial

process equipment were found in lab test conditions.

Wu et al. (Wu et al., 2017) investigated the heterogeneous reactions of a bituminous
coal dust using a novel hot-basket apparatus with an emphasis on the roles of Oz and
diluent gas in smoldering combustion. Experiments showed that O2 and CO2 have
opposite effects. An increase of O2 mole fraction accelerated self-ignition and the
smoldering combustion. While CO:2 retarded heterogeneous oxidation by decreasing
02 mass diffusivity, consequently increasing the temperature of ignition and reducing
the maximum smoldering temperature. Nonetheless, any small increase in O:2
concentration can compensate the retarding effect of COz2, since the promoting effect

of COz2 is relatively stronger than COs2.

Urban et al. (Urban et al., 2017) conducted an experimental and analytical study of
how the flaming and smoldering susceptibilities of a powder grass blend in contact with
hot metal particles (stainless steel and aluminum) are affected by differences in the
particle characteristics, as size and temperature. Both metal particles required the
analogous temperature to develop a smolder in the fuel bed. However, results
indicated that the ignition could not be determined simply by the initial particle
temperature and energy. Additionally, the ignition time for flaming and smoldering after
the metal particle impact presented some differences. The timescale of the primer was
greater than the other one. The authors also concluded that the effects of parameters
related to the metal particle, the fuel (chemical composition, moisture content), ambient
conditions (air flow, humidity, and temperature) affect the ignition boundaries reported

in the work.

Wu, Schmidt, and Berghmans (Wu, Schmidt and Berghmans, 2018) evaluated the self-
ignition parameters of three coal samples in industrial scales. The authors used two
steady-state models for extrapolation based on the standardized hot-basket test data,
and a comprehensive 2-D model with 2nd-order heterogeneous kinetics considering
coal density and oxygen density to predict the self-ignition characteristics of coal dust
accumulations. Comparisons between computational results, experiments in lab
scales and the extrapolated results based on steady-state methods in industrial scales
indicated that numerical model was more reliable than the others to evaluate self-

ignition temperature. They concluded that only numerical simulation could be the best
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way to estimate the induction time of coal samples in industrial scales as a function of
the influencing factors as storage temperature, the shape of the deposit, the availability

of oxygen and moisture content of the material.

2.3.1.1 A cluster of Literature Review

The subject of smoldering combustion or self-heating of granular or particulate
materials has been studied for years by several authors. For a better understanding of
how this issue has evolved and continues to evolve over the years, it is important to
conduct a literature search. In this work, a bibliographic search was carried out in the
Elsevier Scopus database.

For an initial research, we used a set of keywords with the following string: "smoldering
OR smouldering OR self-heating OR self-ignition AND experimental OR laboratory OR
test AND dust OR grain OR powder". The key words in this string were selected in
order to obtain the largest number of documents related to this subject, which returned
234 documents. Selecting only the documents in the English language reduced the
number to 209 documents. After analyzing the titles and abstracts, all that was not
related to the keywords and those that did not present all the information in the
database were eliminated. Thus, only 97 documents were listed from 1970 to 2018

that is indicated in Table in Appendix A.

For the evaluation of the clusters formed in the topic of the smoldering process of this
work, the software VOSviewer was used, in which the list of documents generated by
the Scopus database was inserted. This enabled three different types of cluster
visualization: network, overlay, and density. In this topic will be presented two clusters
of smoldering: a map based on text data and a map based on bibliographic data of

authors.

For the analysis of words present in the titles and abstracts of the selected works in
the bibliographic search, a term co-occurrence map based on text data was created.
This map was developed selecting at least five as a minimum number of co-occurrence
terms. Figure 2-13 shows the cluster with network visualization of text data, which
indicates four clusters group connected with thirty nine terms (Table 2-4). In this view,

it is possible to check the links between the most used terms in the selected works
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according to the number of occurrences. This allows us to infer how the research is
evolving in this topic of smoldering combustion experiments. Another type of
visualization is the overlay that allows us to evaluate the variation of the research over

the years.
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Figure 2-13 - Network visualization of text data.

Table 2-4 - Clusters group of smoldering text data map.

Cluster 1 Cluster 2 Cluster 3 Cluster 4
. . Dust explosion .
Air Biomass Bulk material
Ambient temperature Decomposition Dust layer Combustible dust
COo2 Emission Hot surface Deposit
Coal dust Fuel Industry Detection
Ignition delay time Grain Investigation Dust deposit
Kinetic parameter Heat Layer Experimental
. investigation
Moisture content Pyrolysis Milk powder
. . Minimum ignition Propaggtlon
Numerical model Silo velocity
Temperature
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In the overlay view (Figure 2-14), we checked which topics were covered over the
timescale. It is possible to understand the direction of the research regarding the

smoldering process.
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Figure 2-14 - Overlay visualization of text data.

By the year 2000, studies were focused on combustible dust and spontaneous ignition.
Near to 2005, the subjects were related to the propagation velocity of bulk material and
dust, dust explosions in industries, experimental evaluation of the size of the particles
and presented some studies of grain dust, numeric modeling of self-ignition

temperature and experiments with hot surface related to dust layers and minimum
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ignition temperature. Around 2010, studies were focused on thermal analysis related
to pyrolysis and decomposition in silos and bulk material. In addition, some
experimental investigations with combustible dust in deposits and influence of moisture
content in biomass have also been carried out. From 2015 until the present moment,
work is presented with numerical models referring to self-ignition, the relationship
between the self-heating process and moisture content. In addition, some articles
relate the kinetic parameters to topics such as coal dust, CO2 emission, ignition delay

time, self-heating and self-ignition.

In density visualization (Figure 2-15), we note that there are several topics that have
been well addressed over the years. On the map, there are several hot spots spread
like a self-ignition temperature related to moisture content, the speed of propagation

with dust deposits and grain near pyrolysis.
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For the analysis of authors’ co-authorship of the selected works in the bibliographic
search, a map based on bibliographic data was created. This map was developed

selecting at least 2 as a minimum number of documents of an author. Figure 2-16
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shows the cluster with network visualization of bibliographic, which indicates sixteen

clusters group connected with forty-five authors (Table 2-5).

In network view, we find that there are no links between all listed authors. There are
some small groups and two larger groups interconnected (cluster 1 and cluster 3).

However, the first six clusters are the most relevant in terms of the number of

documents.
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Figure 2-16 - Network visualization of bibliographic data (authors).
Table 2-5 - Cluster groups of smoldering bibliographic data (authors).
Cluster 1 Cluster 2 Cluster 3 Cluster 4
Berghmans, J. Bideau, D.
Huang, X. Krause, U.
Caleyron, A. Fernandez-Pello, C.
Norman, F. . Lohrer, C.
Corriou, J. P. ; Song, J.
Van Den Bulck, E. Schmidt, M.
; Dufaud, O. . Urban, J. L.
Vanierschot, M. Steinbach, J.
V Le Guyadec, F. Zak, C. D.
erplaetsen, F. N Wanke, C.
Perrin, L.
Wu, D.
Cluster 5 Cluster 6 Cluster 7 Cluster 8




51

He, F
Luo, B. Gelgg"i"r:dé"' g Chen, X. D. Kauffman, J. I.
Yi, W. T Chong, L. V. Sichel, M.
Torero, J. L.
Zha, J.
Cluster 9 Cluster 10 Cluster 11 Cluster 12
El-Sayed, S. A. Liang, H. Fernandez, Anez N. Jones, J. M.
Khass, T. M. Tanaka, T. Medic, Pejic L. Williams, A.
Cluster 13 Cluster 14 Cluster 15 Cluster 16
Barth, U. Carson, D. Franke, J. Xi, Z.

In the overlay visualization (Figure 2-17), we can verify that the most recent cluster
are: cluster 1 that presents publications between the years 2015 and 2017, clusters 4,
15 and 16 with publications around 2016, and cluster 13 with publications around 2017.
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In the density view (Figure 2-18), we check the distribution of the authors according to
the publication of documents. The authors with the greatest amount present
themselves in some hot spots distributed throughout the map. As already seen in the
network visualization, cluster 1 and cluster 3 showed greater relevance, followed by

cluster 2 and cluster 4.
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Figure 2-18 - Density visualization of bibliographic data (authors).

