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ABSTRACT

In the grain handling and processing industry, dust emission and accumulation are major
concerns for the safety of workers and for explosion risks. Dust emission and accumulation
locations highly depend on the facility design and equipment used for handling and processing. To
prevent an explosive atmosphere, monitoring the amount of dust accumulated or dispersed is
extremely important. However, methods of measuring the dust concentration require the
installation of equipment. The Occupational Safety and Health Administration (OSHA)
regulations and National Fire Protection Association (NFPA) standards restrict the thickness of
dust layers on floors for fine powder materials such as starch. The objective of this dissertation
was to better understand the rate of dust layer accumulation, dust suspension patterns, and the
optical properties of suspended dust. For this purpose, The Discrete Phase Model (DPM) was
combined with a Computational Fluid Dynamics Model (CFD) and the hybrid model was used to
model dust dispersion. Dust dispersion patterns under pressure, such as primary explosions or
leakage from equipment, were simulated using the unsteady CFD-DPM approach. The particle-
wall interaction based on energy conservation was also introduced in this model. Both one-time
and continuous dust dispersion in an enclosed chamber were simulated to mimic secondary
explosions and the dust emission from processing equipment. In addition, the light extinction
property of suspended dust was studied as a method of measuring suspended dust concentration.

For a one-time dust dispersion incident, the predicted dust concentration agreed with the
simulation result for the trial conducted at a dust injection velocity of 2 m/s with injection rates of
0.05 and 0.10 kg/m? and at a dust injection velocity of 10 m/s with an injection rate of 0.05 kg/m?.
The dust concentration in the entire chamber increased with dust injection velocity and the mass
of'injected dust. As dust injection velocity increased, dust spread out and formed a larger explosive
dust cloud. However, the dust concentration inside the chamber was non-uniform. Considering the
minimum explosive concentration, the largest explosive cloud was created at a dust injection
velocity of 10 m/s with an injection rate of 0.10 kg/m3. Explosive concentrations of dust were
found somewhere in the chamber for all dispersion rates. At an injection velocity of 10 m/s with
an injection rate of 0.10 kg/m?, the predicted dust concentration was 10% more than the measured
dust concentration. Thus, this model is suitable for dilute dust particle dispersion flows, where the

volume fraction of particles is less and only a single particle layer settles.
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Continuous dispersion was simulated to determine the suspended dust concentration and
particle deposition patterns. Dust was dispersed for 30 s at dispersion rates of 2, 4 and 6 g/min at
a dust injection velocity of 2 m/s. The dust concentration increased at a constant rate after a few
seconds of dispersion, regardless of the dust dispersion rate. Most dust particles were deposited
near the dust dispersion nozzle. Large particles were more affected by gravitational force and
inertia compared with small particles, which traveled with airflow and settled behind the nozzle.
The dust accumulated close to the dispersion nozzle faster than behind the nozzle location.
However, specific attention must be paid to small particles, because they are more likely to cause
an explosion, as their minimum explosive concentration is lower than that of large particles.

The light extinction coefficients of cornstarch, grain dust, and sawdust were measured
using a two-target method. The suspended dust concentration was measured using a calibrated
laser instrument. The light extinction coefficient was linearly related to the suspended dust
concentration. The correlation coefficient between the light extinction coefficient and suspended
dust concentration depended on particle size, particle shape, and chemical properties.

Controlling dust cloud generation and minimizing the concentration and volume of dust
clouds are some key measures to prevent dust explosions. The mathematical models developed in
this study to predict dust dispersion, suspension, and rate of settling will help solve a few of the
challenges in the particulate material handling and processing industry. This method of measuring
the light extinction coefficient can be applied development of a dust safety monitoring system. The
result presented in this dissertation will help the industry prevent the formation of an explosive

atmosphere.
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1. INTRODUCTION

This dissertation presents an investigation of the mechanisms of dust dispersion during
grain handling and processing. The study involves mathematical modeling of dust dispersion and
settling patterns, Computational fluid dynamics — Discrete phase model (CFD-DPM) simulation
of dust dispersion, and light extinction properties of the suspended dust cloud. Almost all industries
involving size reduction, conveying, drying, storage, and packaging generate dust, thus causing an
increased hazard to the health and safety of workers who are exposed to it. Therefore,
understanding the dust dispersion pattern would help develop better sensing mechanisms and
strategies for efficient dust collection.

This chapter gives an overview of the various dust dispersion scenarios, which is the
primary focus of this dissertation. In Section 1.1 dust hazards, as well as the dust dispersion
measurement methods in processing industries are enumerated. The hypothesis, goals, and
objectives of this study are given in Section 1.2. Section 1.3 provides an overview of the remainder

of the dissertation.

1.1 Problem Statement: Dust Hazards

With the increasing demand for food, energy, and chemicals, the number and volume of
powder processing industries have also risen. Most of the dusts generated in the processing
industry are explosive (Ebadat, 2010). Inhaling dust particles will also cause various respirable
diseases.

The presence of five factors that lead to dust explosions, which are commonly known as
the explosion pentagon (Fig 1.1), are confined space, combustible dust, dispersion, oxidants, and
ignition. Controlling any one of these factors can prevent an explosion (Eckhoff, 2003). Although
dust explosions have been studied since the 19th century, the only clear guidelines for prevention
provided by the Occupational Safety and Health Administration (OSHA) are good housekeeping
and maintaining the dust layer below 1/32 of an inch (OSHA 29 CFR Part 1910). The National
Fire Protection Association (NFPA) has developed standards to follow to prevent dust explosions,
which include suggestions such as implementing a proper design of an exhaust system with

knowledge of the physical and chemical properties of the materials (NFPA Standards 68, NFPA
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Standards 654, NFPA Standards 61). Due to varied processing environments, the establishment of

a universal standard for preventing dust explosions is difficult.

Ignition

Figure 1.1 Dust explosion pentagon (Source: Sanghi and Ambrose, 2016)

Suspended dust concentration is one of the most important factors when aiming for
preventing dust explosions, as the dust does not explode when the dust concentration is below the
minimum explosive concentration (MEC). MEC depends on material combustion properties,
particle size, and morphology (Eckhoff, 2009). Some materials reach the maximum explosion
pressure at a concentration of only 0.2—0.3 kg/m?, such as coal and polyethylene (Cashdollar, 2000).
Therefore, ensuring that the dust cloud is below the minimum explosive limit is necessary to
prevent dust explosions. The measurement and characterization of the spread of the dust cloud
during particulate material processing are essential to predicting dust cloud generation and
explosion risk levels. However, the dispersion process is highly dependent upon the actual
industrial situation and differs between various kinds of equipment, such as bucket elevators,
pneumatic transport systems, and silos. In addition to the processing conditions, particle size and
shape, which affect burning speed and hence explosion pressure, also affect the dust cloud
dispersion properties (Eckhoff, 2009). The current methods to minimize the dispersed dust cloud
concentration has limited practical applicability, and the technical measures adopted are often
expensive (Eckhoff, 2003).

Real-time suspended dust concentration monitoring systems are always expensive, and the

industry continuously strives to develop more cost-effective safety measures (Eckhoff, 2005).
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Currently, dust concentration is calculated either by the gravitational method or by the laser
scattering method. The gravitational method requires the sampling of air, which introduces bias
when particles are diffused onto the sampler’s wall boundaries, and high-accuracy filters are
always needed for proper measurements. The laser scattering method, on the other hand, measures
with a default particle density of 1000 kg/m?* (Hinds, 1999). The dust explosive concentration is
expressed in mass per volume; therefore, it fails to consider the particle’s true density, which leads
to misjudgment of suspended dust concentration. For example, the explosive dust concentration
measurement method proposed by Conti et al. (1981), , uses a laser method and does not require
sampling but needs to be calibrated before every use. Furthermore, the probe can only measure the
the concentration at a particular point, rather than a concentration in a specified volume, owing to
its narrow measurement area. In summary, the development of dust concentration sensors must be
economically efficient, easy to use and maintain, and highly mobile, with a relatively large test

area. The bias during the sampling of air should also be minimized.

1.2 Research Hypotheses and Goals

Controlling both dust dispersion and deposition, within confined spaces, is important to
prevent dust explosions. Due to the uncertainty of environmental conditions and material
properties, and with the complexities in the facility design, using a computational method to
predict the dust cloud condition will be valuable. Furthermore, mathematical prediction can give
more detailed information such as particle movement, dust suspension and deposition patterns.
Several simulation approaches have been adopted to simulate explosive dust dispersion. But, most
of these approaches do not include both discrete and fluid phases when predicting dispersed dusts.

Particle—solid and particle—fluid interactions must be considered when the particle volume
fraction is high. As the dust particle drag force caused by the fluid phase is significantly affected
by the particle size, the simulation of real operational conditions is essential. However, scaling up
simulations is time-consuming and computationally inefficient. The number of particles is also a
significant driver of increased computational time. Simulations with computational efficiency and
accurate predictive power are the practical goal of model development. The discrete phase model
(DPM) with the concept of “parcel” saves calculation time by tracking a group of particles as one
parcel (Fluent, 2019). Therefore, the DPM was used in this study to take advantage of both

computational efficiency and accuracy for dust dispersion under the explosive concentration limit.
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The process of developing and validating the model had the additional benefit of helping to identify
factors that have a major influence on dust dispersion and deposition.

Dust suspended in the air produces a visual effect, therefore the effects of the dust cloud
concentration on the atmospheric optical properties will be used as the principle to quantify dust
concentration. Suspended dust in the path of light will either scatter or absorb the light waves,
which causes light extinction. The light extinction properties of particles depend on their particle
size, shape and chemical components (Hinds, 1999). In a particulate material handling and
processing plant, most often the suspended particles are generated from the same source, thus those
suspended particles will have similar properties. The relationships between the light extinction and
the suspended dust cloud concentration were studied in this dissertation, which can be applied to
develop a dust concentration monitoring system.

The working hypothesis of this study is that particle properties influence dust dispersion

and deposition under confined conditions. The research objectives are listed below:

1.2.1 Research objectives

The overall goals of this project are to develop a model to understand the dust dispersion
pattern under confined conditions and to study the light extinction properties of dust clouds. This
will be pursued by fundamental studies, broken down into two primary objectives, with their sub-
objectives listed below:

1. Develop a CFD-DPM model to predict the dust dispersion pattern in confined

conditions

1.1. Develop a model that includes interaction of the suspended particles with the wall

and predicts the dust dispersion when there is air turbulence.

1.2. Develop a continuous dust dispersion model using the CFD-DPM approach to predict

dust dispersion and deposition.

2. To study the change in light extinction as influenced by suspended dust clouds

1.2.2 Dissertation outline

The remainder of this dissertation is divided into four chapters. In Chapter 2, the published

literature on dust dispersion simulation is described. In Chapter 3, development of a dust dispersion
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CFD-DPM model using that includes the particle-wall model is presented along with validation
experiments. Chapter 4 describes the continuous dust dispersion simulation and deposition of dust
layers. In Chapter 5, the relationship between dust extinction coefficient and dust concentration is
presented. Chapter 6 summarizes the findings of this dissertation and includes some suggestions

for future work based on the understandings gained from this dissertation work.
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2. LITERATURE REVIEW: DUST DISPERSION AND EXPLOSION

The aim of this Chapter is to summarize in detail the published experimental and theoretical
approaches in order to gain a better understanding of the perils of dust explosions. Since the focus
of this dissertation is on grain dust particles, most of the examples presented in this Chapter are
based on published literature on grain dust. The factors that influence dust s and the parameters
for assessing the risks are presented. The Chapter includes a review on dust explosion factors and
their effects on explosion severity, and the published work on the effect of dust particle properties
on dust explosion (Section 2.1). In Section 2.2, some of the reported modeling approaches to
predict the dust dispersion are discussed. Section 2.3 gives a broad overview of the optical

properties of particles, including light scattering and absorption.

2.1 Dust Hazards

More than 70% of the powders processed in the industry are combustible (Sun et al., 2001).
According to the chemical safety and hazard investigation board (CSB, 2006; CSB, 2017), there
have been 392 dust explosions from 1980 to 2017, which caused 185 fatalities and 1055 injuries.
Among these, 24% of the incidents occurred in the food industry. In addition, there were 85 dust
explosions from 2010 to 2019 in the grain industries (Ambrose, 2019). Grain dust is generated by
the abrasion of kernels during the handling of grains. Farant and Moore (1980) estimated that 3—4
pounds of dust can be generated for each ton of grain when passing through a grain elevator. The
physical and chemical compositions of grain dust vary depending on the type of grain and the
location of generation. The grain dust is mainly composed of fractured grain kernels, weed seed,
husks, storage mites, insects, bacteria, molds, inorganic matter, and chemicals (Chan et al., 1992).
Martin and Sauer (1976) observed that the majority of grain dust was generated during the second
handling, where the grain was cleaned. In addition, they determined the wheat bin transfer and car
unloading had similar dust generation rates, i.e., 0.007 and 0.009% of total grain weight. This was
much lower than the rate for corn.

A dust explosion is an energy release when combustible dust particles are ignited. As
opposed to gas explosions, dust explosion requires the presence of an oxidant, fuel, and ignition,

as well as suspended dust particles above a specific concentration. Figure 1.1 presents the
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explosion pentagon, a well-known concept used to describe the dust explosion, listing all necessary
conditions for a dust explosion to occur.

The following section describes the dust explosion process, the key explosibility
parameters and their relation to the explosion pentagon, and common prevention and mitigation

methods.

2.1.1 Primary and secondary explosions

Dust is considered explosive if, after igniting the dust/air mixture with a suitable source,
there is flame propagation in combination with a rise in pressure. Dust explosions originate from
a fire or a primary explosion from the ignition of dust. This primary explosion disperses the dust
collected on surfaces as a dust cloud or disperses within the confined space. The ignition from the
primary source then ignites the dust cloud and leads to the major secondary explosion.