2.3.2 Theoretical Basis

Smoldering combustion is a constant hazard in grain silos due to the fact that the
stagnated material and physical conditions inside the silo structure are favorable to
self-heating and spontaneous ignition (Ogle, Dillon and Fecke, 2014; Russo, Rosa and
Mazzaro, 2017). Smoldering could be considered as a combustion wave that travels
through a fixed bed of solid particulate material. According to Ohlemiller (Ohlemiller,
1986), smoldering is a slow, low temperature, flameless form of combustion, feed by
the heat evolved in the reaction when the oxygen attacks the surface of a condensed
phase fuel. Ogle (Ogle, 2016) also defines smoldering as a flameless combustion and

points that agricultural grains are susceptible to this scenario of ignition.
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As Rein (Rein, 2016) points out, this hazard it is a fundamental combustion problem
involving heterogeneous chemical reactions and the transport of heat, mass, and
momentum in the gas and solid phases. The smoldering process begins with a
pyrolysis reaction producing char, ash, and pyrolysis gases (Equation 1). Then
followed by the heterogeneous oxidation reaction with the char product of the pyrolysis
reaction, where oxygen reacts with the char (Equation 2). Besides, the hazard of
smoldering combustion could exist another oxidation reaction with pyrolyzate gases
(Equation 3) which will develop another hazard during the storage, the flaming

combustion.
Dust (s) + Heat — Pyrolyzate (g) + Char (s) +ash(s) (1)
Char (s) + 02 (g) » Heat + Ash (s) + C02 (g) + H20 (g) + Other gases (2)

Pyrolyzate (g) + 02 — Heat + CO2 (g) + H20 (g) + Other gases (3)

The smoldering process presents some basic events and Rein described as four
distinct chemical and thermal sub fronts responsible for the structure of smoldering fire,
formed by preheating, drying, pyrolysis and oxidation. The pyrolysis follows the
preheating and drying sub fronts just when the fuel temperature increases above a
certain threshold. Then the oxidation sub front consumes char and oxygen, releasing
heat. Besides the sub fronts of oxidation and pyrolysis may overlap in space, and the
extent of it will depend on the conditions of propagation and the air flow supply, what
emphasize the great influence of the air in the process. Figure 2-19 depict the one-

dimensional upward smoldering process.
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The occurrence of smoldering combustion depends on four fundamentals factors: fuel
with a porous material, oxidizer, the minimum thickness of layer deposit and an ignition
source, which can be identified as smoldering combustion square, depicted in Figure
2-20. The material needs to present a porous structure, which will permit the
occurrence of the reaction inside of it. In addition, the quantity of oxygen inside and
between the particles should be sufficient to sustain the oxidation reaction. The size of
the pile is an important influence factor. The pile needs to be sufficiently large to
guarantee that the heat released from the exothermic oxidation reaction could be
superior to the heat lost to the pyrolysis reaction and could lead to a sustainable
combustion. The energy of the ignition source should be sufficient to ignite the pile and
initiate the smoldering process, could be an external source or even an internal source

as a self-ignition of the stored particulate material.
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Another important feature of smoldering is that a small mass of smoldering granular
material called as glowing nest can be an additional ignition source. There is a number
of studies on this topic, but no universally applicable guidance exists. Ogle (Ogle, 2016)

elucidated some conclusions:

| - Nests with weights of 15g and temperature of 700 °C falling through dust clouds

initiated some ignitions when achieved the bottom.

Il - Tests performed at the BAM oven with nests with a surface area of 75 cm? and 900
°C indicated that they are able to ignite dust clouds with auto-ignition temperature (AIT)
of 600°C.

[Il - The risk of nest disintegration in a free fall and create a fireball that ignites the dust

cloud is lower because it would fragment before reaching any significant distance.

2.3.21 Influencing Factors

Smoldering combustion is a complex process due to the factors that influence directly
the process, decreasing or increasing the combustion velocity. They are all related to
the smoldering combustion square, which could generate a great variety of influencing
factors. In a smoldering combustion in grain, some factors related to the characteristics
of the grain, the deep of the layer, type of ignition and variations on the level of oxygen

could influence the combustion propagation rate.

The type of the grain, particle diameter, porosity, and humidity are examples of the

influencing factors related to the fuel. For a better combustion rate, it is necessary a
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larger surface area to promote the attack of oxygen at the char surface. Both the
particle diameter and the porosity can increase the surface area developing a higher

or lower oxygen attack.

Additionally, the particle diameter has an important impact on the level of heat transfer.
Between the particles, the heat is mainly transferred by conduction while within the
voids the heat occurs by convection. According to Rein (Rein, 2016), in very small
particles, the layers of the material exhibit poor internal convection limiting the airflow,
which requires a long ignition time. After a specific size, the rate of heat conduction

between the particles decreases, also requiring a longer time to ignite.

Humidity also plays an important role in the ignitability of the grain. The level of humidity
above a certain level may have an inhibiting influence on the propagation of
smoldering. The water present in the voids of the grains will absorb the thermal energy
released during the preheating to complete the drying step of the grain. Thus
decreasing the amount of energy available for the pyrolysis and oxidation steps of the
smoldering process. At levels below this, it can present either an inhibiting or promoting
influence. According to Krause (Krause, 2009), some experiments show that organic
material with a mass fraction of water above 16%, the fermentation process could be
developed inside the stored material within the silo raising the temperature to a level
as high as 70 °C. This reaction with the oxygen present inside the voids of the material

represents a favorable condition for self-ignition.

The height of the stored material also has a great influence on the heat transfer
between the particles. As previously mentioned, for the development of the smoldering
process it is necessary that the energy generated by the process be greater than the
energy lost to the environment. The stored material acts as an insulating barrier that
concentrates the heat around the hot spot, which releases small quantities of heat by
very slow oxidation at ambient temperature. These heat accumulation results in a
sustained increase of the temperature inside the barrier, which accelerate the oxidation
rate. Although the occurrence of this acceleration, the smoldering process can take a
long time until it becomes self-sustainable. Large piles sizes are favorable to insulate

the heat generated and enable this heat buildup.

Additionally, the smoldering combustion also can migrate to a flaming combustion,

when the reaction spreads from the interior to the outside of the grain and reaches the
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free surface. The flammable gases released during the process can reach the lower

flammability limit and ignite with smoldering.

With regard to ignition, all source of ignition requires the supply of heat to develop an
ignition. The process of smoldering ignition is primarily governed by heat transfer and
reaction kinetics, with the oxygen supply representing a secondary role. Initially, the
heat supply is commenced with the self-heating of the grains through exothermic
chemical reactions releasing heat or with a hot ember inside the grains. After a certain
level of heat, the endothermic step of pyrolysis is initiated and then is followed by the
char oxidation. When the heat released by oxidation is higher than the heat required
for the endothermic processes and heat losses, propagation will follow and the reaction
might become self-sustaining. Thereafter the oxygen supply rate will develop an

important part, supplying the oxidation reaction.

Although the importance of the oxygen supply rate to be greater only after the
smoldering reaction be self-sustained, the oxygen level between the particles and
inside the voids is critical at the beginning of the reaction to start the oxidation. There
is an ideal oxygen limit to start the oxidation reaction and then develop the smoldering.
Air ventilation can supply the required oxygen to the reaction but can also dissipate the

heat generated delaying or extinguishing the smoldering process.

2.3.3 Others Fires

In addition to smoldering, there are other fire hazards in silos. The flammable gas
generated through pyrolysis, the first stage of the smoldering process can become an
explosion or flash fire hazard. Another fuel source for this hazard is related to the

formation of small dust clouds during normal procedural operations in silos.

A mass of flammable gases or a mass of a combustible dust cloud dispersed inside a
silo creating an explosive concentration can be ignited and results in a flash fire. This
hazard is a deflagration that does not lead to a rise in pressure, thus does not rupture
the storage structure and does not develop a gas or dust explosion. However,
according to Ogle (Ogle, 2016), this hazard requires that the confinement volume must

be much larger than the volume of the unburnt gas or dust cloud.
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Some factors will influence the severity of the flash fire hazard in silos as the size of
the dust deposit, the propensity to generate flammable gases and the potential for dust

dispersal.
2.3.4 Analysis of fire scenarios

Evaluating the gas phase and the solid phase inside a silo, we observed that in the two
phases there is the possibility of combustion. In the solid phase, there is a cycle
between the reactions of pyrolysis (thermal degradation) and smoldering (oxidation of
char). As mentioned earlier, the pyrolysis reaction generates char and inflammable
gases as products. The first will feed the oxidation reaction that will generate more
inflammable gases and the heat needed to sustain the pyrolysis reaction. Another
cycle is related to the combustion of inflammable gases (volatile products) originated
from the reactions in the solid phase, which in the presence of oxygen of the air and a
source of ignition generate gases of combustion as CO, CO2 and H20. The heat
generated in the gas phase also supports the reaction in the solid phase. Figure 2-21
exemplifies the reactions in the gas and solid phases and their interactions for the

development of the fire scenarios.
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Figure 2-21 - Process diagram of reactions in silos.
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A simplified FTA was developed with the objective of identifying the sequence of events
related to fires in silos as shown in Figure 2-22. As mentioned before, fire scenarios
require three factors to initiate a combustion reaction: oxygen, fuel, and a source of

ignition.

The oxygen concentration should be above the minimum level to feed this reaction.
Possible failures are a lack of inert gas inside the silo during operations or the entry of

oxygen into the silo due to a rupture in the estructure or a failure in the seal.

In relation to the fuel, it can be from gas phase or solid phase. The gas phase must be
between lower and higher flammability limits, and may be originated from both char
oxidation reaction and pyrolysis reaction. The basic event of the origin of the gases is
basically from the smoldering process or from the pyrolysis step as in the case of dust
clouds and the settled layer. Another fuel possibility is the pyrolysis char in the solida

phase achieved during the oxidation reaction in the smoldering process.

The energy of the ignition source should be greater than the minimum ignition energy
(MIE) and can be an external source or a self-heating due to microbiological action or

hot embers embedded into a granular or particulate material.
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Figure 2-22 - FTA of fires in silos.
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3 METHODOLOGY

In this work, it was experimentally analyzed one of the risks in silos storage, the
smoldering process. The methodology was distributed in four steps composed of the

phases planning, preliminary, performance, and evaluation, exemplified in Figure 3-1.
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Figure 3-1 - Methodology of the experimental tests.

At the first phase, it was planned the scope of the smoldering study and then designed
a proposal of experimental planning with grain. Before begin the experiments, it was
defined the minimal quantity of experiments using the Design of Experiments (DOE)
via Minitab software. DOE helps to investigate the effects of input variables (influencing
factors) on output variables (response) at the same time. These experiments consist

of a series of tests, in which deliberate changes are made to input variables. At each
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test, data are collected. DOE helps to identify process conditions that affect the
response variable, and then determine factor configurations that optimize results. After
conducting the experiment and entering the results, Minitab offers several graphical
and analytical tools to help the comprehension of the results.

Among the potential experiments presented in Minitab software, in this work we
selected the full factorial experiment in which three input variables were selected with
two possible values to evaluate the behavior of smoldering combustion in grains. It
was established two replicates, then it was defined sixteen as the minimal quantity of
experiments. It was proposed to use two different values of particle diameter, humidity,

and ventilation condition.

As defined in the proposal of experiments, the experimental apparatus was based on
the European Standard EN-50281-2-1: 1998. This norm specifies the experimental
methods to determine the minimal inflammation temperature of thin dust layers on a
heated surface, usually the sample thickness are 5 mm, 12,5 mm or 15 mm. The
temperature evolution is measured by a thermocouple inserted in the center of the dust
sample. In this study, a slightly modified EN-50281-2-1 test setup was used to analyze
the problem of smoldering combustion inside a mass of particulate material or dust.
The experimental apparatus was composed by a hot plate, a cilindrical structure to
accommodate the dust instead of a ring and some thermocouples were located along
the central axis instead of just one at the center to monitor the temperature variations

within the dust mass.

At the preliminary phase, the goal and the scope were clarified, the experimental
material defined was a grain commonly stored in silos and with a level of combustibility
to cause a smoldering or an explosion hazard, as corn grain. Some pilot tests were
performed with some corn dust to verify the process and to guarantee the smoldering
combustion. Then, some adjustments were required in the hot plate and thermocouple
configurations. Afterwards all the preliminary tests and implementations for
optimization, the design of the experimental apparatus was validated for the actual

test.

In the third phase, all the samples were separated into two different diameters and
placed a fraction in a desiccator and another fraction in a climatic chamber. Defined by

the software Minitab, the sequence of the experiments was followed and some extras
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experiments were done to evaluate some variation in ventilation condition. Besides, a
complementary experiment were performed to evaluate the ignitability features of the

particulate material used.

In the fourth, the data obtained with data logger readings were evaluated. At this level,
it was possible to elaborate some graphs to evaluate the maximum temperatures

reached in each thermocouple and the smoldering speed in each experiment.

In the fifth phase of this methodology, the data obtained during the experiments with
the hot plate were inserted into the Minitab software to experimentally evaluate the

relations between the influencing factors and the smoldering speed.

The main objectives of the experiments were to evaluate the smoldering velocity in

different conditions and analyse the ignitability features of the particulate material used.

3.1 Preparation of the samples

It was necessary the search for a large number of samples with different particle sizes
for performing the tests. To accomplish the planned experiments, two large samples
of maize from a grain producer in Spain were obtained, one of the samples was corn
flour, and the other sample was broken corn grains. To obtain particle diameter smaller
than the broken corn grains, the grain was crushed in a grinder and later sieved with
sieves with different diameters, from 2.0 mm to 0.63 pm. Most parts of the grain

exhibited particle sizes of 0.5 mm and 1.0 mm.

Figure 3-2 — The three patrticle sizes of the experiments — corn flour, grain 0.5, and grain 1.0.

After selecting the three particle sizes (Figure 3-2), a small sample of each size was

analyzed by Beckman Coulter LS Particle Size Analyzer. It is a sophisticated laser
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diffraction analyzers used to determine the particle distribution and to estimate the

particle diameter of each sample. Figure 3-3, Figure 3-4, and Figure 3-5 show the

particle diameter distribution of the samples selected of the corn flour, the grain

separated with the sieve of 0.5 mm and the grain separated with the sieve of 1.0 mm.

The complete document of the analyzes is found in Appendix B.
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Figure 3-5 - Particle diameter distribution of grain sieved with 1.0 mm.
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Table 3-1 shows the diameter of the particles d10, d50, and d90 for the samples

analyzed.
Table 3-1 - Particle diameters of the samples.
SAMPLE D10 (uM) D50 (uM) D90 (uM)
CORN FLOUR (F) 18.62 181.6 408.7
GRAIN SIEVED 0.5 mm (GS) 253.3 776.4 1199
GRAIN SIEVED 1.0 mm (GL) 964.1 1411 1855

The samples selected for the main experiments were those of corn flour (F) and grain
0.5 (GS). However, experiments with grain 1.0 (GL) were also performed. The samples
were separated into two environments. The first one was a climatic chamber with
humidity of 60% and a temperature of 16°C. The other was a desiccator with a
temperature of 100°C. All samples were left for at least 3 days in these environments
to ensure the same moisture and in the case of the desiccator to ensure that the

samples were totally dry.

3.2 Experimental apparatus and the methodology of the tests

3.2.1 Experiment 1 — Hot plate

The validated experimental apparatus was composed by one hot plate connected to
an electric panel, a cylindrical structure to place the samples, a system of ventilation,

thermocouples and data loggers.

At the stage of the preliminaries tests, the experimental apparatus was tested with both
diameters of corn grain and the samples were totally dry. As an ignition source was
used a hot plate of 1500 W that could achieve temperatures higher than 400°C. It was
connected and controlled by an electric panel which was settled to achieve 550 W of
power with the objective of reducing the variation of temperature during the
experiments. This value of power can reach approximately 350°C and guarantee that

this temperature will continue the same during the experiment.
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For the tests, it was designed a cylindrical structure with small holes and with topside
and bottom side open to permit a better contact of the dust with the oxygen in the air
and with the hot plate. The structure with 8 cm of diameter and 12 cm of height was
composed by three layers, two of steel and one of aluminum. In each experiment was

used the same height of the dust samples.

The temperatures were measured by eight type K thermocouples; one above the hot
plate and seven distributed in different positions in the central axis of the structure. The
values in each thermocouple were recorded every minute until the end of the
experiments with the support of two data loggers. The first thermocouple was placed
0,3 cm away from the hot plate, and the others were placed 1,5; 3,0; 4,5; 6,0; 7,5 cm

away from the hot plate.

The experimental apparatus was allocated in a specific area equipped with an exhaust
gas system. The hot plate was left at full power and then connected to the control
panel, which allowed the final power to be controlled only by the panel. The cylindrical
structure was placed in the center of the plate, and the thermocouples were adjusted
in the respective positions, seven allocated in the central axis of the cylindrical structure
and one allocated on the plate. For tests with air ventilation, the system with a
compressor and a conical nozzle was positioned 14 cm away from the cylindrical
structure. The air velocity during the tests was measured with the support of an
anemometer, which indicated a velocity of 0.1 m/s. Figure 3-6 shows a representation

of the experimental apparatus.
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Figure 3-6 - Experimental Apparatus.

The samples were placed carefully inside the cylindrical structure with the support of a
funnel, trying to avoid that the compaction of the samples. Thereafter, the controller
panel was turned on and maintained at 550 W for 4 hours. For the ventilation tests, the
system was switched on at the same time as the heating and it was also maintained
for 4 hours. The recording of the experiments continued until the temperatures on all

thermocouples dropped to room temperature.

Also to corroborate this experiment, a similar test set up and methodology to evaluate
the velocity of the smoldering front of corn stalks was defined by Palumbo et al
(Palumbo et al., 2017). A specimen of 40x40x160 mm was placed on a hot plate with
five type K thermocouples placed every 3 cm along the sample central axis .The
heating was conserved until a predetermined temperature between 280 °C and 330 °C
and then it was allowed to cool to room temperature. Afterwards, it was defined the
smoldering velocities for the samples that the temperature was sufficient to initiate the

smoldering process.

According to EN-50281-2-1, tree prospects of the temperature variation in time to the

ignition in a layer of dust on a hot surface at a given temperature are possible. To
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characterize a smoldering combustion is necessary a behavior of the temperature
evolution similar to the evolution indicated in Figure 3-7. The ignition should be
considered to have occurred in these three possibilities shown. If it is observed a visible
glowing or flaming, or a measure of a temperature inside the dust layer of 450° C, or a

temperature rise of 250K above the hot plate temperature.

This norm also points out that with organic dust combustion will usually take the form
of charring followed by the smoldering process with glowing that will progress through
the layer and leave an ash residue. After performing the experiments, the graphs
plotted with the evolution of the temperature over time in each thermocouple should

exhibit a similar behavior in cases where the smoldering process occurs.

Dust layer Dust layer
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Figure 3-7 - Typical temperature-time curves for ignition of dust layer on the heated surface.

3.2.2 Experiment 2 — Radiator device

As complementary tests of phase Ill, some experiments were carried out to verify the
ignitability of the materials used in the experiments with the hot plate. The experimental
apparatus for these experiments was composed by a radiator device connected to an

electric panel, a metallic box, one type-K thermocouple, and a data logger.
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Figure 3-8 - Experimental apparatus of Ignition time and extinguishability

The samples of the selected materials were placed on a square metallic box of 7cm
and height of 1cm. According to the Spanish Standard UNE 23725:1990, the samples
should be placed 3 cm below a heat source of 400W, which was removed 3 seconds
after each ignition and replaced after each extinction, during the 5 minutes of the test.
Additionally, the thermocouple was positioned right above the sample to evaluate the
variatios of temperature every 5 seconds through the experiment. The most important
informations determined were the time of the first ignition, the number of ignitions and

the average value of combustion extent during the 5 minutes of the test.
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4 RESULTS AND DISCUSSION

In this work, two experiments were carried out concomitantly. The first one evaluated
the time evolution of the smoldering in the different types of samples. For this was used
as the basis for the realization of the experiments the standard EN-50281-2-1: 1998
referring to tests for evaluation of the minimum ignition temperature of layers of dust
on a heating plate. The second experiment evaluated the time the sample continued
to burn and the amount of ignition during the 5-minute interval in the different sample
types. This experiment was based on the UNE 23725:1990 titled as a reaction to fire
tests of building materials. dripping test with electrical radiator used for melting

materials.