The explosion may transmit through tubes, pipes, and conveyors from one vessel
(equipment or storage bin) to another. The secondary explosion in a connected vessel has a much
higher pressure rise rate and peak pressure than those in single closed vessels (Phylaktou and
Andrews, 1993). The secondary explosion causes severe damage to infrastructure, environment
and can result in human fatalities and injuries (Maremonti et al., 1999; Yuan et al., 2016). In most
dust explosions, one or more secondary explosions have been reported as a consequence of a
primary dust explosion. Yuan et al. (2016) referred to these chains of dust explosions as a dust
explosion domino effect.

The parameters used to assess the severity of a dust explosion are the maximum explosion

pressure (Pnax), rate of pressure rise (dP/dt), and the deflagration index (Ky) (Cao, et al., 2012).
K is related to the maximum pressure rise rate, defined as Ky = (Z—}:)male/ 3 where Vis the

vessel volume (Bartknecht, 1979). Coal dust has been tested to have a Pmax of 7.2 bar and dP/dt of
179 bar/s at a concentration of up to 700-800 g/m? in a 20-L explosion chamber (Pilao et al., 2006).
Pax for a vessel is usually 7-10 times greater than the operating pressure (Holbrow et al., 1999).
Pax of a primary explosion can range from 1 to 10 bars. Holbrow et al. (1996) reported that the
primary explosion as tested in a linked vessel has a Puac of approximately 2 bar, whereas the
secondary explosion has a Ppax of 6.2 bar. CSB (2005) also reported a P of 7.59 bar during a

secondary explosion of resuspended resin dust. The magnitude of the secondary explosion depends
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on the amount of resuspended dust, pressure from the primary explosion, and flame propagation.
However, a secondary explosion is always more severe than the primary explosion. Furthermore,

there can be more than one secondary explosion owing to the domino effect.

2.1.2 Dust explosion factors

As presented in Figure 1.1, the presence of an ignition source, confined space, combustible
dust (fuel), dispersed dust, and oxygen leads to an explosive environment. The explosion factors
such as dust ignition and dust dispersion have primarily been studied to prevent and mitigate dust
explosions, while the effect of confined space and oxygen is less studied as these factors are nearly
always presented. In this section, the effect of dust properties and ignition conditions on dust
explosions are reviewed in detail.
2.1.2.1 Ignition

Several different potential contributing factors could provide the spark or heat needed for
an explosion. Some examples are friction sparks, and welding sparks, etc. Dust ignition energy is
a key factor determining the explosive risk of different materials. The minimum ignition energy
(MIE) and minimum ignition temperature (MIT) are commonly used tests to determine the
ignitability of different dust particles. The MIE and MIT are the minimum energy and temperature,
respectively, required to ignite a dust cloud and cause an explosion. There are mainly two
experimental methods to determine the MIE; the Hartmann tube with capacitor spark generator,

and a commercially available MIKE3 device (EN 13821:2002, 2002; Cesana and Siwek, 2001).

Janes et al (2008) reported that the MIKE3 apparatus generally provides lower MIE values than
the Hartmann tube for dust MIE between 1 and 10 mJ and over 100 mJ (Janes et al., 2008). The
MIE is mostly determined experimentally, while researchers have also studied statistical methods
to predict the MIE (Marmo and Cavallero, 2008; Bernard et al., 2010; Yuan et al., 2014). Mitsui
and Tanaka (1973) developed a mathematical model to estimate the MIT by factoring particle size
and material properties and by calculating the rates of heat generation and heat loss in the dust
cloud. Hosseinzadeh et al. (2019) modeled the MIT using the lumped-capacitance thermal balance
of a particle, and found that the model well predicted the MIE considering 40-60% energy loss
from ignition. Di Benedetto et al. (2010) developed a thermo-kinetic model to predict the MIT

based on the mass and energy balance of the explosion reaction.

23



The MIE and MIT of dust particles depend on their chemical composition, size, and
morphology, as well as on the environmental conditions such as turbulence, humidity. Both the
MIE and MIT decrease with a decrease in the particle size (Huang et al., 2006; Bouillard et al.,
2010). Thomas et al. (1991) studied the effect of morphology of lycopodium dust particles on the
MIE and concluded that the MIE could be affected by the surface-area-to-volume ratio. A similar
result was found is a study on aluminum dust ignition, where irregular aluminum dust had a lower
MIE than spherical aluminum dust due to more efficient heat transfer from the irregular particles
(Bagaria et al., 2019). Other than the powder properties, the oxidant concentration, initial pressure,
and turbulence have also been found to affect the MIE (Kauffman et al., 1985; Cashdollar, 2000;
Kuai et al., 2013).
2.1.2.2 Oxygen concentration

Oxygen is the most common oxidant for dust explosion incidents and makes up 21% of the
atmosphere. The P and dP/dt are expected to increase linearly with oxygen concentration both
theoretically and experimentally (Cashdollar, 2000). Oxygen concentrations greater than 21% tend
to increase the burning velocity, and concentrations less than 21% reduce the burning velocity.
The oxygen level that can no longer support combustion is known as the limit oxygen level. Near
the limit oxygen level, the pressure decreases very rapidly with decreasing oxygen concentration,
until the mixture is no longer explosive (Cashdollar, 2000).
2.1.2.3 Confined space

Confined space is an area with a limited or restricted exchange of air and energy. The
confined space can be fully or partially confined. A partially confined space has openings that
allow pressure release, which is called a vent, wherein the explosion overpressure will decrease to
the operating pressure after the release (Edri et al., 2011).

The venting area required to release the explosion pressure is influenced by K and the
confined space volume. The normalized vent parameter I, can be determined as follows:

Fv _ aAvent Pmax 21
V2/3Kst

where a is ‘a’ constant that depends on the vent flow coefficient, A,.,; is the venting area, V' is
the confined space volume, and P,,,, is the maximum pressure rise without any venting system
(Tamanini and Valiulis, 1996). Using the vent parameter, the overpressure after venting can be

calculated as shown in Figure 2.1. Bartknecht (1989) and Wiemann (1987) also reported that, in
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confined spaces, the initial pressure affects the Pnq and Ky, and that these values increase with

an increase in the initial pressure.
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Figure 2.1 The explosion pressure rise under venting conditions (Source: Tamanini and Valiulis,
1996)

2.1.2.4 Combustible dust (fuel)

Dust is always present in a particulate material handling and processing facility. For
example., one metric ton of grain contains about 1-5 kg of dust that is brought into a grain handling
facility. According to the Occupational Safety and Health Administration (OSHA), a fine powder
that is less than 420 microns (particles that passthrough a US 40 sieve) is a dust particle. The
magnitude of the dust explosion depends on chemical and physical characteristics, especially the

particle size distribution (Cashdollar, 2000). Particle shape and porosity are also important
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properties that influence dust explosibility. In general, a higher specific surface area will have a
faster reaction rate and generate a more severe explosion. The majority of the grain dust particles
had a size lower than 125 pm. Furthermore, 52% of the grain dust produced during the on-farm
handling had a diameter lower than 21 um, and the geometric mean diameter of grain dust collected
from the grain elevator was 12.3 um (Boac et al., 2009).

Cashdollar (1994) studied the effect of particle size on the explosibility of iron dust. He
found that Pnax and dP/dt decreased with an increase in dust particle size, while the minimum
explosion concentration increased with the particle size increase until the particle size reached a
size that could not be ignited. According to the author, a dust cloud cannot be ignited when the
coal dust particle is between 200 and 300 um. The author also found that the P and dP/dt data
for the broad size distributions were slightly higher than those in the narrow size distributions. Ky
also decreased with an increase in particle size, as demonstrated by Addai et al. (2016). Similar
results were reported by Eckhoff (2012) for Pmax and dP/dt for nanoparticles; however, the Ky

values did not show differences between the nanoparticle dust and particle powders.
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Figure 2.2 Measured minimum explosion concentration for polyethylene (Source: Eckhoff,
2003)

Particle size also affects the minimum explosive concentration (MEC) (Figure 2.2). The

MEC decreases with a decrease in the dust particle size (Dobashi, 2009). Increasing particle size
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may reduce explosion risks in the process industries, where MEC is increased and the explosion
parameters Pmax, dP/dt, and Kst are decreased. But, practical application limits don’t allow for
increasing the particle size. So, most industries rely on explosion suppression devices rather than
on altering the particles.

2.1.2.5 Dust dispersion

Dust dispersion is one of the most important factors that leads to secondary explosions. In
some situations, such as air jet mills, the explosive dusts are dispersed by the equipment, but in
most cases, the dusts are resuspended from the external surfaces of process equipment, walls and
floors in the building (Eckhoft, 2009). Dust dispersion is affected by particle properties and airflow,
and both the suspended dust concentration and air turbulence affect the dust explosion. The relation
between dust properties, turbulent flow, and dust suspension and deposition are reviewed in
Section 2.2. This section only reviews dust concentration and its effect on dust explosion.

As the dust particle is the only fuel in the explosion, the concentration is the most important
factor for the combustion process. When dust concentration is below a specific threshold
concentration, explosions cannot occur. This concentration is called MEC or lean flammable limit
(LFL). MEC varies based on their particle size, moisture content, relative humidity, distance from
ignition source, etc. Kuai et al. (2013) found that the minimum explosion concentration is
significantly affected by ignition energy for magnesium dust and sweet potato starch particles. If
the dust particles size is large or if the moisture content and relative humidity is high, then the
MEC will be high. i.e. the threshold level to start an explosion will be high. There has been
considerable effort in determining the MEC of different materials to provide a reference for dust
explosion prevention. The American Society for Testing and Materials (ASTM) has a standard
method to test the MEC in a 20-L sphere apparatus (ASTM E 1515). The National Fire Protection
Association provides guidance on MEC for all combustible dusts and non-combustible dusts. For
example, the MEC of both food powders (corn starch, sugar) and metal dust (aluminum) are 30
g/m>, and some polymers is 15 g/m? in.

During dust dispersion, the turbulence of a dust cloud also has a strong influence on both
its ignitability and explosibility. The initial turbulence before ignition can remove heat from the
ignition zone due to rapid convection. Thus, dust dispersed by higher initial turbulence has a higher
MIE (Glarner, 1984). On the other hand, the turbulence generated by the primary explosion can
affect Pmax, dP/dt, and Kst by accelerating the flame propagation.
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2.1.3 Determining dust explosibility

Standard methods to determine dust explosibility are described in ASTM E1226 (ASTM
test, 1978) which describes how to estimate Pmax, dP/dt, and K, using the pressure and time
curves from a dust explosion in a closed chamber. In this method, the 1-m? apparatus is considered
the best standard equipment, but it requires a large amount of dust and is large for a standard
laboratory. Therefore, Siwek (1977) developed a “Siwek 20-L Apparatus”, which can reproduce
approximately the same dust dispersion degree and turbulence of a 1-m* vessel described by
International Organization for Standardization (ISO). This apparatus is the chamber most often

used for recent explosion experiments.
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Figure 2.3 Schematic of 20 L Dust explosion chamber (ASTM E 1226)

Besides the standard explosion chamber, researchers also use tube-shaped containers to
study the flame and explosion propagation rate as well as the primary and secondary explosion
parameters (Kauffman et al., 1985; Razus et al., 2003, Liu et al., 2010). These experiments were
also performed under real processing conditions such as coal mines and grain silos to determine

explosion parameters in large-scale explosions (Eckhoff, et al., 1987; Hauert, et al., 1996; Sapko
et al., 2000).
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Studies have shown that with increasing dust concentration, the Pmax in the combustion
vessel increases to a peak value, and at higher dust concentrations, the pressure remains constant
with an increased amount of dust, as dP/dt and Ky, (Cashdollar and Chatrathi, 1993). Cashdollar
and Chatrathi (1993) tested coal dust for concentrations up to 4000 g/m> and found a decrease in
Pmax and K when the concentration exceeds 800 g/m>. This phenomenon was attributed to the
increased heat sink effect or to the possible decrease in turbulence due to the large mass of dust.
Some materials are found to have a maximum concentration limit, where the dust cannot explode
due to an excessive amount of dust and limited available oxygen (Mintz, 1993). It may also be
because the large mass of excess fuel becomes a huge heat sink and as such, the flame temperature
is reduced below its MIT. However, most dusts can be considered to have no maximum
concentration limit of explosibility.

Turbulence plays an important role in dust explosions. In industry, turbulence occurs due
to the operation of fans, mechanical movements, and primary explosions, as mentioned in Section
2.1.1. Turbulence can lead to the formation of a dust cloud and keeps the dust mixed with air. This
makes it a perfect condition for the secondary explosion. Besides the effect on the particle
movement, turbulence can also affect the burning velocity, ignition energy, Puax, and dP/dt
(Kauffman et al., 1985). In an explosion testing chamber, when turbulence was increased to
disperse the dust, the resultant flame speed increased, and a better suspension of dust was observed
(Amyotte et al., 1988). Kauffman et al. (1985) used a 1-m? premixed turbulent combustion bomb
with grain dust, cornstarch, and polyethylene, and found that the burning velocity increased with
an increase in turbulence intensity for the same concentration level. Although dust suspension and
deposition can affect turbulence after a primary explosion, the effects of suspended dust

concentration and turbulence have not been studied independently by researchers.

2.1.4 OSHA regulations and NFPA standards

In the early 1980s, OSHA formulated regulations to prevent dust explosions. In addition,
the nonprofit organization, NFPA has developed industry safety standards for the including dust
explosions. Both OSHA and NFPA have specified the reference values for various dust explosion
parameters, including MEC, MIE, and MIT. Thus far, OSHA does not have a comprehensive
regulation for preventing dust explosions. However, OSHA has formulated regulations that are

specific to dust explosion hazards; for example, OSHA (29 CFR 1910.272) has classified the areas
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that contain combustible dust with the aim of achieving good housekeeping and preventing dust

accumulation in grain facilities. The complete list of OSHA regulations is provided in Table 2.1.