4.1 Experiments 1 - Smoldering evolution with a hot plate

As indicated in the methodology of this work, the number of experiments was
determined according to the DOE in Minitab. Eight experiments were defined as
varying three influencing factors and to ensure a better reproducibility the tests were

performed in duplicate. Table 4-1 presents eighteen experiments suggested by the

software.
Table 4-1 - Experiments tests.
StdOrder RunOrder CenterPt Blocks Diameter Humidity Ventilation Code
(pm) (%) (m/s)
8 1 1 1 776.4 15 0.1 GS-Wet-V_1
3 2 1 1 181.6 15 0 F-Wet-NV_1
12 3 1 1 776.4 15 0 GS-Wet-NV_1
14 4 1 1 776.4 0 0.1 GS-Dried-V_1
7 5 1 1 181.6 15 0.1 F-Wet-V_1
15 6 1 1 181.6 15 0.1 F-Wet-V_2
11 7 1 1 181.6 15 0 F-Wet-NV_2
6 8 1 1 776.4 0 0.1 GS-Dried-V_2
13 €l 1 1 181.6 0 0.1 F-Dried-V_1
9 10 1 1 181.6 0 0 F-Dried-NV_1
2 11 1 1 776.4 0 0 GS-Dried-NV_1
4 12 1 1 776.4 15 0 GS-Wet-NV_2
10 13 1 1 776.4 0 0 GS-Dried-NV_2
16 14 1 1 776.4 15 0.1 GS-Wet-V_2
1 15 1 1 181.6 0 0 F-Dried-NV_2
5 16 1 1 181.6 0 0.1 F-Dried-V_2
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During the tests, it was necessary to perform extra tests varying the conditions of these
three factors due to failures in the experimental apparatus and data recording.
However, only the result of sixteen tests was used in the Minitab evaluation. Besides
the tests executed with ventilation of 4 hours, other tests were performed varying the

ventilation time with 1, 2 and 8 hours.

All experiments followed the experimental methodology as indicated in the previous
chapter. At the end of each experiment, the data recorded by the data loggers were
plotted on graphs showing the temperatue evolution in each thermocouple over time.
Figure 4-1 shows a sequence of photos taken during a test with dried corn flour without
the ventilation system. After a few hours, the samples with corn flour, at the top of the
sample appeared some cracks (B). This behavior was not observed in the larger grain
sizes. During the tests, the samples with corn flour produced a lot of smoke (D) and it
was also visibly detected the appearance of a glowing nest in some cases (C). At the
end of the tests, in the case with corn flour there were many ashes (E) and in the case

of the two grain types there were ash and char residues.

1 q&h:; il

Figure 4-1 - Experiment sequence of dried corn flour without the ventilation system (F-Dried-NV).
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Figure 4-2 - Residues of the three sizes of material used after the smoldering process: (F), (GS), (GL)

Figure 4-2 exemplifies the residues of each particle size used in the tests. The corn
flour (F) residues were essentially ashes and in some cases, part of the top of the
sample was not completely burnt. On the other hand, samples with two grain sizes (GS
and GL) had few ashes, a large amount of unburned material in the upper half of the

sample and a large mass of compacted char.

Part of the temperature evolution graphs will be indicated below in this section and the
replicates and extras tests are annexed at Appendix B. With the reading of the data,
loggers were possible to plot graphs indicating the temporal variation of the
temperatures along the central axis of the sample. In all graphs are indicated the
temperatures of the eight thermocouples, the black line shows the temperature of the
hot plate and the rest of the curves show the temperatures of the different
thermocouples. The curves located to the right of the graph correspond to the points

farthest from the plate.

Figure 4-3 shows the temporal evolutions obtained in an experiment with dried corn
flour and without a ventilation system. It is possible to observe how, after a certain time,
in each of the positions the temperature increases to values well above the
temperature of the hot plate. The process is slow, which could be noticed at the point
located 6 cm from the plate (T5) needs approximately two hours and twenty minutes
to increase significantly its temperature. However, once the process starts, its
temperature continues to increase until it reaches a maximum of 786 °C at
approximately five hours. The last thermocouple that maintained the self-healing (T7)
has reached its peak of 517 °C nearly six hours and the smoldering process ended

after seven hours of the experiment.
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Figure 4-3 - Dried corn flour without a ventilation system (F-Dried-NV_1).

Figure 4-4 presents the experiment with dried corn flour with the ventilation system. In
this graph, it is possible to observe some variations in the maximum temperatures.
They exhibit relatively lower values than in the case without ventilation. The
thermocouple T5 also, at approximately five hours. achieved its maximum temperature
of 745 °C. Comparing the smoldering process between this case and the previous one
is possible to notice an increase of almost one hour in the process. The temperature
decay of thermocouple T7 ends near eight hours of the experiment.



900
800

Cc
~
o
o

600
500
400
300
200

TEMPERATURE (°

100

74

60 120 180 240 300 360 420 480
TIME (min)
—@—T Placa (outside) —@=—T1 (0,3 cm) —8—T2(1,5cm) —8—T3(3,0cm)
T4 (4,5 cm) —8—T5 (6,0 cm) —8—T6 (7,5 cm) —8—7T7(9,0cm)

Figure 4-4 - Dried corn flour with ventilation system (F-Dried-V_1).

Figure 4-5 shows the result for the case of wet corn flour without ventilation (F-Wet-

NV). It is possible to observe that the thermocouple T5 required more than two hours

and forty minutes to reach the hot plate temperature, and the thermocouple T7 only

reached the temperature after the four hours of heating.
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Figure 4-5 - Wet corn flour without a ventilation system (F-Wet-NV_1).
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Figure 4-6 shows the temperature changes for the case of wet cornflour with the
ventilation system (F-Wet-V). It is possible to observe that all the thermocouples took
more time to reach the plate temperature when compared to the case with the same
corn flour conditions but without air ventilation (F-Wet-NV). The thermocouple T5
located in the half of the sample reached the hot plate temperature after approximately
three hours and thirty minutes. Another point is the temperature of the last
thermocouple that only showed high temperatures after the heating plate was switched
off. Its temperature peak of 597 ° C was achieved nearly nine hours of experiment and

after thirty minutes all the process was over.
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Figure 4-6 - Wet corn flour with ventilation system (F-Wet-V_2).

Figure 4-7 shows the temperature variation for the case of dried grain (776.4 ym)
without ventilation (GS-Dried-NV). In this case, the temperatures of the thermocouples
required a relatively long time to reach the temperature of the heating plate. The
thermocouples T5 and T6 exceeded the hot plate temperature nearly three and four
hours, respectively. Moreover, the time of permanence in the process of smoldering
was superior to the other cases made with corn flour. A longer smoldering time was
observed predominantly in T5 and T6 that completed the process after eleven hours.

The last thermocouple that sustained the smoldering process (T6) achieved its



76

temperature peak of 423° C after ten hours. The sample around the thermocouple T7

was unable to sustain the heat to maintain the smoldering.
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Figure 4-7 - Dried grain 776.4 um without a ventilation system (GS-Dried-NV_3).

Figure 4-8 indicates the behavior of dried grain (776.4 um) with the ventilation system
(GS-Dried-V). In this test, the maximum temperatures were relatively lower than the
temperatures of the dried grain test with no ventilation. In addition, the temperatures
remained elevated for a longer time compared to the other tests performed. The mass
of grain near the thermocouple T5 was the last one to exceed the hot plate temperature
and to keep the burning process. Its maximum temperature of 394 °C was only reached
a few minutes after the shutdown of the hot plate. And the self-heating was sustained

until almost eleven hours.
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Figure 4-8 - Dried grain 776.4 um with ventilation system (GS-Dried-V_3).

Figure 4-9 shows the case of wet grain (776.4 ym) without a ventilation system (GS-
Wet-NV). Temperatures were lower than the other tests. The smoldering process was
only kept in the sample closest to the plate until the height of the thermocouple T4
located 4.5 cm from the heating plate. After switching off the heating source, the
temperature of the thermocouples T3 and T4 remained elevated for more than 3 hours.
The maximum temperature of thermocouple T4 with the value of 382 °C was attained

after the turned off the hot plate.
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Figure 4-9 - Wet grain 776.4 um without a ventilation system (GS-Wet-NV_2).

Figure 4-10 shows the case of wet grain (776.4 ym) with the system of ventilation (GS-
Wet-V). The temperature evolutions were very similar to the case with the same grain
and with no ventilation (GS-Wet-NV). However, the period in which the sample
remained burning was slightly lower, which can be observed in the curves decay of the
first four thermocouples. If we compare the values of the thermocouples T3 and T4 in
seven hours of experiment with the same type of samples without and with ventilation,
it is possible to verify that in the second case the temperatures of these thermocouples
are smaller. In the first case, T3 and T4 presented the values of 497 °C and 293 °C,

and in the second case 343 °C and 286 °C, respectively.
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Figure 4-10 - Wet grain 776.4 um with ventilation system (GS-Wet-V_2).

In addition to the tests performed with the two particle sizes. It was decided to carry
out two tests with a particle size of 1411 uym dried and wet. Both tests were performed
without a ventilation system. In the Figure 4-11 and Figure 4-12, it is possible to
observe the evolution of the smoldering in the case with the larger grain size. Due to
the greater particle diameter, both tests indicated a partial smoldering process. But the
case with dried grain maintained elevated temperatures in T3 and T4 for at least four

hours after shutting off the hot plate.
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Figure 4-11 - Dried grain 1411 um without a ventilation system (GL-Dried-NV_1).
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Figure 4-12 - Wet grain 1.0 mm without a ventilation system (GL-Wet-NV_1).

From the temperature evolutions graphs, the speed at which smoldering occurs can

be determined. The time has been measured in each thermocouple, located at a

certain distance from the hot plate that reaches a temperature of 350°C. Then, a graph
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was plotted with the time values of each thermocouple for all experiments tests and
the smoldering velocity was achieved by the slope of the regression line. Figure 4-13
shows the linear regressions and their equations for the tests with the three dried
particle sizes and non-ventilated cases, which indicates that the line slope is larger for

smaller particles. Appendix C shows the results of experiments performed.
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Figure 4-13 - Comparison of linear regressions of dried and non-ventilated
cases.

As the smoldering process is slow if compared to flaming combustion, the
temperatures along the sample took a long time to achieve the hot plate temperature
and then sustain the self-heating process, which can be noticed in all graphs. For F-
Dried, the temperature recorded by the T6 (located in the middle of the sample) took
more than two hours to surpass the hot plate temperature. In the case with GS-Dried,
the temperature of T5 took more than three hours to raise its temperature and for the
wet sample it didn’t achieve the hot plate temperature hindering the maintenance of
the smoldering process. For GL-Dried, the temperatures were higher only near the

heat source.

Analyzing the temperature development of each thermocouple, different smoldering
rates were verified in each test. The smaller the particle size of the grain, the greater
the speed of smoldering propagation. Regarding the ventilation system, the cases with

ventilation presented a slower speed compared to the cases without ventilation.
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Figure 4-14 - Smoldering velocity of different particle sizes.

Figure 4-14 compares the speeds obtained for different corn material sizes, two levels
of humidity, and with or without a ventilation system. It is clearly observed that the
smaller the particle size, the greater the speed. Concerning the dried material, for both
grain sizes without ventilation (GS-Dried-NV and GL-Dried-NV) the speed reached
were 0.025 and 0.036 cm/min, respectively, while for the tests with F-Dried-NV the
value was 0.055 cm/min. By varying only the particle size, it is possible to verify the
speed reduction. Between F-Dried and GS-Dried the reduction was 34.6%. GS-Dried
and GL-Dried indicated a reduction of 29.7%. The greater reduction was achieved
between F-Dried and GL-Dried was 54.1%.

Analyzing only the influence of the ventilation system during the tests with and without
ventilation, it is possible to observe that the tests with ventilation show slightly lower
speeds. It was verified a reduction of 15.6% and 16.7% in the cases F-Dried and F-
Wet. While in the cases GS-Dried and GS-Wet there were a reduction of 26.9% and
9.2%. Which indicates that ventilation had an influence more expressive with dried
grain.The humidity also has an influence on the speed of propagation of the
smoldering. It can also be verified that, as expected, the product with higher humidity

produces slower smoldering rate. Comparing the samples F-Dried and F-Wet there
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was a reduction of 18,5% when increasing the level of humidity of the sample. While
in the experiments with GS and GL there was a reduction of 30.8% and 31.2%.
Moreover, one can conclude that the humidity has more influence in larger particles

than smaller particles.

900

800

~
o
o

D
o
o

200

100 -~

0 |
T1

M F-Dried-NV F-Dried-V W F-Wet-NV F-Wet-V B GS-Dried-NV

(9]

o

o
I

w

o

o
1

TEMPERATURE (° C)
8
o

T2 T3 T4 T5 T6 T7
THERMOCOUPLE

GS-Dried-V m GS-Wet-NV GS-Wet-V GL-Dried B GL-Wet

Figure 4-15 - The average maximum temperature of the thermocouples.

Figure 4-15 shows the average maximum temperature achieved in each thermocouple
for the ten tests varying the influence factors. Usually, the highest temperatures
achieved in samples with corn flour were the thermocouples T3 and T4. On the other
hand, in the samples with the two grain sizes, the highest temperatures were obtained
in thermocouples T2 and T3. An important point observed in this graph is that the
values of thermocouple T1 for GS and GL samples are relatively higher than the
temperatures of F-Wet samples. As observed in the individual charts of the
temperature evolution, in this graph it is possible to note that in samples with corn flour,
the maximum temperatures in all thermocouples remained high enough to sustain the
smoldering. While in samples with GS and GL, temperatures begin to decrease from
the T3 thermocouple, indicating a partial smoldering process and the incapacity to

sustain the reaction.
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An attempt to better understand the influence of ventilation, six extra tests were
performed by varying the duration of ventilation and using F-Dried and GS-Dried. The
experimental procedure of the hot plate remained the same for these extra
experiments. Related to the one-hour ventilation experiment, the system was turned
on only one hour after the hot plate operation and it was kept ventilating for one hour.
Experiments with two and eight hours of ventilation were connected at the same time
to the hot plate and the ventilation system was maintained for two and eight hours,

respectivately.
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Figure 4-16 - Smoldering velocities for different ventilation times.

Figure 4-16 shows the smoldering velocity for the six new cases and the two cases of
F-Dried and GS-Dried with four hours ventilation. The influence of the ventilation time
on the smaller particles and on the larger particles presents a different behavior. The
samples F-Dried presented an increase in the speed with the increase of the ventilation
time, suffering a reduction in the experiment with eight hours of ventilation. However,
the opposite effect was observed in samples GS. The velocity of smoldering decreased
with the increasing in ventilation time, and with eight-hour ventilation experiment the

speed had increased.
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Analyzing the experiments with F-Dried samples, varying only one hour in the
ventilation a 9% increase in the smoldering velocity was observed. And a total of 16.8%
between the ventilation system from one hour to the four hours. However, if we
compare the values between the systems with four and eight hours of ventilation, there
was a reduction of 10% in speed. Regarding the experiments with GS-Dried samples,
the addition of one hour of ventilation showed a reduction of 13.3%. And comparing
the one-hour and four-hour ventilation systems, the speed dropped by 28.5%.
However, the ventilation system for 8 hours implied an increase of 15.6% compared to

4 hours.

4.2 Minitab Evaluation - Smoldering evolution with a hot plate

For a better analysis, the experiments were developed according to the Design of
Experiments (DOE) in Minitab. As mentioned before three influence factors were
selected, two levels of them were varied, and the experiments were performed with
two replicates, which led to the execution of sixteen experiments (Table 4-2). After
inserting the values of the three factors and the smoldering speed in Minitab, it was
possible to analyze the influence of each factor, as each contributed to the evolution

of smoldering.

Not all experiments presented the same level of smoldering. Although all samples had
a specific smoldering level, only the corn flour samples presented a level of total
smoldering. As it could be verified visually at the end of the tests, some samples were
completely burned with only ash residues and others were partially burnt with char

residue and unburnt material.

Table 4-2 - Results of experiments.

po. e pEER ouniny 0 coXioe " VRN ook
1 GS 776.4 Wet 15 Y 0.1 0.0207 Partial
2 F 181.6 Wet 15 N 0 0.0465 Total
3 GS 776.4 Wet 15 N 0 0.0226 Partial
4 GS 776.4 Dried 0 Y 0.1 0.0292 Partial
5 F 181.6 Wet 15 Y 0.1 0.0387 Total
6 F 181.6 Wet 15 Y 0.1 0.0389 Total
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7 F 181.6 Wet 15 N 0 0.0451 Total
8 GS 776.4 Dried 0 Y 0.1 0.0291 Partial
9 F 181.6 Dried 0 Y 0.1 0.0484 Total
10 F 181.6 Dried 0 N 0 0.0548 Total
11 GS 776.4 Dried 0 N 0 0.0355 Partial
12 GS 776.4 Wet 15 N 0 0.0231 Partial
13 GS 776.4 Dried 0 N 0 0.036 Partial
14 GS 776.4 Wet 15 Y 0.1 0.021 Partial
15 F 181.6 Dried 0 N 0 0.0554 Total
16 F 181.6 Dried 0 Y 0.1 0.0473 Total

The residual plots (Figure 4-17) shows the quality of the data set inserted for the

smoldering velocities. In the normal probability plot,

since the residuals

lie

approximately along a straight line, no severe abnormality in the data set was

suspected. There are also no indications of outliers. So the data could be considered

satisfactory for the analysis. The histogram presented a distribution similar to a

gaussian indicating that the number of experiments was sufficient to guarantee that

this phenomenon could be represented by a normal distribution.
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Figure 4-17 - Residual plots for smoldering velocity.
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Figure 4-19 - Interaction plot for smoldering velocity.
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One of the first graphs provided by Minitab was the Pareto Chart that evaluates the
effect of the factors (Figure 4-18). It is possible to verify in the experiments that the
factor with greater influence was the material diameter followed by humidity. It is
important to emphasize that the influence of the material size is almost twice as great
as the influence of humidity. Also according to Pareto Chart, the influence of two or
more factors together was not so relevant. This fact could be verified in the set of
interaction plots (Figure 4-19) for the smoldering velocity, no one of the factors

presented interaction between them.