Table 2.1 List of OSHA regulations related to dust explosion prevention

OSHA 1910 Occupational Safety and Health Standards:

1910.22 Walking-working surfaces

1910.269 Electric power generation, transmission and distribution
1910.271 Grain handling facilities)

1910.307 Hazardous (classified) locations.

1910.1200 Hazard communication.

Explosive dust clouds are formed by re-entrainment and redispersion of powders and by dust
produced at an earlier stage during processing or that has accumulated intentionally or
unintentionally. Silos, cyclones, and filters may remove dust during processing; however, the
accumulated dust inside the equipment is a potential fuel for a dust explosion. There is a high
possibility that the dust may accumulate on the external surfaces of process equipment and floors
of the factory building. To prevent an explosion, NFPA standard 654 (Standard for the Prevention
of Fire and Dust Explosions from the Manufacturing, Processing, and Handling of Combustible
Particulate Solids) specifies that the accumulated dust layer must be less than 0.8 mm.

NFPA has developed comprehensive standards for controlling various aspects of dust
explosions, which include regulating size reduction, dust separation, dust collection, fire protection,
equipment and building venting, employee training, ignition control, and housekeeping (Table 2.2).
These standards have helped to reduce dust explosions by utilizing inherently safe methods, which
are achieved by minimizing the combustible dust using good housekeeping standards and dust

collection systems.
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Table 2.2 List of NFPA standards related to dust explosion prevention
NFPA 484 Standard for combustible metals

NFPA 61 Standard for the prevention of fires and dust explosions in agricultural and food
processing facilities.

NFPA 654 Standard for the prevention of fire and dust explosions from the manufacturing,
processing, and handling of combustible particulate solids

NFPA 68 Standard on explosion protection by deflagration venting

NFPA 850 Recommended practice for fire protection for electric generating plants and high
voltage direct current converter stations

From the review of properties of dust, it is inferred that studying dust dispersion is important
for the development of dust explosion prevention strategies. Containing dust dispersion could give
an important understanding of preventing secondary explosions from occurring. The dust

dispersion and suspension theory and dust dispersion models are reviewed in Section 2.2.

2.2 Dust Dispersion Mechanism

During an explosion, the dust particles are suspended by the air blast. The suspended
particles move under the drag force from the air and spread out to form a dust cloud. The dispersion
motion of dust particles in the presence of airflow follows Newton’s law, and the efficiency of
dust dispersion depends on the bulk properties of the dust (Hinds, 1999). In this section, the

interaction of particles with air is described, and the simulation of two-phase flow is reviewed.

2.2.1 Particle-fluid interaction

During turbulent flow, the particle motion depends on the effects of the turbulent flow field,
particle inertia, and gravity (Wells and Stock, 1983). Because the particles have a much higher
density than that of the fluid in most of the particulate material handling processes, the movement
of dense particles in the turbulent flow is significantly affected by their inertia and body force
(typically gravity). For a single small spherical particle with a mass m, the motion is represented
as per equation 2.2. This equation balances the particle inertia and acceleration with the fluid drag

force, an additional force related to the fluid involved, and gravity (Maxey, 1987).
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where u and u,, are the air and particle velocities, respectively; Fj is the drag force; m is the
particle mass; g is gravitational force; and F; is the additional force.
Drag force is the major force acting over a particle moving in the fluid phase. It depends

on the fluid viscosity, particle aerodynamic diameter, and density.
_ CDRep

Fp = 2.
b 7,24 3

where 7,4, R,p,, and Cp are the aerodynamic response time, particle Reynolds number, and drag

coefficient, respectively.

The aerodynamic response time, 7,, is the characteristic timescale by which a particle
responds to the velocity changes in the flow field. This was also defined by Wang and Stocks
(1993) as the time required for the velocity of a particle injected into a quiescent fluid to reach 1/e
of its initial value if the drag on a particle is in the Stokes range. 7, can be calculated using the

following equation:

_ Prds
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6mu
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where p is the air viscosity, d,, and ppare the particle diameter and density, respectively.

The drag coefficient, Cp, has to be estimated using an empirical equation. Some empirical
Cp values for differently shaped particles can be found in the literature (Hinds, 1999). The particle
shape affects particle aerodynamic properties. Crosswise sphericity was introduced for non-
sphere-shaped particles by Leith (1987). However, a good estimation equation for a spherical

particle in the Stokes region was introduced by Cheng (2009) as:

24 0.43 0.38
Cq = 5= (1+0.27Rgp)** + 047[1 — exp (=0.004R,)"**] 2.5

e

The particle Reynolds number is defined as per the following equation:
_P dp|u, —u

ep "

For dense particles, where the particles have a much higher density than that of the fluid,

R 2.6

gravity could be the governing force that affects the particles’ trajectories.
Brownian motion and diffusion are the particle random motion resulting from their

collision with fast-moving air atoms or molecules. The diffusion force is calculated as:
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where C, is the Cunningham correction factor. This factor is defined as follows:
2.52)
C.=1+ 2.8
p

where A is the air free path. The mean free path for air at 1 atm and 20 °C is 0.066 um.

The smaller particles move under Brownian motion, where particles collide with the fast-
moving molecules in the air. In the grain handling process, the generated dust or product particle
sizes are higher than 10 um (Boac et al., 2009). In addition, the particles are considered to be much
larger than the air molecules, and the dispersion motion is mainly governed by the turbulent motion
of eddies, which have a typical size of 2-5 cm (Snyder and Lumkey, 1971). Therefore, the

Brownian force can be neglected.

2.2.2 Particle-particle interaction

The interaction between dust and the surrounding fluid medium and the dispersion of dust
from an aggregated powder have not been well understood (Calvert et al., 2009). The complete
separation of fine cohesive powder during dispersion is considered difficult, especially for the
powder with a particle size lower than 20 pum, owing to the relatively large inter-particle attraction
force compared to the separation force (Geldart, 1973). The dispersed motion of a particle cluster
in turbulent flow depends on its particle size, which is significantly affected by the inter-particle
attraction and separation forces. Calvert et al. (2009) reported that larger agglomerates tend to
disintegrate during dispersion due to surface erosion. The bulk tensile strength and shear strength
are the two intrinsic bulk powder properties that could help in understanding powder dispersion.
When mechanical stress is larger than the inter-particle forces between the particles within the
primary agglomerates, the powder gets dispersed easily.

The most common interparticle forces include inter-particle locking, the van der Waals
force, liquid bridge force and solid bridge force. These forces depend on the particle surface
chemical composition, surface roughness, particle size and shape, and moisture content (Jange and
Ambrose, 2019). There are published models that describe the breaking of interparticle forces and
the de-agglomeration of particles. The planar fracture model of RUMPF is one of the widely
accepted models that uses a two-particle approach (Rumpf, 1958) (Figure 2.4). Further, Weiler et
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al (2010) summarize three main de-agglomerate stresses that a cluster experiences during
dispersion and developed a total dispersion model for de-agglomerates during dispersion:

nkF
d

Ogisp = 2 2.9

agg

where the dispersion strength gy, 1s calculated from the diameter of agglomerates (d,g4) with n

number of primary particles, and the mean particle cohesion force F.
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Figure 2.4 PUMPF model of total dispersion (Source: Weiler et al., 2010)

2.2.3 Modeling particle dispersion process

The particle dispersion modeling can be performed using three approaches. The first is to
simulate the particle using the discrete element method (DEM) and then couple it with the fluid
phase model using computational fluid dynamics (CFD). The second is the Eulerian model, which
treats the particle as a continuous phase. The third is the statistical method, which uses Gaussian
models.

Tong et al. (2010) modeled dust dispersion with particle translational and rotational
movements in a system and observed that the momentum of a particle depended on its interactions
with neighboring particles, walls, and surrounding fluid. The interparticle forces considered were
the gravitational force, normal and tangential contact forces, viscous damping forces, van der
Waals force, and particle-fluid interaction force. They introduced an index based on the cohesive
energy and the particle-wall impact energy and demonstrated that the dispersion efficiency

correlated well with the index.
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The DEM simulates the discrete phase by equating the force balance of the particle

(equation 2.2) and gravitational force as shown in the following:
dup 9x(py = p) p)

where p and p,, are the densities of fluid and particle, respectively.

2.10

The DEM tracks the movement of individual particles based on Newton’s law. Therefore,
this method is able to locate each particle and its particle concentration and trajectory.

The Lagrangian stochastic model is similar to the DEM model, which treats the particle as
a discrete phase. This model simulates the dust dispersion by tracking particles as a group that is
released continuously or instantaneously from the source (Wilson, 2000). The Lagrangian
formulation for particle dispersion assumes that the particle’s trajectory is affected both by the
fluid phase and the particle velocity. The particle velocity is governed by the inertia and drift
velocity of particles. The particle location is an unknown nonlinear function related to its velocity.
Snyder and Lumley (1971) indicated that the Lagrangian particle velocity correlation, which
describes the time evolution of particle velocity obtained by solving the dynamic equations of
motion, does not have a general exact solution. However, using particle velocity correlation, this
model can monitor the overall dust cloud concentration and deposition status.

The Eulerian method uses the single-fluid model by coupling momentum and turbulence
equations into the particle concentration equations. This model treated the particle phase as a

modified scalar species, and the particle phase transport equation is defined as:

dC

dx; 2.11

de dpu;C —T'5—
L=§,

dt dxl-

where C is the particle concentration; x; are the three coordinates for i=1, 2, and 3; u; is the air
velocity in three directions; S, is the particle source term; and I' is the effective particle diffusivity.
[" is defined as follows:

I'=pD+vy,) 2.12
where D and v,, are the Brownian diffusivity of particles and the particle turbulent diffusion
coefficient, respectively.

The selection of either the DEM or the Eulerian method depends significantly on the type

of problem. The Eulerian method is better for studying suspended particle concentrations in indoor
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environments. Zhang and Chen (2007) reported that for an unsteady particle dispersion and
transport with a limited number of particles, it is difficult for the Eulerian method to converge and
the result is longer simulation times. The DEM simulation offers the advantage of monitoring the
motion of individual particles (Liu et al., 2013). The DEM model can deal with various particle
attributes, such as, dense particles and a wide range of particle sizes. In the last couple of decades,
the DEM modeling approach has been improved extensively; however, it is still the most
computational expensive approach to simulate particle concentrations.

Other models that have been developed to study environmental air quality include
numerical regional-scale air-quality models (such as the three-dimensional numerical
photochemical air quality simulation models) and Gaussian dispersion models.

Numerical air-quality models are based on the mass balance during particle transport and
are also called box models. Switzer and Ott (1992) derived the general mass balance equation for
particles in an indoor environment with a known particle emission rate (g), effective air exchange
rate (d,) and ventilatory air exchange rate (d,,) of particles, dimensionless penetration factor (p),
and volume of the indoor environment (V), as follows:

Ax _ pd, g
Tae+x— 2 *xo+Vae

2.13

where the left-hand side is the mass inside the microenvironment and the right-hand side is the
emission particle mass (Switzer and Ott, 1992). This modeling method requires immense
information on the emission such as the exact effective and ventilatory air exchange rate; therefore,
it is not accurate when there are changes in airflow and rate of emission.

Gaussian models mostly use plume and puff dispersion models, which are always nested
within the Lagrangian and Eulerian models (Crowl and Louvar, 2001). The puff model is used for
the instantaneous emission and the plume model is used to describe the continuous release of
materials. These models are generally used for gas; however, they can also be used for studying
dust emission under certain conditions, similar to the Eulerian model. The limitations of the
Gaussian models are that they are not accurate when the dispersion occurs under low wind
conditions or for the dispersion at sites close to the source, i.e., distances less than 100 m. Therefore,
this method is a simplified treatment of turbulence and meteorology, and it is used for predicting

the overall dust cloud location.
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The Eulerian—Lagrangian approach is mostly used to predict the dust dispersion in standard
explosion testing vessels. Murillo et al., (2013) simulated the Aluminum dust dispersion in a
modified Hartmann tube using the Eulerian—Lagrangian approach. They used the Reynolds Stress
Model to describe the fluid phase and the DPM to describe the particle size distribution. They
concluded that the geometry and air injection are important characteristics that influence the
airflow development during dust dispersion. Di et al., (2013, 2014) simulated dust dispersion in a
20 L standard explosion vessel, and found out that the larger sized dust particles are more likely
concentrated at the vessel wall and move independent from airflow, and with the increase in
concentration, the deposition prevails and the dust is mainly concentrated at the vessel walls.
Particle density and shape also affect the particle distribution significantly in a confined space
(Portarapillo, 2020). Cuervo et al., (2014) used the Euler-Lagrange simulation to optimize the dust
explosion test. Their model gave a good prediction of the particle velocities and turbulence levels
compared with values measured by Particle Image Velocimetry. Using this model, the author
described the effect of initial turbulence on the homogeneity of the dust dispersion within the
vessel.

The low computational intensity and high accuracy of the Lagrangian approach has helped
with simulating the particle phase in dispersion of dust from shockwaves. However, the Eulerian-
Lagrangian approach is still not used very much for predicting behavior of the fluid and particle
phases from shockwave dust dispersion. Shimura and Matsuo (2019) used the two-dimensional
CFD-DEM to predict the dispersion of the settled dust layer and combustion resulting from a shock
wave in a narrow channel and found that the dispersed particles tend to attenuate the shock waves
that are generated by the reaction front. Kosinski and Hoffman (2007) applied Eulerian—
Lagrangian methods and showed that the particle-particle collisions and particle-wall (the value of
coefficient of restitution) are important in determining dust re-suspended by shock waves.

In actual conditions of dust dispersion in an industry, the environmental conditions are
complex. Therefore, the numerical air quality model and Eulerian model are not suitable for
predicting the particle movement. The Lagrangian model has advantages of coupling the air and
particle phase, and it is able to predict detailed particle movement. Instead of single-particle
tracking, using a group of particles to calculate the trajectory can further save computational time.

Therefore, the Lagrangian model is used in this dissertation work.
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2.3 Optical Properties of Dust

Real-time monitoring systems for suspended dust concentration measurement are
expensive, and the industry has constantly been attempting to develop more cost-effective safety
measures (Eckhoff, 2005). Economically efficient real-time monitoring systems are the desired
solution for dust explosion control. Currently, dust concentration measurements are calculated
either by using the gravitational method or the laser scattering method. The gravitational method
requires the sampling of air, which introduces bias when particles are diffused onto the sampler’s
wall boundaries. Filters are also required for accuracy. The laser scattering method provides mass
distribution with a default particle density of 1000 kg/m?* (Hinds, 1999). The dust explosive
concentration is expressed as mass per volume; therefore, it fails to consider the particle’s true
density, which leads to inaccuracy The explosive concentration measurement method proposed by
Conti et al. (1981), which uses, for example, a laser method, does not require sampling; however,
it must be calibrated before every use. Furthermore, owing to its narrow measurement area, the
probe can only measure the concentration at a particular point, rather than the space concentration
in a large space. In summary, dust concentration sensors that are economically efficient, easy to
use and maintain, and highly mobile, capable of sensing a relatively large test area, must be
developed. The bias caused by the sampling of air should also be minimized. In this section,
background information on suspended dust concentration measurement, and particle light

scattering properties are reviewed.

2.3.1 Particle scattering theory

The scattering of electromagnetic waves by any system depends on the heterogeneity of
that system. Regardless of heterogeneity, the principle of scattering is similar in all the systems.
For example, when a particle composed of electrons and protons is illuminated by an
electromagnetic wave, the incident light will set the electric charge into oscillatory motion. The
oscillatory motion of the electric charges on the particles surface will then radiate electromagnetic
energy in all directions, as shown in figure 2.3. This is called particle scattering (scattering =
excitation + reradiation). In addition to reradiating electromagnetic energy, some incident light

may be transformed into other forms (such as thermal energy) and this process is called absorption.
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Figure 2.5 Particle light scattering process (Source: Bohren, 2004)

— Direction of incident light

In light scattering theory, scattering due to density fluctuations in optically dense media is
not considered. This review focuses on the interaction of light with a single particle and the dust
cloud. Further, the effects of particle morphology and surface roughness on light scattering is
presented. The scattered light depends on the geometrical factors such as scattering direction, size,
and shape. The particle composition also affects light absorption and scattering.

The factors that affect the absorption and scattering of light by a particle are the wavelength

of the incident radiation (1), the particle size, and refractive index of the particle. In scattering
theory, particle size («) is given as a = %, where D is the particle diameter. Scattering depends

on the ratio of particle size to the light wavelength. The theoretical particle sizes and corresponding

type of scattering are listed in Table 2.3 and the scattering process is shown in Figure 2.5.

Table 2.3 Atmospheric particle sizes of different forms of water particles in the atmosphere
(Source: Kaushal and Kaddoum, 2017)

Type Radius (um) Scattering Process
Air Molecules 0.0001 Rayleigh
Haze 0.01 -1 Rayleigh — Mie
Fog 1-20 Mie - Geometrical
Rain 100-10000 Mie - Geometrical
Snow 1000-5000 Geometrical
Hail 5000-50000 Geometrical

If the molecules are not spherical, orientation fluctuations will occur. Radney et al. (2014)
found that mass-specific absorption is independent of morphology; however, mass-specific
extinction depends on the morphology. Thus, the particle shape affects light scattering, but the

absorption depends more on the chemical composition and size. For example, sulfate, organic
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carbon (OC), and nitrate species are usually considered the most important species for particulate
light scattering (Omar et al., 1999).

The surface roughness also affects particle light scattering. Fan et al., (2014) found that
smaller particles are less affected by the surface roughness; however, for a particle with «>15, the

roughness will change the particle’s light scattering properties.

2.3.2 Light extinction coefficient

Incident light energy decreases when passing through one or more dust particles, which
results in the extinction of the incident beam. Light is either scattered or absorbed by the particles
(Extinction = Absorption + Scattering).

The relationship between the extinction coefficient and light intensity is described by the
Lambert-Beer law:

é ) 2.14
where I and I, are the light intensities before and after passing through the dust cloud, respectively,
o, is the extinction coefficient, and L is the path length of the light passing through the dust cloud.

In most cases, to calculate the extinction of light, the particles suspended in the air are
considered independently for light scattering and absorption. The particle in the air differed in
composition, size, and shape. The differences have to be considered when calculating the
extinction of light. The particle arrangement in the air is described as:

Te = Z Na0e 2.15

a

where n, is the number of each type of particles in a unit volume of the air and o is the extinction
efficiency of particle @. This approach is called independent scattering approximation, and has
been used to study a small concentration of dust. Dick and Ivanov (1999) also found that this
approach can be used for calculating the extinction coefficient of the dense particle with relatively
small particle size.

The extinction efficiency is highly dependent on the particle size and materials, as the
scattering process depends on particle size (Figure 2.5), and the absorption is mostly dependent on
the chemical composition. Similar types of particles have the same extinction efficiency, and the

light extinction coefficient is the sum of all the extinction efficiency of all the types of particles
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(Equation 2.15). When particles are suspended in the air, the extinction coefficient of the light will
be affected by the change in the number of particles in the light path. Therefore, the relationship
between the number of suspended particles and the extinction coefficient can be used to measure

the concentration of suspended dust in the air.
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Figure 2.6 Relation between extinction efficiency and particle size (Source: Louedec and Urban,
2012)

The studies mentioned above explain how suspended particles affect the light intensity and
the theory behind particle scattering and extinction. Dust dispersion is dependent on the processing
conditions and studying the dispersion of dust is needed to develop an appropriate dust explosion
prevention strategy. Therefore, the aim of this dissertation is to develop a model to simulate dust

dispersion and to study the relationship between light extinction and suspended dust concentration.
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3. MODELING DUST DISPERSION AND SUSPENSION PATTERN
UNDER TURBULENCE

This chapter was published in Journal of Loss Prevention in the Process Industries, Vol 62,
Yumeng Zhao and R.P. Kingsly Ambrose, Modeling dust dispersion and suspension pattern under
turbulence, 103934, Copyright Elsevier (Nov 2019)

Abstract

Controlling dust generation and minimizing volumetric dust concentration, within confined
spaces, is key to the prevention of dust explosions. Dust dispersion patterns under pressure, such
as a primary explosion or dust leakage from equipment, can be simulated using unsteady state
computational fluid dynamics — discrete phase models (CFD-DPMs). Although they offer
computational efficiency, DPM simulations do not incorporate particle-wall or particle-particle
interactions. In this paper, we, therefore, adopt the model to include particle-wall interaction based
on energy conservation. In a confined volume, to experimentally observe the dust dispersion
pattern, theoretical concentrations of 0.05 and 0.10 kg/m?® were generated and the turbulence was
created with airflows of 2 and 10 m/s using an air compressor. Similar conditions were used to
model the dust dispersion pattern. Our findings show that the dust concentration inside the
confined chamber is not evenly distributed throughout its entirety and that explosive dust cloud
concentration only takes up to 37.8% of a chamber’s volume for a 0.10 kg/m?® injected dust
concentration at 10 m/s air velocity. With a decrease in the dust injection rate and air velocity, the
dust cloud volume decreased due to a fewer number of particles and low kinetic energy. This study
presents an efficient dust dispersion modeling method, and the result shows the dust cloud volume
is highly dependent on the dispersion velocity. The predicted dust concentration and the
experimental results indicate that this boundary corrected CFD-DPM modeling approach is
suitable for dilute particle dispersion flow, where the volume fraction of particles is lower and the

adhered particles only form a single particle layer on the wall boundary.
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3.1 Introduction

A dust explosion is a rapid increase in pressure in a confined space that occurs when
suspended particles are ignited resulting in sudden release of energy. Most industries that produce
finely-divided combustible materials, including food powders, chemicals (aluminum, fertilizers,
plastics, etc.), coal, and pharmaceutical powders, carry the risk of a dust explosion. The severity
of the explosion is highly dependent upon the generation and turbulence of the dust and its
morphological properties (Wypych et al., 2005; Benedetto et al., 2010). Understanding the
parameters that can help with assessing the explosiveness of powders is an important part of
helping people to control processing environments and reduce the risk of an explosion (Eckhoff,
2003; Dorsett and Jacobson, 1960).

When dust ignites, the explosions occur in two phases: a primary explosion; and a
secondary explosion. A primary explosion is usually a small overpressure that propagates a
pressure of approximately 2 psi (Jones, 1990; Parnell et al., 2013). Secondary explosions occur
when settled dust particles are suspended and ignited by the primary explosion. These have been
found to be far more damaging because of the rapid rise in pressure they can generate (Field, 2012).
The U.S. Occupational Safety and Health Administration (OSHA) regulations have addressed dust
safety issues and indicate ways to properly design and locate dust collection systems that could
minimize explosion hazards (OSHA, 2011). However, because of the enormous variability in
industrial processes where dust might be dispersed and the range of potential equipment involved,
such as bucket elevators, pneumatic transport systems, fluidized beds, silos, etc., dust collection
systems can be difficult to design in ways that will best offset the risk of dust explosions (Eckhoff,
2003). A fundamental understanding of airflow patterns and how particles will behave during any
corresponding turbulence is essential to the installation of dust explosion suppression systems that
are properly aligned with a wide variety of possible processing and/or handling conditions.

Dust particle size and shape, as the factors that contribute to the dust explosion, have been
extensively studied during the past few decades (Calle at al., 2005). Eckhoff (2009) suggested that
the degree of particle agglomeration, dust concentration in the cloud, and degree of turbulence in
the suspended dust are some of the most important factors influencing dust explosions. Eckhoff
(2009) argued that these elements should always be included when assessing dust explosion safety
parameters. Building upon this, Carlos et al. (2013) indicated that the current standards do not

always provide appropriate safety parameters for industrial environments, because they fail to
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incorporate the key factors proposed by Eckhoff. The differences in dust explosion testing methods
led to disagreement in safety parameters, due to the differences in dust dispersion pattern. When
testing using the ASTM standards (American Society for Testing and Materials, E1515-07) and
Center for Agricultural Air Quality Engineering and Science (CAAQES) methods, Parnell et al.
(2013) obtained different minimum explosion concentration (MEC) values for corn starch and
cotton gin dust. With many practical challenges, quantification of the parameters proposed by
Eckhoff (2009) through experimental measurements remains problematic. So, there is a need for
a mathematical model to predict dust dispersion under confined conditions by including the factors
listed by Eckhoff in ways that will help to reveal the behavior of dust under complicated industrial
process conditions.

The aerodynamic properties of particles and particle-particle/particle-wall interactions
influence the dust dispersion characteristics. The nature of explosive dust cloud generation is
determined by both the dust particles’ physical properties and the dispersion process (Calvert et
al., 2009). This makes the simulation of the dust dispersed by primary explosions or conveyor
leaks complicated. Particle dispersion is currently simulated primarily by means of either the
Discrete Element Method (DEM) or Discrete Particle Model (DPM) approaches. DEM is an
accurate simulation method for particle-air two-phase conditions because it takes into account
every single particle’s movement and the force relating to both the discrete and fluid phases. DEM
simulation detects the contact between every two particles, which is very time consuming and
computationally intensive for a large number of aerosol particles that form a dust cloud
(Mezhericher et al., 2011). By contrast, DPM tracks particles as a group, which reduces the
computational time. Therefore, to simulate the large number of suspended particles that might
exceed the minimum explosion concentration (MEC), the time and cost associated with DEM
would render it completely impractical. The computational fluid dynamics (CFD) approach has
been used by many researchers to study particle dispersion (Zhang and Chen, 2007; Mezhericher
etal., 2011; Klippel, et al., 2014; Di Benedetto et al., 2013). CFD-DPM is able to provide a robust
model for analyzing particle travel along with the airflow during dispersion (Zhang and Chen,
2007). A DPM model is capable of tracking the trajectory of particles using the conservation of
force, thus significantly reducing the computational time. However, particle-wall interaction and
inter-particle bonding affect the particle dispersion and settling pattern. Therefore, for DPMs to

provide a reasonable prediction, particle-particle and particle-wall interactions need to be
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introduced (Deen et al., 2007). This study investigates the usefulness of the CFD-DPM modeling
approach for simulating dust dispersion patterns, under turbulence, with a specific interest in
providing a robust model for quantifying a dust cloud suspension pattern and its concentration
after a primary explosion or from dust leakage.

The objectives of this Chapter are to i) develop a coupled CFD-DPM model that can
predict dust dispersion in confined conditions, under turbulence; and ii) validate the model
experimentally in a confined condition. To achieve intended results, particle-wall interactions were
built into the CFD-DPM model by using the conservation of energy approach when a particle
collides with the wall. This allows the particles to either rebound or stick to the walls after the

collision. The specific model developed here is referred to as a stick-rebound model.

3.2 Materials and Methods

3.2.1 CFD-DPM model development

CFD-DPM modeling, adopting Eulerian and Lagrangian approaches for the fluid and
particle phases, respectively, was undertaken using ANSYS FLUENT (Ansys Inc., PA, USA).
3.2.1.1 Modeling fluid turbulence

To determine the effect of fluid turbulence on dust dispersion, the airflow inside the
chamber was simulated by solving the Navier-Stokes (RANS) equation with a standard k-€
turbulence model. The RANS model offers a good compromise between accuracy and
computational efficiency and is widely used for engineering applications (Zhang et al., 2007). In
addition, because a low flow velocity was used in this study, the Reynolds number for the fluid
phase was low as well. So, a standard k-€ turbulence model was able to provide a better prediction
of the airflow inside the confined space (Zhang et al., 2007).