Contour Plots of VEL SMOL

HUMIDITY*DIAMETER VENTILATION*DIAMETER VEL SMOL

u < 0,025
W 0025 - 0,030
[ 0030 - 0,035

0,035 - 0,040
[ 0,040 - 0,045
[l 0.045 - 0,050
™ > 0,050

Hold Values
DIAMETER 0375
HUMIDITY 7.5
03 0.4 5 i N \ VENTILATION 0,05

VENTILATION*HUMIDITY

Figure 4-20 - Contour plots of smoldering velocity.

Another important graph was the contour plots (Figure 4-20), which evaluates the
smoldering velocity with the variation of two factors. These graphs showed a variation
of colors indicating the different values of velocity that made possible the evaluation of
other cases between the limits of factor levels. The contour plot of humidity and
diameter presents more bands than the others contours plot since these factors were
the most influential in velocity during the experiments. In these contour plots were

possible to analyze how variations between the levels influence the smoldering and
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predict the best cases where the smoldering speed presents smaller values. The best
case was in the dark blue band with greater diameter particles, higher humidity and a
higher level of ventilation condition that exhibited bands of areas with lower speeds.
After the analysis of the bands with lower speed, it is also possible to find out other
values of the factors that fit in the same bands. As it is possible to observe in the first
contour plot, we can obtain the same speed inferior to 0.025 cm/min, if we have a level
of humidity superior to 10% and a diameter of grain a little smaller than 0.500 mm. The
next band with velocities between 0.025 and 0.030 cm/min was wider including
humidities among 5% and 15% and diameter greater than 0.400 mm. In the second
and third contour plot appeared fewer bands and the blue bands were more
verticalized. This has shown that for a given range of diameter, ventilation may vary
within the specified limits between 0 and 0.1 m/s. Other visualization of the variation of
the velocity could be observed in the surface plots (Figure 4-21) that indicated the

same result presented in the contour plots.
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Figure 4-21 - Surface plots of smoldering velocity.

With the data inserted in Minitab it was also possible to obtain a mathematical equation

representing the smoldering phenomenon with the three influencing factors (Dp —
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Diameter of particles, H — Humidity, V — Ventilation) as shown in Figure 4-22.
Therefore, it is possible from any set of values of these parameters to obtain the value
of the smoldering rate for corn grains. This equation can be very useful for future work

investigating the smoldering process with this type of material.

Figure 4-22 - Mathematical equation of the smoldering process.

4.3 Experiments 2 — Ignition time and extinguishability

As previously mentioned, these experiments were performed concomitantly and in a
way to complement the smoldering experiments. The aim is to analyse the fire behavior
of a material in a testing scale, which can indicate how the material will behave in case

of fire.

The three particle sizes with the two humidity conditions used in the smoldering
experiment were evaluated with the procedure indicated in Section 3.2.2. Each sample
was placed in a square rectangular box and then placed under the radiator device,
which was removed and replaced after each ignition and extinction Through five
minutes, the ignition time and the time to extinguish the flame were observed. After
each test, the material was weighed and compared to the weight before starting the
experiment. In addition, the thermocouple placed just above the sample surface

measured the temperature variation during the test.

The sequence of photos shown in Figure 4-23 (items A and B) shows the start of
ignition in the dried corn flour samples. And item C shows the near extinction of the

flames in the dried grain sample.



Figure 4-24 - Wet grain 1.0 after the experiment.
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Figure 4-26 - Wet corn flour after the experiment.

Figures 4-24, Figure 4-25, and Figure 4-26 represent the samples with the three types
of particle sizes for the wet condition. Only the top layer of the samples that have

undergone the combustion process.

Table 4-3 shows the experiment results, it depicts the values of the first ignition time

(t1), the quantity of ignitions (N i), the average of combustion time (Atc), and the
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percentage of mass loss for each sample (M Loss). Since the experiments were

performed in duplicate, all the values found in the table are the average of them.

Table 4-3 - Ignition and extinguishability test results.

SAMPLE ti(s) N  Ate(s) M ioss (%)
WET GRAIN 1.0 190 145 15.6 9.8
WET GRAIN 0.5 13.0 150 16.0 11.7
WET CORN FLOUR 105 220 9.5 11.8
DRIED GRAIN 1.0 16.0 5.0 61.0 5.5
DRIED GRAIN 0.5 105 5.5 64.4 7.9
DRIED CORN FLOUR | 9.0 5.0 61.2 8.0

The ignition time and extinguishability test results indicate the ease of igniting the

material sample and its potential to sustain the combustion and contribute to the fire

propagation. Very long time between ignition and extinction of sample indicates a high

potential to fire propagation.

The wet samples showed a slightly greater time of the first ignition, a superior number

of ignitions and a greater loss of mass than the dried samples. However, the

combustion time for the dried samples was much higher.

The results for Atic show that the dried materials have ignitions of longer duration than

those with wet materials, and therefore a worse behaviour might be expected in case

of fire.
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5 CONCLUSION

The principal risks in silos related to combustion are fires and explosions. With the
bibliographical review, it was possible to analyze the evolution of the research related
to the topic of dust explosions and smoldering combustion in particulate materials,
which are the main risks in silos. The behavior of dust explosion and smoldering
combustion are still very studied, since many factors influence the various phenomena
related to the complexity of process, such as dispersion, heat transfer, mass transfer
and reaction kinetics. Besides the risks of dust explosion and smoldering combustion

during the storage, there is also the risk of fire and explosions with flammable gases.

Since the smoldering reaction is a slow combustion reaction, the material will continue
burning for days or weeks until its detection and extinction. This justifies the latest
studies related to the emission of gases and the detection of smoldering. Although
documents from the Scopus database search date back to 1970, there is still a need
for deeper studies for a full understanding of how the characteristics of each material
influence the smoldering reaction rate. As well as there is a need in studies on the

detection and extinction of smoldering in particulate material.

Among the experimental works of smoldering, there are several laboratory studies to
evaluate the development of smoldering by varying the characteristics of the material
and the external conditions of the environment as temperature and humidity. These
conditions could influence the adsorption and absortion of moisture from air. The
present work has shown two laboratory experiments, the first one evaluated the
smoldering velocity with a hot plate and the second one evatuated the time of ignition

and extinction with a radiator equipment.

In the experiments with the hot plate, the smoldering process succeeded vertically from
the sample base until the point where the heat exchange was not sufficient to sustain
the process. The total amount of heat released from the grains was not sufficient to
maintain a self-sustaining combustion throughout the entire sample. However, in the
case of corn flour the energy was sufficient to feed the entire smoldering process.
Samples with small particle diameter showed a higher smoldering evolution compared

to samples with larger diameters.
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It was possible to observe that the most critical cases, with higher speeds and higher
temperatures, were the tests with dried corn flours. One of the reasons is the relatively
greater surface area than the grains. The smaller the grain size, the greater its surface
area for the oxygen attack on the particle, thus promoting a higher rate of smoldering
and a greater capacity to sustain the combustion reaction. The other is that, with the
pre-dried at 100°C, they did not need to absorb energy from the oxidation reaction to
heat and evaporate the water inside the particles. Bypassing the evaporation stage of
the water inside the cornflour particles, all the heat generated by the hot plate is

absorbed by the pyrolysis step.

Regarding air ventilation, there are two possible effects. One would be an increase in
the smoldering reaction rate due to the increase in the oxygen flow available for the
oxidation reaction. The other would be the heat dissipation generated preventing the
occurrence of the heat insulation effect in the sample and slowing down the
smoldering. Despite the theories that indicated that a certain ventilation could provide
better oxygen access in the samples and thus a higher rate of combustion, in the
ventilation system used in the tests the predominant effect was heat dissipation, which

provided lower temperatures and burn rates.

The experiments with radiator device assisted in the analysis of the ignition and
extinction characteristics. Which indicated a higher potencial of fire propagation to
dried materials regardless of material size. Therefore, the storage of extremely dry
particulate or granular materials in structures such as silos, presents a worse fire

scenario due to this characteristic of remaining longer in combustion.

Thus, it is possible to conclude that dried small sized materials, when susceptible to
the smoldering reaction, can present very high temperatures and can compromise the
integrity of the structures that store these materials. Smoldering combustion is a slow
reaction and it is difficult to detect. In some cases, it may take weeks for it to be
discovered, which can make it difficult to quench. Its characterization and evaluation
of the factors that influence it is extremely important to understand the development of
this phenomenon. As well as to design storage structures more resistant and effective

to prevent these reactions and to facilitate their extinction.

The experimental study of smoldering may provide important information for fire safety

and the development of new research about the development of the smoldering
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process. As future works, experiments can be carried out by varying other influencing
factors or adding new factors to those already selected in this work or experiments with
other types of material. Other possible future work that can be evaluated is the

transition from smoldering combustion to flaming combustion in grains.
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APPENDIX B - TEMPERATURE EVOLUTION GRAPHS OF EXPERIMENTS

Experiments with the samples of dried corn flour without a ventilation system.
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Figure B-1 - Dried corn flour without a ventilation system (F-Dried-NV _2).

Experiments with the samples of dried corn flour with the ventilation system.
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Figure B-2 - Dried corn flour with a ventilation system (F-Dried-V_2).
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Figure B-3 - Dried corn flour with a ventilation system (F-Dried-V_3).

Experiments with the samples of wet corn flour without a ventilation system.
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Figure B-4 - Wet corn flour without a ventilation system (F-Wet-NV_2).
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Figure B-5 - Wet corn flour without a ventilation system (F-Wet-NV_3).