For an incompressible Newtonian fluid, momentum (Equation 3.1) and mass conservation

(Equation 3.2) are used to characterize the fluid phase movement:

dpu

_(;)t + Vpuu = -Vp+Vt+F 3.1
p
ot TP
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where t is the time step, p is the air density, u is the airflow velocity, p is the static pressure, T is
the stress tensor, and F presents all the external body forces, where the total external body force
includes the gravitational force. With two-way coupling, both the effect of the airflow on the
particle and the momentums exchange from particle to continuous phase are computed.

The kinetic energy from turbulence (k), which describes the fluctuations in velocity, and

the dissipation rate of k (€), can be obtained using the following transport equations:

dpk Jdpku; d Us\ 0k
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where, G, represents the generation of turbulence kinetic energy due to the mean velocity
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gradients; G}, is the generation of turbulence kinetic energy due to buoyancy; C;., C,., and Cs, are
constants; g;, and o, are the turbulent Prandtl numbers for k and €, respectively; Ym is the
contribution of the fluctuating dilatation incompressible turbulence to the overall dissipation rate;
p is the air density; u; is the air velocity and x; is the position vector; t is the time step; u is the
molecular viscosity of the fluid and y, is the turbulent viscosity. Turbulence intensity was set as
3% and the turbulent length scale as 0.005 m based on the actual inlet nozzle diameter of 0.005 m.
The initial gauge pressure was set at 1 atm.
3.2.1.2 Wall boundary conditions

The standard RANS model usually fails to predict the turbulence in the near-wall region.
So, the built-in Enhanced-Wall treatment available from ANSYS FLUENT is used in this model
development. The Reynolds number near the wall is defined as (ANSYS, 2015):
pyVk
e

where y is the wall-normal distance calculated from cell centers.

Re, = 35

3.2.1.3 Particle tracking model
A discrete phase model can be constructed from the force balance on a particle using the
following equation:

9l =p) ,
Pp

where, E, is an additional acceleration term, such as Brownian force, virtual mass, or lift force.

dup

_FZFD(u_uP) 3.6

According to ANSYS (2015), these forces are much smaller than the drag force for a dense particle
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over 10 um in size, so they can be neglected in order to simplify the model. u, is the particle
velocity, py, is the particle density, g is the gravitational force, and Fp is the drag force per unit of

particle mass which can be calculated using equation 3.5 below:

18u CpR
D=""1 L_cp 3.7
ppds 24
dplup —u
Rep = % 3.8

where, dp is the particle diameter, Cp, is the drag coefficient and R, is the particle’s Reynolds
number.

The model treats a group of particles as a parcel and calculates the parcel’s trajectory based
on single-particle physical characteristics. The parcels are injected from the nozzle face from 1000
streams, and the initial velocity of the particle is 0 m/s. The time step of the DPM model was kept
the same as the fluid phase simulation. The turbulent dispersion of particles was modeled by
stochastic tracking, where the particle drag force was calculated using the instantaneous fluid
velocity.
3.2.1.4 Stick-rebound model

The particle-wall stick-rebound model was implemented using user-defined functions
(UDF). When a particle hits the wall, the particle—wall adhesion force results in energy dissipation
because of the particle-wall contact. Thus, the principle of conservation of energy for an incoming
particle that rebounds from or adheres to a wall can be expressed as (Wang and Kasper, 1991):

Ke; = Ke, + E,q + E} 3.9

where, Ke; and Ke, are the kinetic energy for the arriving and rebounding stages, respectively,

which depend on the particle velocity, Ke = Emupz, where m is a single particle’s mass ; Eq is

the particle-wall adhesion energy; and E; is the energy lost due to elastic deformation. The
rebound energy, Ke,, will be equal to 0 when a rebound does not occur. Thus, the critical particle
velocity for a rebound can be determined by the energy balance, where Ke; = E 4 + E;. Eqq 18
the energy dissipated by the adhesion force from the wall to the particle. During the particle-wall
interaction, the Van der Waals force is considered to be the main adhesion force (F,q ):

Ad,

Faa = 7575 3.10
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where A is the Hamaker constant. The Hamaker constant between two dissimilar materials with
their own Hamaker constants A; and A, is givenas, A = /A, * A,. Z is the distance of the closest
approach between the surfaces, commonly set to 0.4 nm (Wang and Kasper, 1991). In this study,
A for the interaction between a cornstarch particle and a silicon wafer equals 1.31x 107'° J (Hein,
et al. 2002). The cornstarch particles have high elasticity (Ili¢ et al., 2013). The single particle’s
plastic deformation yield strength is rarely studied, so the plastic deformation of the particle was
not considered in this study.

The critical particle rebound velocity, when Ke, = 0, can be calculated using the particle’s
kinetic energy and adhesion force:

0.5

A
= 3.11
ver (andZ)

A particle rebounding after a wall impact will have a rebound velocity, Vr, that is normal to the

wall and can be calculated from the rebound kinetic energy:

Ke—Ed
Vr= |4 3.12
7*m

The particle volume fraction was high at the dust injection inlet (section 3.2.1.5) due to the
high concentration of dust during the injection. Under these conditions, the effect of the particles
on the turbulent flow needs to be taken into account. Thus, the interaction between the particles
and the airflow was treated as being 2-way coupled in this simulation (Elghobashi, 1994). Figure
3.1 shows the schematic representation of the simulation approach used in this study. The models
used in the study are described in the subsequent sections. The assumptions used in this model
development are:

1) The particles are uniform in size (12 pm). This assumption was made based on the
measured average particle size.

i1) There is no inter-particulate interaction during dispersion.

ii1) The electrostatic force between the particles does not affect the dispersion

v) Plastic deformation of particles does not occur during the dispersion process.

V) The tangential energy loss through static friction does not influence the dispersion
process with an assumption that the tangential velocity remains the same after

rebounding.
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The mathematical model was used to predict the dust dispersion and suspension in a
confined chamber, made of 1/8 inch thick plexiglass, with a geometry of 0.30 mx0.30 mx0.45 m
to which was attached with a dust dispersion unit consisting of an inlet nozzle diameter of 0.01 m
(Figure 3.2). The powder was fed into the chamber through the funnel and dispersed by the airflow
from the nozzle. The dispersion was stopped after all dust particles were dispersed, which took 0.5
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Figure 3.1 Schematic representation of the simulation approach
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Figure 3.2 Dust dispersion chamber and mesh construction
3.2.1.5 Particle properties and other parameters used in the model development

Cornstarch was used as the dust medium in this study. The dispersion nozzle consisted of

a tube and a plastic funnel. The tube with diameter of 0.005 m was connected to the air compressor,
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and it was located 0.005 m below the top surface of the chamber. The dust particles were injected
into the chamber through the funnel in the center of the top of the chamber. The particle density,
pp, was determined using an AccuPyc ii 1340 (Micromeritics Instrument Corp., Norcross, GA,
USA). The particle size was measured using Morphologi G3-ID (Malvern Panalytical, Malvern,
UK). Every single particle on the sample plate was scanned, and CE (circularity equivalent)
diameter was obtained to obtain the cornstarch particle size number distribution. The average
particle size was obtained based on number distribution. The terminal velocity, Vr, of a particle

was calculated using Stoke’s law given below:
Vr = %ig 3.11

The physical properties of the corn starch particles used in this study are listed in Table 3.1.
As the MEC of cornstarch is 0.04 kg/m?, the mass of cornstarch fed into the chamber (Figure 3.2)
through the dispenser, was calculated on the basis of the chamber’s volume. Theoretical dust
concentrations of 0.05 and 0.10 kg/m?, where all the injected dust is fully suspended, were chosen
based on the MEC of cornstarch. For a chamber volume of 4.05%1072 m3, the calculated mass
dispersion rates were 0.0405 and 0.081 g/s, so that the dust inside the chamber after 0.5 s dispersion
can reach concentration of 0.05 and 0.10 kg/m?, respectively.

The pressure rise during dust explosions happens in about 0.16 s (Maremonti et al., 1999).
The flow velocity generated by the primary explosion depends not only on the pressure rise, but
also upon the geometry. According to Kumar et al. (1992), the maximum overpressure from a corn
starch explosion can reach up to 800 kPa. In this work, due to the limitations of the compressor
used for experimental validation, a maximum pressure of 750 kPa was used. At this pressure, the
measured dispersion velocity was 10 m/s. This value was obtained from the video recording of the
dust dispersion process (described in section 3.2.2.3). A primary explosion will result in a lower
overpressure. In this work, a lower pressure condition of 250 kPa was also tested, giving a
dispersion velocity of 2 m/s.

For this simulation, the time step size was set at 0.001 s with 70 iterations per time step to
achieve convergence at each repetition. Using the procedure described in the manual for the
software, the time-step size was determined using the minimum cell size and the air velocity. It
was set in an large value that met the requirement in order to keep the computational time as short

as possible. Thus, in this study, the time step used was 0.001s. The unstructured and non-uniform
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mesh was used in the simulation, which consisted of 127,822 cells (Figure 3.2). The size of the
element for the fluid phase ranged from 9 mm near the nozzle to 15 mm in the rest of the dispersion
chamber. The mesh has a minor effect on the DPM model (Zhang and Chen, 2007; Tarpagkou and
Pantokratoras, 2013) since the particle trajectory was simulated by the force balance on particles.
Inthavong et al., (2016) found that for particles larger than 20 nm, the diffusion effect caused by
Brownian motion was relatively small, and the deposition rate is independent from mesh and
timesteps. The simulation was conducted using an Intel Core 15-2400 CPU computer with 8G

installed memory. The total computational time was 32 h to simulate 8 s of dust dispersion.

Table 3.1. Summary of particle properties and simulation parameters used in this study

Particle property/Parameter Symbol Value
Density of cornstarch particles Pp 14919 (£2.3)
(kg/m?)
Average diameter of a cornstarch dp 11.49 (£ 6.24)
particle (um)
Dust flow rate (kg/s) 0.0405, 0.0810 (corresponding to 0.05 and 0.10
kg/m3, respectively)
Airflow velocity (m/s) u 2,10
Gravitational acceleration (m/s?) g 9.81
Viscosity of air (Pa-s) U 1.82%107
Density of air (kg/m?) Py 1.2047
Terminal velocity (m/s) Vr 0.0058
Moisture content (% wet basis) MC 9.1+£0.003
Ambient relative humidity (%) RH 49.1 £1.1
Ambient temperature (°C) T 20.6 £0.3

The dust concentration C in kg/m? was calculated based on particle mass (g) in cell (M),
particle residual time in cell Res (s), total particle flow rate Rf (kg/s), mesh cell volume V,,,, (m?),

and a single particle mass m (kg).
- M, * Res * Rf

3.12
Viom

The percent explosive dust volume was calculated from the cell volume with concentration

exceeding the MEC of cornstarch, divided by the whole chamber volume (0.00405 m?).

3.2.2 Experimental validation

3.2.2.1 Dust sample and experimental chamber
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The confined chamber described in section 3.2.1.5 was used to conduct the dust dispersion
experiments (Figure 3.2). An air compressor was connected to the dispenser nozzle to produce
airflow at the selected velocity (Table 3.1). During dispersion, the cornstarch was gradually fed
into the chamber using the dispenser of radius 5 mm. For validation, similar to the simulation, the
cornstarch was dispersed in 0.5 s.
3.2.2.2 Measuring the suspended dust concentration in the confined chamber

To measure the settled and/or the suspended dust, the dust dispersion chamber was placed
on a weighing scale (Mettler Toledo SB8001, METTLER TOLEDO, Columbus, OH) with a
sensitivity of 0.1 g. Four and eight grams of dust were dispersed in order to reach the theoretical
concentrations of 0.05 and 0.10 kg/m?, respectively. The dust was fed into the chamber through
the funnel and within 0.5 s it was dispersed by the air from the air compressor. The dispersion
velocity was adjusted to either 2 or 10 m/s by changing the air pressure. After all the dust was
dispersed, the compressed air was immediately shut down. The settled dust was weighed during
the dispersion process. The amount of dust that settled 0.1, 0.2, 0.3, 0.4, and 0.5 s after dispersion
was obtained from weigh scale readings, and the detailed data from the experiments are presented
in Appendix A. The suspended dust was calculated by subtracting the mass of the settled dust from
the dispersed dust. The 10 m/s airflow had a significant effect on the weighing scale measurements
because of the airflow pressure on the chamber wall. The 2 m/s flow caused only minor changes
in relation to the mass of the dust. Thus, just for the 10 m/s dispersion, the result was normalized
by subtracting the scale reading error due to airflow. The scale reading due to airflow, without dust,
was first obtained as a baseline. The settled dust weight was then calculated by subtracting the
baseline value from the weighing scale readings.
3.2.2.3 Dust cloud distribution within the chamber

The dust cloud within the chamber was examined using image analysis. For this, a
transparent chamber of the same size as described in Figure 3.2 was used. One face of the
transparent chamber was fully covered using black paper as a background for imaging purposes.
It was established in a preliminary experiment that cornstarch could be easily segmented from a
black background because it scatters light and the photos of cornstarch has high intensity value.
According to Beer-Lambert’s law, the light intensity is linearly related to the suspended particle
concentration (Ogle, 2016). Therefore, the intensity value distribution is representative of a dust

cloud’s suspension pattern and can help with the observation of the location of dust concentration
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within the confined chamber. The dust dispersion process was video recorded using an iPhone 7
at 1080p resolution at a rate of 60 frames per second (fps). Individual frames were extracted from
the recorded video to analyze the dust dispersion, suspension, and settling pattern. The frame
before initiating the dust dispersion was treated as the background frame. Frames were chosen at
0.2, 0.4, and 0.6 s to assess the dispersion of the dust particles, their suspension, and the settling
pattern. The extracted frames were converted to a hue, saturation, value (HSV) format, and the
background was subtracted using MATLAB (The MathWorks, Inc., Natick, MA), to obtain the
light intensity from the photos corresponding to the cornstarch. A contour plot of the intensity was
then obtained for each frame. The suspended dust cloud location was then visualized from the

contour plots and these plots were compared with the simulation results.

3.2.3 Data analysis

Each experiment was replicate three times for each air velocity and theoretical concentration.
The mean relative percent deviation (P%) and standard error (S. E.) were used to compare

the predicted and experimental values.
100 Y-Y,;

= %

N Y,

3.13

— 2
S E.= Z(Y—Yd) 3.14

df
where Y is the measured concentration value, Y; is the predicted concentration, df is the degrees
of freedom, and N is the number of data points. The prediction error and standard error were
calculated from dispersion times between 0.2 s to 0.5 s in order to exclude the error caused by the

airflow at the start of the experiments at 0.1 s.

3.3 Results and Discussion

3.3.1 Simulated dust concentration

A dispersed dust concentration that reaches the MEC increases the probability of a
secondary explosion. The dust cloud concentration is also one of the most important factors

influencing an explosion’s severity. The concentration during dust dispersion was therefore one of
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the main parameters focused upon in the simulation. Figure 3.3 shows the simulated and

experimental dust concentration as influenced by the air inlet velocity.
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Figure 3.3 Simulated dust concentration using the stick-rebound model at various air velocities
(the dashed lines represent the simulated concentration and the dots represent the experimental
values. The experiment data is obtained at 0.1, 0.2, 0.3, 0.4, 0.5 s, data points are offset for better
readability)

The cornstarch’s terminal velocity calculated using equation 3.11, was 0.0058 m/s. So,
without turbulence, the dust would have needed 52 s to settle from nozzle to the bottom of the
chamber with distance of 0.3 m, theoretically. Thus, under ideal conditions and without taking
wall-particle interaction or particle-particle interaction into account, after 0.5 s dispersion, the
concentration should have reached the theoretical maximum concentrations of 0.05 or 0.10 kg/m?.
However, the concentration inside the chamber did not reach the maximum theoretical
concentration because of turbulence and particle-wall interaction effects.

The dust concentration during the experimental trials reached a peak value after all the dust
had been dispersed, then decreased as the dust particles settled (Figure 3.3). At a 2 m/s dispersion
velocity, the theoretical concentration of 0.05 kg/m? of injected dust resulted in a real concentration

of 0.0136 kg/m?, at its maximum. For 0.10 kg/m? at 2 m/s, the real peak concentration was 0.0259
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kg/m?. Doubling the injected dust mass led to a doubling of the peak concentration, as expected.
However, doubling the injected dust mass, at a 10 m/s dispersion velocity did not double the peak
concentration. For the theoretical concentration of 0.05 kg/m?, the real peak concentration was
0.0247 kg/m?. This value is only around 0.013 kg/m? less than the 0.10 kg/m? injection. The peak
value at 10 m/s for the 0.10 kg/m? injection was at 0.4 s instead of 0.5 s, which indicates that the
particles were settling more quickly under this condition. Vreman et al. (2009) have shown that
inter-particle effects can play an important role when the volume fractions are greater than 1.5%
in a two-phase flow. When the particles were injected through the 5 mm radius dispenser, the
particle injection rate was considered constant during dispersion. The volume fraction was
calculated as the volume of particles injected divided by the volume of air per second. The
calculated maximum volume fraction of the particles (during injection) was 1.58% at the
volumetric dust concentration of 0.10 kg/m?®. When there is a high particle volume fraction, inter-
particle collisions will increase, so the kinetic energy will tend to decay faster due to particle-
particle collisions. A 10 m/s injection also generates more turbulence than a 2 m/s injection, so
this may also cause more inter-particle collisions. Thus, it can be concluded that the 0.10 kg/m?
concentration injected at 10 m/s would have had more inter-particle interactions and that this is
one reason why the dust concentration was only slightly higher than the 0.05 kg/m? injection.

When the dust concentration is compared for the same injection rate, the 0.05 kg/m?
injection had a peak concentration of 0.0132 kg/m? at a 2 m/s dispersion velocity while the 10 m/s
dispersion velocity gave a peak concentration of 0.0247 kg/m?. The same trend was noticed for the
0.10 kg/m? volumetric dust injection. For the 2 m/s dispersion velocity experiments, the initial
kinetic impulse given to the dust particles was lower than at the 10 m/s dispersion velocity, so the
particles lost their kinetic energy and settled at a faster rate (Figure 3.3). As the dispersion velocity
increased, the drag force from the fluid phase upon the dust particles increased, so the particles
dispersed at 10 m/s had a better dispersion. This indicates that a primary explosion generates more
turbulence, which could result in a stable dispersed dust cloud in the air when compared with minor
turbulence such as created by sweeping the floor.

As the dust particles were very small and were subjected to higher magnitude surface forces,
they tended to adhere to the wall and to the dispersion inlet. Thus, they did not always rebound
after colliding with the wall and the stick-rebound-wall model is needed to generate more reliable

simulation of dust dispersion. As can be seen in Figure 3.3, after all of the dust particles had been
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dispersed inside the chamber, the maximum dispersed concentration was obtained at 0.5 s, then it
decreased. This was the case because the injection rate was much higher than the dust settling rate.

Overall, the simulation using the stick-rebound model gave a good prediction of the dust
dispersion process (Table 3.2). All simulations gave a good prediction of dispersed dust with
relative percent deviation (P) under 10% except for 0.10 kg/m? theoretical dust concentration at 10
m/s, where the simulation resulting in a P-value of 19.26. From Figure 3.3, it can be seen that the
experimental concentration reached a peak value of 0.4 s. This could be because, when more
particles were injected at a higher velocity, the probability of particle collisions increased, as did
the particle settling rate because of the high energy loss caused by inter-particle collisions. At a
high dust dispersion velocity and concentration, the particle collision and disintegration of
agglomerates resulted in a larger prediction error. The DPM model simulates the particle
movement in groups of particles, so tracking the inter-particle effect from the individual particle
is not possible. Furthermore, some researchers developed a collision model using DPM for
agglomeration of powders (Nichols, et al., 2002). And, these models use the agglomerate size as
the input parameter, which is hard to measure for bulk powders and is not applicable in this current

simulation of dispersion of dust that is highly influenced by individual particle characteristics.

Table 3.2 Comparison criteria between the predicted and experimental dust concentrations at 0.5,
5 and 10 s after dispersion

2 m/s 10 m/s
0.05 kg/m? 0.10 kg/m? 0.05 kg/m? 0.10 kg/m?
P% 9.93 9.68 1.82 19.26
S.E. 0.001 0.0024 0.0037 0.0064

(Note: The P-value was calculated from 0.2 to 0.5 s dispersion time)

During the experiments, most of the dust settled within 2 s, while the simulated dust settling
rate was slower. This could be because that after injection of all the dust, a higher number of
particles tend to stick to the chamber wall, forming a layer of dust on the wall, as noticed during
experimental trials. This layer of starch has a different roughness and friction from the chamber
wall, and this affected the rebound conditions. Particle collisions after dispersion may also lead to
a faster settling rate, as the terminal velocity increases with the particle size. In summary, the

developed model can predict dust suspension for a dilute particle flow, where the particle adhesion
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on the wall is not influenced by the adhesion force between the wall and the particle and where

there are negligible particle collisions.

3.3.2 Dust cloud spread and distribution pattern

The dust cloud spread and dust distribution during the experiments and as predicted by the
CFD-DPM-based simulation are presented in Figures 3.4 and 3.5. The dust cloud expanded after
the completion of dust dispersion and then started settling. During experiments, based on visual
observation, some of the dust particles settled as agglomerates, as the particles did not fully
separate from each other during the fluid phase. With a lower terminal velocity, suspended small
particles tend to form a stable dust cloud. As reported by Hinds (2012), the dust cloud suspension
is highly dependent on the particle size. It has been observed that at higher dispersion velocities,
the drag force upon the particles was larger and had a higher probability of separating the single
particles out from the cluster to form a dust cloud (Nichols, et al., 2002), thus extending the
duration of the suspension. This means that, a primary explosion or a leak from a pneumatic
handling system, could produce a cloud that is suspended for much longer than a cloud formed

through dust spillage.
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Figure 3.5 Experimental dust cloud spread and distribution pattern during dispersion

The experimental results showed the same trend as the simulation. As the dispersion
velocity increased, the dust tended to spread out and settle at the center of the chamber (Figures
3.4 and 3.5). At a lower dispersion velocity, the dust cloud was less spread out and only
concentrated in half of the chamber’s volume, with most of the dust settling on the chamber wall
or at the bottom, near the wall. As the quantity of injected dust particles increased, the dust cloud
generated under the same velocity did not change much in terms of volume, but its concentration
increased. From the simulation, it was observed that there will always be a higher dust
concentration in some areas that exceed MEC, which is shown in Figure 3.4.

To summarize, the injection velocity has more of an effect upon the distance dust particles
travel and the spread of a dust cloud’s volume. The mass of the injected dust has more of an effect
upon the dust concentration. Irrespective of the initial conditions, any amount of dispersed dust is
a hazard and will have larger implications during an explosion, as the regional concentration can
always be higher than MEC during dispersion. Di et al., (2014) also found that dust dispersion will
form a non-uniform distributed dust cloud, which could affect the evaluation of MEC.

The kinetic energy resulting from the inlet air velocity during the experiments at dispersion rates
of 10 m/s and 2 m/s is shown (at 0.3 s time step) in Fig 3.6. Higher kinetic energy was found
throughout the chamber at the dust dispersion velocity of 10 m/s than at 2 m/s. As the particles
moved along with the fluid, the dust cloud also moved in a negative Z-axis direction during the
dispersion at 10 m/s. This explains the reason behind a higher dust cloud dispersion at 10 m/s than

at 2 m/s. Another possible reason is that with 2 m/s dispersion, the dust particles do not have
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enough kinetic energy to overcome the adhesion force between particle and wall. Therefore, those
particles were not able to rebound from the wall or slide down the wall to the bottom of the chamber.

Boac et al. (2009) reported a similar result from a study at a grain elevator, that the upper
collection duct with a higher velocity has more dust emission than at the lower duct. Pu and
Jarosinski (1991) have shown that, under conditions of high turbulence, there is a rapid rise in
pressure during dust explosions. The results for dust cloud formation under turbulence shown in
Figures 3.4 and 3.5 can be one explanation for the fact that turbulence can affect a dust explosion.
A higher velocity will create a larger and more uniform dust cloud containing a larger number of

dust particles with a potential to release energy that is of higher magnitude during an explosion.

3.3.3 Dust particle transport

The dust particle transport is a particularly important parameter in dust explosion research
because explosions can be especially severe for expanded dust clouds (Eckhoft, 2003). The
traveling distance of a particle at 10 m/s dispersion velocity was greater than it was for a particle
dispersed at 2 m/s. This corresponds to the kinetic energy as shown in Figure 3.6. It can also be
seen from Figure 3.6 that the spread of kinetic energy at 10 m/s dispersion was higher when
compared with 2 m/s dispersion velocity. This higher kinetic energy increased particle transport

and resulted in a larger dust cloud.
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Figure 3.6 Model prediction of kinetic energy of dust particles at (a) 2 m/s and (b) 10 m/s inlet
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To study the spread of the dust cloud, in addition to the 0.05 and 0.10 kg/m? concentrations,
a lower theoretical dust cloud concentration of 0.03 kg/m?® was also simulated for 2 m/s and 10 m/s
dispersion velocity (Figure 3.7). At the theoretical concentration of 0.03 kg/m?, after all the dust
had dispersed (~ 0.5 s), less than half of the entire chamber’s volume had a dust concentration of
over 0.03 kg/m?. In comparison, a 2 m/s inlet air velocity with a 0.05 kg/m* dust concentration
produced a dust cloud that occupied about 15.8% of the entire chamber volume. A 10 m/s
dispersion velocity resulted in a 26.0% dust spread within the chamber. Similarly, at 10 m/s and
0.10 kg/m?, the explosive dust cloud spread to about 37.8% of the chamber volume, while at 2 m/s
with the same injection mass it occupied about 25.7% of the chamber. These findings agree with
the dust concentration and distribution results discussed in section 3.3.2, which suggest that a
higher dispersion velocity will lead to greater expansion and a larger and more uniform dust cloud.
The dispersion velocity and mass of dust can both have a large effect on the size of a dust cloud.
Increasing the injected particle mass increased the size of the explosive dust cloud as can be seen

in Figure 7 (a) as compared to Figure 7 (c¢) and Figure 7 (b) compared to 7 (d).
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Most dust explosion studies make the assumption that a dust cloud will be evenly
distributed and that a vessel’s entire volume will be equivalent to the volume of the explosive
cloud. Barton (2002) noted that the volume of an explosive dust cloud should be taken into account,
instead of assuming that dust will be evenly distributed throughout a vessel. It is clear from Figure
3.7 that knowing the exact distribution of an explosive dust cloud is essential to prevent
overestimation of the dust cloud minimum explosive concentration limit. Dust clouds and their
concentration could affect the release of explosive energy and the rate at which the pressure might
rise. In addition, knowledge of the distribution pattern and volume distribution would help with

the accurate positioning of dust explosion suppression systems.

3.4 Conclusions

Dust dispersion under confined conditions was simulated using a CFD-DPM approach and
experimental studies were used to validate the simulation results. The results indicated that a CFD-
DPM simulation approach could predict the dust dispersion and concentration in confined spaces,
with reasonable accuracy, irrespective of turbulent conditions. The prediction error was especially
low for a dilute phase flow where there are fewer inter-particle interactions. The simulation results
showed that, at a higher velocity, dispersed dust would form a larger and more uniform explosive
cloud. This explains why high turbulence can lead to more severe dust explosions, with greater
energy and a more rapid pressure release. In view of the variety of possible processing
environments, the boundaries of different kinds of equipment and constructions will have an
important role to play. The stick-rebound model offers the advantage of being able to account for
the energy lost when a particle collides with a wall. By using this model, it will be possible to
understand the dust dispersion pattern as influenced by process conditions.