Experiments with the samples of wet cornflour with the ventilation system.
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Figure B-6 - Wet corn flour with a ventilation system (F-Wet-V_1).
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Figure B-7 - Wet corn flour with a ventilation system (F-Wet-V_3).

Experiments with the samples of dried grain 0.5 without a ventilation system.

900

800
O 700
600
500
400

300

TEMPERATURE (° C

200
100
0

60 120 180 240 300 360 420 480 540 600 660 720

TIME (min)
—@—T Placa (outside) —@=—T1 (0,3 cm) —@—T2(1,5cm) —8—T3(3,0cm)
T4 (4,5 cm) —8—T5 (6,0 cm) —8—T6 (7,5 cm) —8—7T7(9,0cm)

Figure B-8 - Dried grain 0.5 mm without a ventilation system (GS-Dried-NV_1).
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Figure B-9 - Dried grain 0.5 mm without a ventilation system (GS-Dried-NV_2).

Experiments with the samples of dried grain 0.5 with the ventilation system.
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Figure B-10 - Dried grain 0.5 mm with a ventilation system (GS-Dried-V_1).
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Figure B-11 - Dried grain 0.5 mm with a ventilation system (GS-Dried-V_2).

Experiments with the samples of wet grain 0.5 without a ventilation system.

900

800
O 700
600
500
400
300

TEMPERATURE (°

200
100
0

60 120 180 240 300 360 420 480 540 600 660
TIME (min)
—@—T Placa (outside) —@=—T1 (0,3 cm) —@—T2(1,5cm) —8—T3(3,0cm)
T4 (4,5 cm) —8—T5 (6,0 cm) —8—T6 (7,5 cm) —8—7T7(9,0cm)

Figure B-12 - Wet grain 0.5 mm without a ventilation system (GS-Wet-NV_1).



900
800

Cc
~
o
o

600
500
400
300
200

TEMPERATURE (°

100

122

60 120 180 240 300 360 420 480 540 600 660
TIME (min)
—@—T Placa (outside) —@=—T1 (0,3 cm) ——T2(1,5cm) —8—T3(3,0cm)
T4 (4,5 cm) —@—T5 (6,0 cm) —@—T6 (7,5 cm) —@—7T7(9,0cm)

Figure B-13 - Wet grain 0.5 mm without a ventilation system (GS-Wet-NV_3).

Experiments with the samples of wet grain 0.5 with the ventilation system.
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Figure B-14 - Wet grain 0.5 mm with a ventilation system (GS-Wet-V_1).



TEMPERATU
B w
(=)

400

o
o

100

123

60 120 180 240 300 360 420 480 540 600 660
TIME (min)
—@—T Placa (outside) —@=—T1 (0,3 cm) ——T2(1,5cm) —8—T3(3,0cm)
T4 (4,5 cm) —@—T5 (6,0 cm) —@—T6 (7,5 cm) —@—7T7(9,0cm)

Figure B-15 - Wet grain 0.5 mm with a ventilation system (GS-Wet-V_3).
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Figure B-16 - Dried cornflour with a 1h ventilation system (F-Dried-V(1h)_1).
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Figure B-17 - Dried cornflour with a 2h ventilation system (F-Dried-V(2h)_1).
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Figure B-18 - Dried corn flour with an 8h ventilation system (F-Dried-V(8h)_1).
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Figure B-19 - Dried grain 0.5 mm with 1h ventilation system (GS-Dried-V(1h)_1).
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Figure B-20 - Dried grain 0.5 mm with a 2h ventilation system (GS-Dried-V(2h)_1).
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Figure B-21 - Dried grain 0.5 mm with 8h ventilation system (GS-Dried-V(8h)_1).
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APPENDIX C - RESULTS OF EXPERIMENTS PERFORMED

Graphs with the relationship between the position of each thermocouple and the time

it takes for the smoldering front to reach the temperature of 350° C.
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Figure C-1 - Dried corn flour without the ventilation system (F-Dried-NV) - sample 1 and sample 2.
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Figure C-2 - Dried corn flour with the ventilation system (F-Dried-V) - sample 1, sample 2 and sample 3.
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Figure C-3 - Wet corn flour without the ventilation system (F-Wet-NV) - sample 1, sample 2 and sample 3.
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Figure C-4 - Wet corn flour with a ventilation system (F-Wet-V) - sample 1, sample 2 and sample 3.
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Figure C-5 - Dried grain (776.4um) without the ventilation system (GS-Dried-NV) - sample 1, sample 2 and
sample 3.
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Figure C-6 - Dried grain (776.4 um) witht a ventilation system (GS-Dried-V) - sample 1, sample 2 and
sample 3.
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Figure C-7 - Wet grain (776.4 um) without the system ventilation (GS-Wet-NV) - sample 1, sample 2, and
sample 3.
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Figure C-8 - Wet grain (776.4 um) with a system ventilation (GS-Wet-V) — sample 1, sample 2, and
sample 3.
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Figure C-9 - Dried grain (1411 um) without a ventilation system (GL-Dried-NV) — sample 1.
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Figure C-10 - Wet grain (1411 um) without a ventilation system (GL-Dried-NV) — sample 1.
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Figure C-11 - Dried corn flour with 1h ventilation system (F-Dried-V(1h)) — sample 1.
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Figure C-12 - Dried corn flour with 2h ventilation system (F-Dried-V(2h)) — sample 1.
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Figure C-13 - Dried corn flour with 8h ventilation system (F-Dried-V(8h)) — sample 1.
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Figure C-14 - Dried grain (776.4 um) with 1h ventilation system (GS-Dried-V(1h)) — sample 1.
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Figure C-15 - Dried grain (776.4 um) with 2h ventilation system (GS-Dried-V(2h)) — sample 1.



136

AlO
€ o
Z 3
o
= 7
% y = 0,0304x - 0,4456 _
o ° R2 = 0,9942 ©
w S =
T 4 >
2
3 o
o >
= %)
5 N ©

@
o ©

0 60 120 180 240
TIME (min)

Figure C-16 - Dried grain (776.4 um) with 8h ventilation system - (GS-Dried-V(8h)) — sample 1.



137

ANNEX A — PARTICLE SIZE ANALYSIS
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Dierential Woluwme
& Harina__27 Jun 2018_01 s
B
-‘1 -
£
o] =
g 3
=
2 .
q =
E I ] LI | 1 I 1 T 1 1 1 1 T 1 | I L] LA ; 1
o4 0B 1 2 d [ 10 20 40 60 100 200 A0 1000 2000
Pariicle Diarmeter {urm)
olume Satistics |Arithmetic) Harina__ 27 Jun 2018_01. 5

Calculations from 0.375 um 1o 2000 @

Wolume: 100%

Mear: 2051 pm
Madien: 1816 pm
32y B2.DE pm
Miode: 2452 pm

din!  1EE2 pm

<10% w255
18.62 um a1.77

50 161.1 pgm

LA T8.6%

Swewness:  1.405 Right skewed
Hurtoses; 4220 Lepiokuric

dsy! 1816 pm dgy  AO0B.T pm

<50% <75% <g5%
Hm 181.6 ym 2828 pm 490.1 ym

=1 um <10 pm <100 pm <1000 pm
0% 2.02% 20.1% 98.7%



Harna__ 27 Jun 2018_01.5k

Charnel

Diameter

{Lawer}
um

0375124
04117498
0452087
0485252
0544758
0.508027
0,G66493
0.7I0ETS
0781132
0868477
0,953383
104E59
1. 14881
106123
1.38454
1.5198
1665840
1.83181
201088
Z20725
A2
285093
Z81E38
320545
51883
3BGZA4
424048
4 BA506
11017
560876
61582

B TG025
TA211T
B.1£668
BBa3G
GB1748
10.7773
11.8300
12,9876
14,2673
15.8512
17813
16,851
20.705
227292

161.166
17E.525

DHf,
Walume
£

CoDOooooSConoooRoSoLDooDoom

2 IB52EE-5
0.000BTESOE
(uO0B20505
0.0337807
0.0822356
LLa50405
0231388
0.330073
44958
0.590864%
075158
0.82ZA2F
1.08564
1.26018

1, 38407
1.46003

1. 46308
1.50828
1.22803
1.02117
0811624
DE42526
D.E4E262
0.5177ED
0.5604TE
0650812
0783357
DATTATH
0585817
1.08517
1.21963
1.37116
1.66424
1.78511
206358
236561
288712
305245
J4z287
379547
4.15418
448134

Beckman Coulter LS Particle Size Analyzer
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Cizm. =
Volume

ocoocoooooooCoOoDOoOOo oD oOODDOoOOoODDOD

2.2RSISE-5
R
0.00920441
00428651
0125251
0.2 TRGSS
1.507044
0.337117
1.28671
1.87754
2 B2E04
355176
46474
5.00258
7.2BGES
8.74668
12088
11.5037
128187
138309
14,8515
15.204
15 8363
163541
16.9145
175851
18,3285
19,206
201918
21,287
22 5066
238708
25,444
2723
283027
316683
343654
A7 417a
408408
44 5362
487004

Charmel
Diametsr
| Lowar
um

184,222
Fakiral
234,054
256.823
282.058
961
339,900
373132
409,611
444657
453,617
541.878
S, 852
553,008
716,844
TB5.832
B3, 666
G48.322
104103
1142 81
1254 54
1377.19
151183
1650 63
182188
2000