Despite these encouraging outcomes, when the simulation results were compared to the
actual experiment, it was found that the lack of particle-particle interaction remains a problem that
will continue to affect the accuracy of the proposed CFD-DPM model, especially when there are
high dust concentrations. The cohesiveness of particles can also affect the results by changing the
size of agglomerates. So, the model may not be applicable for two-phase flow with a high-volume
fraction of particles and in cases where particle de-agglomeration and particle collision
significantly affect the dust dispersion process. Introducing particle-wall interaction is an

important improvement to existing CFD-DPM approaches because it enables better prediction for
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powder dispersion that does not contain large agglomerates. However, in the case of powders with
a higher moisture content or fat, the powder is likely to agglomerate and cannot fully disperse, so

the particle-particle interaction is going to be an essential part of providing an accurate prediction.
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4. SIMULATION OF CONTINUOUS DUST DISPERSION

Abstract

Dust dispersion and deposition are of great concern for the design of a dust control system.
In this study, dust deposition was simulated in an enclosed chamber under continuous dispersion
using a computational fluid dynamics (CFD)-discrete phase model (DPM) with a particle -wall
sticky-rebound feature. Dispersions of 2, 4, and 6 g/min, corresponding to 15, 30, and 45 g/m?
suspended dust concentration, after 30 s of dispersion were simulated. The settled dust patterns
were obtained from the simulation. The dust-deposition rate and particle-size distribution were
obtained from select locations within the chamber. The results showed that the larger particles tend
to settle closer to the dispersion nozzle than the smaller particles. The suspended dust concentration
increased at a constant rate regardless of the particle dispersion rate. The validation experiments
showed that the model developed predicts the dust-deposition rate and locations with mean

standard prediction error of 5.6, 0.9 and 4.4 corresponding to 2, 3 and 6 g/min dust dispersion rate.

4.1 Introduction

Dust deposition in indoor environments is inevitable and is considered a complex process
in the particulate material handling and processing industry. The accumulated dust layer can be
dispersed by air pressure or an explosion shockwave, both of which have the potential risk of
leading to secondary explosions (Eckhoff, 2003). Thus, to prevent explosion hazards, it is essential
to study the mechanisms of dust dispersion and deposition.

To prevent secondary dust explosions, Occupational Safety and Health Administration
(OSHA) and National Fire Protection Association (NFPA) have regulated the thickness of the dust
layer that is allowed to accumulate on any surface (OSHA, 2005; NFPA, 2020). The NFPA
standard 654 suggests that the thickness of the dust layer should be maintained below 0.8 mm.
When a dust layer covers more than 5% of the building area or up to 93 m?, this could lead to the
potential risk of dust explosion (NFPA 654, Standard for the Prevention of Fire and Dust
Explosions from the Manufacturing, Processing, and Handling of Combustible Particulate Solids).
In addition, if the dust accumulates on hot surfaces, the dust particles can be ignited directly,

eventually causing fire or explosions (Eckhoff, 2005). To prevent dust explosion, all surfaces
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where the dust may accumulate should be designed and constructed to minimize dust
accumulations, and the appropriate dust collection systems are needed to limit dust migration.
Therefore, it is important to know how and where the dust particles will be deposited.

Researchers have found that the accumulated dust on ventilation surfaces can range from
less than 1 g/m? to over 100 g/m?, and from 0.1 to 1 g/m? on hard floored surfaces (Boor et al.,
2013). Tovey and Ferro (2012) reported that dust deposition on a surface can take the form of
monolayer or multilayer deposits, depending on the amount of dust that is settled. Particle
deposition is highly affected by the number of suspended particles, particle size, particle
composition, properties and position of surface materials, and air-flow characteristics (Braaten
1994; Jiang et al. 2008; Ibrahim et al. 2003; Ibrahim et al. 2004). Owing to the various factors
affecting particle deposition, a mathematical model could help predict the particle deposition.
Although many researchers have focused on the suspension of dust clouds, studies on the
mechanisms of dust deposition and dust-layer formation are lacking in the literature.

Particle movement mainly depends on the drag force from the fluid phase and the
gravitational force (Hinds, 1999). As the airflow pattern decides the movement of particles,
computational fluid dynamics (CFD) is mostly used to predict the fluid phase (Murillo et al., 2013).
The published studies mainly use two models for predicting particle movement: the Lagrangian
and Eulerian methods. The Lagrangian method calculates the particle trajectory based on their
dynamic forces, whereas the Eulerian methods treat particles as a continuous phase. A drift—flux
model based on the Euler method was reported to predict the particle dispersion and deposition
(Lai and Nazaroff, 2000; Chen et al. 2006; Gao and Niu, 2007). This method restricts the particle
size and number of particles deposited in computational cells (Holmberg and Li, 1998). In addition,
the particle size should be significantly smaller than the Kolmogorov microscale, which is at the
magnitude of 1 mm for a normally ventilated room (Etheridge and Sandberg, 1996). In contrast,
the Lagrangian method does not restrict particle size and the number of suspended particles but
can be computationally intensive. In addition, the particle-particle and particle—wall interactions,
and particle—fluid interactions can be implemented in Lagrangian method of simulations (Kosinski
etal., 2005). Based on the Lagrangian method, a DPM model was developed by Zhao and Ambrose
(2019) to track particles as a group to reduce computational time. This model successfully
predicted the dust dispersion and concentration in confined spaces by incorporating with a particle

wall stick-rebound model.
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In particulate material-based manufacturing facilities, the dust is mostly continuously
released from processing equipment and conveying systems. In this study, the authors used the
CFD-DPM with particle rebounding developed by Zhao and Ambrose (2019) to simulate the
continuous dispersion of dust in a confined environment. The objectives of this study to i) predict
the continuous dispersion of dust using the CFD-DPM model, i1) model and determine the rate of

dust deposition, and iii) experimentally validate the model predictions.

4.2 Materials and Methods

4.2.1 CFD-DPM model development

Indoor airflow can be considered to be turbulent (Etheridge and Sandberg, 1996). Thus,
simulating the airflow field is essential for understanding the particle transport process. A turbulent
airflow was characterized using the Navier-Stokes (RANS) equation with a standard k—¢
turbulence model. Two-way coupling was used in order to calculate the effect of particles on the
airflow. The CFD-DPM model was implemented using ANSYS FLUENT (Ansys Inc. Pa, USA).
4.2.1.1 Modeling airflow

Turbulence was simulated using a standard k—¢ turbulence model. A detailed explanation
of this approach is available in Chapter 3 and Zhao and Ambrose (2019). The initial gauge pressure
was set at 1 atm. ANSYS FLUENT requires that turbulent transport quantities be specified:
hydraulic diameter and intensity. The turbulence intensity is defined as the ratio of the root-mean-
square of the velocity fluctuations and the mean velocity. The dust was dispersed from a tube with
a diameter of 0.05 m at a velocity of 2 m/s; therefore, the turbulence intensity (I) was set at 7%
and the turbulent length scale was 0.002 m (Ansys, 2015):

I =0.16Re™1/8 4.3
where Re is the Reynolds number of airflows at the inlet.
4.2.1.2 Particle phase modeling

The particles were tracked based on corresponding force balances (Hinds, 1999):

du 9(py —p)
- = Folu =) + £ 44
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where, u,, is the particle velocity, u, is the particle density, g is the gravitational acceleration
constant, and Fp is the drag force per unit of the particle mass caused by differences in velocities
of the air and particles.

The particles not only settled on the bottom of the chamber but also deposited on the
vertical walls (Wells and Chamberlain, 1967). The particle—wall stick-rebound model (Zhao and
Ambrose, 2019) was applied to the chamber wall:

Ke; = Ke, + E 4 + E| 4.5
where Ke; and Ke, are the kinetic energies for the incident and rebounding stages, E,4 is the
energy dissipated by the adhesion force between the wall and the particle, and E; is the energy lost
due to elastic deformation.

The Rosin—Rammler distribution has been widely used to represent the particle size
distribution (Steiner et al., 1974; Rani et al., 2015). Particle size distribution of dust using the
Rosin—Rammler distribution is expressed as equation 5.6:

Y, = e~ (@/D" 5.6
where, Y, is the mass fraction with diameter greater than d, d is the mean particle diameter, and n
is the spread parameter. In this study, cornstarch was used as the dust material. Particle size
distribution was obtained using a Morphologi G3-ID instrument (Malvern Instruments, Malvern,
UK). The particle size of cornstarch ranged from 2.2 to 46 um. d was obtained from the measured
particle size distribution, with a value of 19 um, and then the spread parameter was chosen to fit
the Rosin—Rammler model. A spread parameter of 3.5, gave the best fit of the Rosin—Rammler

distribution with the measured particle size distribution was found (Figure 4.1).
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Figure 4.1 Cumulative particle size distribution

The dust was dispersed from the nozzle at 2, 4, 6 g/min dispersion rate for 30 s. During
dispersion, the particle was suspended until sticking on the wall or settling on the chamber floor.
The suspended particles in the chamber can be monitored during the simulation and the weight of
particles that settled on the sampling stage on the chamber bottom was also monitored during
dispersion.

The particle deposition primarily depends on the airflow pattern, and the particle size
affects particle deposition. The simulation predicted the particles moving trajectories. Thus the
number of particles of each size that settled on the bottom of chamber at different locations was
predicted. The information of every particles at the three locations where sampling was conducted
was obtained from the simulation, and this information was used to determine the particle size
distribution at each location.
4.2.1.3 Geometry and meshing of chamber

A 0.30m % 0.30 m x 0.45 m chamber with an inlet nozzle diameter of 0.05 m was used for
simulation and validation (Figure 4.2). The mesh independence was achieved by conducting a
sensitivity analysis of the effect of mesh size on the suspended dust concentration. Based on the
results, the grid with the largest element size of 0.08 mm was used in this study. Three locations
with dimension of 75 mm % 26 mm were chosen inside the chamber where the rate of dust

deposition.
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Figure 4.2 The dust chamber and mesh constructed for the simulation

4.2.1.4 Simulation parameters

The time step for the particle phase model was set at 0.001 s, while the time steps for the
fluid phase was adaptive with 65 iterations per time step to achieve convergence. The dust
dispersion was simulated for 30 s, and the mass settled on three locations was monitored during
the simulation. The simulation was conducted using an Intel Core 15-2400 CPU computer with 8G

installed memory. The dust properties and simulation parameters are presented in Table 4.1.

Table 4.1 Summary of particle properties and simulation parameters used in this study

Particle property/parameter Symbol Value*

Density of cornstarch particles (kg/m?) Pp 1491.9 (£2.3)

Dust dispersion rate (g/min) - 2, 4, 6 (values obtained from the experiments)
Airflow velocity (m/s) u 2

Viscosity of air (Pa-s) u 1.82%107

Density of air (kg/m?) Py 1.2047

Moisture content (% wet basis) MC 9.1 (£0.003)

Ambient relative humidity (%) RH 49.1 (=1.1)

Ambient temperature (°C) T 20.6 (£0.3)

* Values in parenthesis are standard deviations.
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4.2.2 Experiment validation

The chamber in used in the validation of the experiment was the same size and shape as
the chamber mentioned in section 4.2.1.3 was used in experimental validation (Figure 4.2). The
cornstarch was put placed into the nozzle (funnel), and it was then dispersed through the nozzle
for 30 s using compressed air supplied by the compressor with an airflow velocity of approximately
2 m/s. The dust inside the nozzle before and after dispersion was weighted weighed and the weight
of particles dispersed during the 30 s was used to calculate the dispersion rate. The dust dispersion
rates of 2, 4, and 6 g/min were used by controlling the weight of dust dispersed through the nozzle.
These dispersion rates correspond to the dust concentrations of 15, 30, and 45 g/m?, which covers
the MEC of cornstarch of 30 g/m?. To determine the amount of settled dust, pre-weighed glass
slides with a size of 75 mm x 26 mm were placed on the bottom of the chamber, as indicated in
locations 1, 2, and 3 indicated in Figure 4.2. The distance from the tip of the nozzle to the center
point of the location 2 (glass slide) was 0.25 m. A long plastic belt was placed at the bottom of the
chamber to serve as a conveyor belt to carry the glass slides in and out of the chamber. After every
10 s of dispersion, the glass slides were conveyed out of the chamber and new glass slides were
conveyed into the chamber using the same conveyor set-up. The glass slides were always kept at
the same location as in the simulation when they were conveyed into the chamber. Thereafter, the
deposited dust weight was obtained by weighing the glass slides. The total settled dust was
obtained by weighing the plastic belt before and after dispersion, in order to calculate the
theoretical values after 30 s dispersion. Three replicate measurements were conducted for each

dispersion rate.
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Figure 4.3 Picture of experimental set-up

4.2.3 Statistical analysis

The simulation was done once at each dispersion condition, and all experiments were done
in three replicates. To compare the predicted and experimental values, mean squared prediction
error (MSPE) was calculated for each dispersion rate and for each location using the following
equation:

MSPE = E[(Y — Y,;)?] (6)

where, E is the expectation, Y is the measured value and Y; is the predicted value.