475795
486138
BOGT03
504487
487298

4 54423
407348

3 49681
2.8625
23
1.82833
111133
o208
0438003
0.27T8678
0180815
0145678
0115458
00678054
GLOEZ4BIT
.0BET061
QME2143
0.03354085
O.00034TETE
]

Cum, =
Viakume

S3ETIT
560287
62517
GB.C5ET
T5.1036
TT.OTEG
B2 5208
86.5943
0.0
A7 G5
961762
96.B015
ar.n1zs
PRk
98,0838
9083405
@0.5314
G867T4
96.7328
0. BH07
695432
900709
98,6361
0. GG

100
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Beckman Coulter LS Particle Size Analyzer
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1 BARCELONA

Unitat de Citometria - Centres Cientifics i Tecnologics - UB

Pape 1
27 Jun 2018

Flle name: DrResURatos 2018\0250P250_2018060587Varans 0,5__27 Jun 2018 _01.5k
Grano 0,5__27 Jun 2018_01.5
File 1D Grano 0.5
Operator: Ricard Alvarez Arpal
Reg CCIT: 0180602587
Run niember: 1
Opfical modet:  Fraunhoter.md
Reskdual: 0.91%
LS 13 320 Dry Powder System
Start time: 12:24 27 Jun 2018 Runlength: 27 seconds
Average Vacuum: 164" H2D
Obscuratdon: B9
Safware: 6.01 Frmware: 202
Differential Volume
0 — Granod,5__27 Jun 216_01.56
H,-
Al
5 4_
5
E L] 1 ¥ 1 L] Ll LN | LI L] | ¥ LI !
04 06 1 2 4 6 MW 20 40 B0 W00 200 400 1000 2000
Particie Diamater {=m}
Volume Statistics {Armmetic) Grana 0,5__27 Jun 2018_01.515

Calculations from 0,375 pm ta 2000 ym

Volume:  100%
Mean: 7528 pm S0 3439 ym

Medlan: TT6A pm CM: 457%

D[3.2; 2862 pm Skewness:  -0.229 Left skawed
Mode: D936 pm Kurtosts:  -0.585 Plabyirtic
w2533 um Ouf 7764 um dg 1198 pm
=10% <I5% <50% <T5% =85%

2533 pm  S196pm  TEAum 1006 pm 1298 pm

=1 pm =10 pm =IB0gm <1000 pm

% 0.18% £.41% T44%



Beckman Coulter LS Particle Size Analyzer
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Grano 0,5 27 Jun 2018_01.5s

Channel
Diameter

[Lower)
pm

0.375124
0411708
10.452057
0.488252
0.544768
10.588027
0.850402
0.720675
0.781132
0.883477
0.953383
1.02650
1.14801
1.28123
1.38454
15100
1.68840
1.83181
201068
2.20725
242304
285003
2.91008
3.20545
3.51883
388284
4.24040
4.85506
5.11017
5.60076
B.1582
6.78025
742117
B.14660
B.94315
281748
10.7773
11.8300
12.0878
14.2573
15.8512
17.1813
1B.BE1
20.705
227202
249513
27.3006
30.06B5
33.00B1
38.2352
.TTTIT
43,0665
479356
52622
57,7666
B3.4141
©8.8138
T8.4106
B3.8007
02.0023
101.086
110870
121.820
13374
148815
161.168
176,825

Diff.
Viodume
%

OO0 0DoO0ODOo0OO0 OO0 OO0 OO0 0o a

0.0111738
0.0103080
0.0118188
0.0160804
0.0270621
0.0442048
0.OriTiZ
0.112588
0.164833
0.218255
0.2561668
0263068
0240886
0201628
0.166088
0. 144000
0.138852
0140087
0.136424
011887
0.0DD1058
0101424
0.130142
0151068
0.130118
013447
0.172580
0211373
0.210879
0.24325
0.205312
0.364 260
0.358241
0.363073
04TEMD
0.502435
0.585873
0.565347

Cum. <
Volurmne

=
(== ]
EES
=
EHE
g D000 000 0000000000000 a0 Q00

D.0318529
D.0445580
D.0B5T326
D.0BB0425
D.077BE11
D.0248415
0121034
0.188138
0.23785
D.250410
D.515252
0733507
(R TE

1.48452
1.60845
1.85258
2.00748
2. 14832
2.28842
247784
254181
264101
2.74243
2.8725T
3.02454
3.16368
3.26813
3.47072
3.68200
3.00207
414542
4 45073

4.815
517324
5.53832
6.01236

719077

Channel
Diameter
[Loweer)
pm

184222
213.21
234.054
258,036
282.056
308,631
330,002
37a1az
408,611
448657
483,617
541876
504.852
853008
Tig.848
788032
383.866
048.322
1041.03
1142.81
1254.54
1377.18
1511.83
1859.63
1821.88
2000

Diff.
Volume
Y

0.870058
0838123
0.873464
087181
1.08017
141704
1.88523
1.90504
235324
327614
S4TI9
474027
5.30008
g.A8178
FETARES
8.48837
945808
240018
8.07837
G.63291
4 80404
1.82882
0

0

0

Cum. <
Vaolume
£

7.75812
B.42018
0.2843
10.1378
11.0098
12.0787
13.4058
15.181
17.0881
18.4793
22,7554
26.8272
31.8785
37.0785
43,5082
51.1384
58.8077
60.0887
78.5858
BE.0442
B3.2771
pE.1v12
100

100

100

100
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Beckman Coulter LS Particle Size Analyzer

UNIVERSITAT oe
BARCELONA

Unitat de Citometria - Centres Cientifics i Tecnologics - UB

Page 1
27 Jun 2018

Flle name: Dr\Resuftados 2018\0250\P250_201 BIG0SETVErans 1,0_ 27 Jun 2018_01.5k
Grano 1,0__27 Jun 2018_01.5k
Flle ID: Grano 1,0
Operator; Ficars Alvarez Arpal
Req CCIT: 0180602587
Run numier: 1
Opfical modek:  Fraunhofer.id
Reshdual: 1.36%
LS 13 320 Dry Powder System
Start tme: 12:22 27 Jun X018 Runlength: 19 seconds
Average Vacuum: 1657 H2O
Obscuration: 6%
Sofware: E.01 Firmware: 202
Dittarential Valume
Lt ' — Granc 1,0._27 Jun 2018_01.56
14
124
.. 104
£
a-n
§ E-
& -
2
oy e o | 1 A o | T | I 1 PLFEEE e | 1
04 06 1 2 4 6 1 20 40 6O 100 200 400 1000 2000
Particle Diameter (um)

Volums Statlstics (Amthmetic)

Calculations from 0.375 pm ta 2000 pm

Grang 1,0_ 27 Jun 2016 013508

Voluma:  100%

Mean: 1403 um 2D
Medlan: 1411 ym CV.:
D{3.2; 130dum SKEWNEBE:
Mode: 1443 um Kurtosls:
O 964.1pm des 1411 pm

<10% <25% «50% <T5%
8541 pm  11TAum  l4iipm 1662 pm
<1 um <10 ym <100um <1000 pm
% % 0% 12.0%

3330 um
237%
-0.324 Lift shewet

-0.303 Platyiurtic
dy: 1855 pm

<35%
1825 pm



Beckman Coulter LS Particle Size Analyzer
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Grano 1,0__ 27 Jun 2018_01.51s

C_hannel

(Lower)
pm

0.375124
0411708
0.452087
.488252
0.524768
0.588027
0.858403
0.720675
0781132
0.888477
0.953383
1.04650
114881
1.28123
1.38454
1.5188
1.88840
1.83181
2.01068
2.20725
2.42304
2.85083
2.91088
3.20545
351883
3.88284
4.240448
4 85506
s11017
5.80076
§.1582
6.78025
T 417
514869
B.04215
2.81748
10.7773
11.8308
12,9876
14.2573
15.8512
17.1813
18.861
20.705
2yzaez
24.8513
27.3006
20.08B5
13.0081
38.2352
W
43.0665
47.8356
2622
57.TH6G
834141
86.8138
TE.4106
83.8007
B2.0823
101.086
110.878
121.828
13374
146,815
161.168
178.825

Diff.
Volume
%

[=k=-N=R-R-N-R=R-F-N=R-R=g=F=Nel=N-N-R=-N-N-N=-N-=-N=P-Rel-R-R=-F-R-F-N-N-N-N-F-R-N-N-J-N-N-R-N-N-R-N=R-N-J=R-N-Rel-R-Rel=-R-N-R-R-F-N-y=]=]

Cum. <
Vaolume
e

[=l=N=R=R=N-R-Nel=-N-N=-R=R-lR=F-NeB=-N-N-N-Q=Nol-N=-Rel=-N=-N-l=R=-F=R-l-R-R=-l-R-Nel-N=-Nel-T=N-l-R=NR-N-Flrl=Rel-N=Rel=N=0-Ral=0=1=)=0=]

{.‘-_hannel

(Lower)
pm

194222
213.21
234054
250.836
282056
309.631
339.802
373132
209.611
240 657
2093617
541676
594852
853.008
Tig.E40
788.a32
863.866
848 322
1041.03
114281
1254 54
137718
1511.83
1859.63
182188
2000

Diff.
Volume

13.5183
14.5016
13,8325

12.818
12,3030

Cum. =
Walume

==

0.0827594
0181381
0.210415
0.283879
0513007
p.aritgs

1.27238
1.80897
2.84182
3.83155
58374
B.13578
142101
21.8382
328247
46.343
B0.8448
747771
B7.6981
100
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