4.3 Results and Discussion

The suspended dust concentration increased rapidly at the beginning of dispersion, and the
rate of concentration decreased after around 3 seconds of dispersion (Figure 4.4). The
corresponding theoretical concentrations at 2, 4, and 6 g/s dispersion rate after 30 s of dispersion
were 10, 23, and 34 g/m3. This was calculated from the experiments by subtracting the settled
particles from the dispersed particles. A high rate of change in suspended dust concentration was

observed when there were only a few dust particles settling. As time and concentration of injected
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particles increased, dust concentration tended s to increase at a constant rate. Even with a
dispersion of 2 g/min, the dust concentration increased with prolonged dispersion. The simulated
dust concentration in a confined chamber kept increasing regardless of the dust dispersion rate (2—
6 g/min), which means that the dust concentration eventually reached the minimum explosive
concentration. This means that it is essential to have a dust collection system to limit the

concentration of suspended dust particles in a processing operation.
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Figure 4.4 Predicted dust concentrations during continued dispersion

During dust dispersion, most particles settled onto the bottom of the chamber while some
particles adhered to the chamber wall. Figure 4.5 shows the distributions of total settled dust at 3,
7,and 16 s at 2, 4, and 6 g/min dispersion rates. The settling of dust was highly influenced by the
air movement. As indicated in Figure 4.5, most dust particles settled downstream of the nozzle
while some particles were still suspended and traveling to the back of the nozzle due to turbulence.
The deposition rate near location 3 is faster than the rate at locations 1 and 2, and a higher

dispersion rate resulted in a faster dust accumulation on the bottom of the chamber.
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The weight of settled dust increased with the rate of dust dispersion. It was observed that
location 3 had the highest dust deposition rate, both in the simulation and in the experiments.
Locations 1 and 2, on the other hand, have similar deposition rates (Figure 4.6). The number of
dust particles that settled at locations 1 and 2 was only half of which settled at location 3. The
minimum explosion concentration for cornstarch is 30 g/m?, so the allowed dust that settled on the
floor can be calculated based on the height of the enclosed space (NFPA, 2005). Based on the
dimensions of the chamber, 9 g/m? of dust on the bottom would be able to explode if the dust layer
was resuspended. The deposition rate was different from one location to another depending on the
dust dispersion conditions. In other words, the dust layer thickness was not constant over the entire

chamber floor. Thus, obtaining the deposition distribution is important to accurately calculating
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the weight of particles that can be deposited in an enclosed space. For practical applications, if the
dust dispersion rate and velocity of air movement are available, through the simulation of dust
deposition can predict the housekeeping interval can be determined to limit the explosion risks.

The rate of dust settling at each location is almost linear after 3 s of dispersion. Results
presented in Chapter 3 showed that the dust cloud spreads after about 1 s of dispersion. Therefore,
for the first 3 s of dispersion, the dust spreads out and reaches a relative equilibrium condition.
After 3 s, the dust depositions rate is nearly constant.

MSPE is a reference value to qualify the accuracy of the predictions; a smaller value of the
MSPE indicates a better prediction. Location 1 had a higher MSPE than that of location 2, while
the deposition rates of locations 1 and 2 are similar. The MSPE of location 2 had the lowest MSPE
among all dispersion rates, which indicates that location 2 has the most accurate prediction (Table
4.2). The model underestimated the rate of dust settling in location 1 for all dispersion rates. A
probable explanation is that the simulated turbulence dissipated slower than the real conditions.
Particles settled slower when the turbulence dissipated slowly, which led to an underestimation of
dust that settled at location 1. The high MSPE value at the dispersion rate of 6 g/min could be due
to the larger settling rate of dust at this high rate of dust inflow. Therefore, an accurate simulation

of turbulence within the confined space is needed to predict the dust deposition.
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Figure 4.6 Amount of dust settled at the selected three locations within the confined chamber
(the solid lines represent the simulated results and the dots represent the experimental values)

Table 4.2 Mean square prediction error (MSPE; (g/m?)?) of the settled dust within the confined

chamber
Dispersion
rate (g/min) Location 1 Location 2 Location 3
2 484 + 545 145 + 110 7.80 + 6.49
4 389 + 430 1.59 + 1.63 1249 + 15.11
6 10.09 + 643 2.00 + 234 10.56 + 11.60

* Values after + are standard deviations.
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Though the particle deposition primarily depends on the airflow pattern, the particle size
also has a major influence on the rate of settling.

At location 3, the airflow moves downward to the bottom of the chamber. Similar to what
happens in a particle impactor, once the airflow hits the wall, the flow direction changes. The
particle moves with the airflow and gravitational force. Due to inertia, only small particles
followed the airflow path, while the larger particles settled to the bottom (Sethi and John, 1993).
Figure 4.7 clearly shows that location 3 has more particles with diameters over 20 um, while the
smaller particles settled at locations 1 and 2. For comparison purposes, an image of dust that settled
on three glass slides captured after 10 s of 6 g/min dispersion is presented in Figure 4.8. It can be
seen that location 3 (further right) has larger particles while location 2 shows a mix of particle
sizes and location 1 has only one large agglomerate. The experimental results agree with the
simulations. That is, large particles tend to settle at location 3, while smaller particles travel longer

distances and settle at move distant locations.
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Figure 4.8 Cornstarch particles deposited on the glass slide after 10 s of dispersion at 4 g/min
dispersion rate. (Slides were taken from location 1, 2 and 3 (left to right))

The particle size affects the explosion/burning velocity of dust (Cashdollar, 2000). Small
particles with large specific surface areas have higher deflagration rates and result in a higher
increase in explosion pressure (Di et al., 2010). In addition, the minimum explosive concentration
decreases as the particle size decreases. The simulation shows that small particles travel long
distances following the airflow pattern and are less likely to settle due to impacting on a surface.
Thus, the smaller dust particles tend to suspend in the air for longer durations increasing dust

explosion risks.

4.4 Conclusions

The objective of this study was to predict particle deposition with a reasonable accuracy,
so that dust collection systems can be designed to target areas with high deposition rates. Using
the CFD-DPM model developed, the particle deposition was predicted with sufficient accuracy.
During continuous dispersion, suspended dust concentration increased regardless of the dust
injection rate. The suspended particle concentration increased rapidly at the beginning of
dispersion and then decreased to a relatively constant rate after the dust cloud fully spread in the
chamber. Thus, dust collection systems are required in industries where dust emission occurs to
ensure that suspended dust concentration is maintained below a minimum explosive concentration.

The major factor that affects particle dispersion and deposition is the airflow turbulence
and movement. The particle size distribution also affects particle deposition patterns. A small
particle with a low gravitational force and inertia tends to travel with the airflow, even with a sharp
change in direction of the airflow. Special attention should be paid to such small particles even
when there are low explosion concentrations because they have a faster burning rate and they are
more likely to settle in a hidden area, such as, behind equipment.

To improve the accuracy of the prediction of particle deposition, an accurate turbulence
condition is required. Small particle movements are more sensitive to airflow conditions. Thus, a
comparison of CFD models to predict dust dispersion is needed for future work. Furthermore,
deposition on vertical walls should evaluated by conducting a study of particle-wall adhesion force

such as Van der Waals force and the force produced by static electricity. Due to the limitations of
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the DPM model, predicting dust layer thickness is not possible. When a monolayer formed, the
force for particle deposition will change from particle-wall interaction to particle-particle
interaction. For further improvement of the simulation, the particle-particle interaction should be

included.
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5. EFFECT OF SUSPENDED DUST CONCENTRATION ON
THE LIGHT EXTINCTION COEFFICIENT

This chapter was published in Journal of Loss Prevention in the Process Industries, Yumeng
Zhao and R.P. Kingsly Ambrose, A real-time method for sensing suspended dust concentration
from the light extinction coefficient, 104242, Copyright Elsevier (2020)

Abstract

In the powder handling and processing industry, the location of dust emission can vary, with
the suspended dust concentration assessment requiring the installation of immovable or wired
equipment. For increased dust sensing, not limited by location within the facility, a portable
suspended dust concentration measuring system is needed. The suspended dust concentration
under daylight environment affects the light extinction coefficient. To develop a simple dust
concentration measurement system, the relationship of suspended dust concentration and the light
extinction coefficient is presented in this Chapter. Cornstarch, corn dust, and sawdust were used
as test materials in this study. The light extinction coefficient was found to linearly correlate with
the suspended dust concentration and the o, values depended on the dust properties. The mass
extinction coefficients (K) was obtained for cornstarch, sawdust and corn dust, from known,
suspended dust concentrations using image analysis. The mass extinction coefficient of the three
sample materials tested in this study were in the range of 0.03 to 0.04. The light extinction
coefficient can be used for the real-time measurement of suspended dust concentration in both

open and confined spaces.

5.1 Introduction

Increasing production demands have exacerbated the health and safety risks to workers in
particulate material processing and handling facilities. Over 70% of the dusts produced in the
industry are explosive, and the suspended dust concentration is one of the most important factors
that indicates the likelihood of to a major explosion (Abbasi and Abbasi, 2007). Suspended dust
concentration, an indicator of explosion risk in industrial environments (Hinds, 2012; Zhao and
Ambrose, 2019), is normally expressed as particle counts per unit volume or mass per unit of

volume. However, the suspended dust concentration measurement to evaluate explosion risk, with
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the minimum explosive concentration (MEC) that could be as low as 15 g/m? (Laurent, 2011), is
less developed.

To monitor the MEC within the industry, a highly mobile method with a large measurement
area is required. In environmental science and occupational safety-related dust concerns, the well-
developed gravimetric and light scattering methods are widely used for measuring airborne dust
concentration. They form the basis of European and US standard methods for monitoring the
outdoor concentration found in PM10 and PM2.5 (Tasi¢ et al., 2012). These methods are mostly
used for respirable dust with a concentration of micro-grams per unit volume.

In order to prevent dust explosions, a method to measure the suspended grain dust in silos
using the Lambert-Beer law is proposed by Hauert et al., (1996). But the probe that includes a laser
and a photodiode must be calibrated before every use. Light scattering with a portable dust track
aerosol monitor (Dacunto et al., 2015) or using an optical fiber method (Zhong and Li, 1988) are
the other approaches used to measure MEC. However, the optical beam may be a potential ignition
source for combustible dust. For example, a Nd-YAG laser can ignite the cornstarch cloud with
1.9W incident power on the suspended starch cloud (Proust, 2002). Other techniques use
electrostatic interactions, including scanning mobility particle sizers such as the differential
mobility analyzer. While electrostatic equipment can measure the number of aerosol particles per
unit volume, these devices are generally very expensive and used more for testing particle-size
distributions (Kousaka et al., 1985).

In the market today, nearly all methods for measuring dust concentration require the
purchase and installation of new equipment in an industrial facility. However, suspended dust
clouds are dynamic and move with air currents in the facility, and dust can be emitted from a
variety of locations in a processing facility. So, there is a need for a portable and inexpensive dust
concentration measurement method/probe.

Smoke and suspended dust particles can reduce visibility as the particles scatter and absorb
light. The reduction in the intensity of light passing through a dust cloud is referred to as extinction.
The effects of dust concentration on visibility through the atmosphere have been studied widely.
Several empirical relationships between dust concentration and visibility have been proposed
(Chepil and Woodruft, 1957; Patterson and Gillette, 1977; Chung et al., 2003; Wang et al., 2008;
Baddock et al., 2014; Camino et al., 2015). These relationships are used widely in environmental

science but have not been studied for use in industrial environments. Each empirical relationship
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between visibility and dust concentration was developed for a different specific environment and
type of dust. Therefore, to estimate the dust concentration from visibility in an indoor environment,
new empirical relationships need to be developed. Atmospheric science generally classifies dust
clouds by their cause, such as dust storms or fuel burning, so the materials making up the dust vary
and are usually underspecified. However, industrial dust emissions are primarily from known
products, so the components and size of dust will be consistent and known. Light will be affected
predictably by such clouds of dust, which should make empirical relationships between dust
concentration and light extinction relatively easy to establish. Changes in light intensity can be
detected using the cameras’ CCD/CMOS sensors to infer dust concentrations. This Chapter

presents the relationship between dust concentration and extinction coefficient.

5.2 Theoretical Background

The extinction coefficient represents the rate of diminution of transmitted light via
scattering and absorption for a medium. The particle concentration affects the extinction
coefficient (o, ) of the atmosphere (Ogle, 2016):

. _mdiNg .

4

where d,is the particle diameter, N is the number of particles per unit volume and ¢ is the
dimensionless extinction efficiency of a single particle. For the same dust sample, the aerosol
particle-size distribution and q are considered constant at all mass concentrations.

Thus, mass concentration C can be calculated as follows:

C = Zd_pp. € 5.2
3q
where p is the particle density. To obtain the dust concentration, the value of the extinction

coefficient ¢ is required, and to calculate this value a dimensionless mass extinction coefficient K

(m?%g) is introduced, where

1 2dpp

K 3q

53

As the particle diameter and chemical composition are constant for the same material in a

dust cloud, so the dimensionless extinction efficiency and density are also considered as constant.
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The extinction coefficient can be calculated based on atmospheric light scattering models
which describe the observed light intensity of a target and a background, as that intensity is affected

by the extinction coefficient at distance R (Graves and Newsam, 2011):
Jor =Joe %R + J,(1 — e77¢F) 5.4

where, J, is the observed target light intensity with R the distance from target to observed location,
Jo 1s the real target light intensity and /4 is the ambient light intensity.
The ambient light intensity highly depends on the environmental conditions; therefore the

background reference J is introduced in order to calibrate the extinction coefficient:

In (]0r—]gr>

Ue:%

5.5

where, ], is the observed background light intensity, ], is the real background light intensity, and
target and background reference are at distance R from the observed location.

The light intensity (J) can be obtained through a camera. J, and ], are the intensities
without particles between target and camera, and are affected by the ambient light conditions.
However, obtaining the real-time J, and J; when sensing the dust cloud concentration is
impossible. Therefore, another target is required to calculate real-time g,. Using two targets with
different distances from the observed location enable calculation of the g, without knowing J, and
Jg value.

On the other hand, most cameras use a charge-coupled device (CCD) sensor, and there will
be noise signals when sensing the light signal. Thus, a calibration to remove the noise signal is

important before using the light intensity obtained from a CCD. ] is linearly related to the intensity

value obtained from a CCD sensor (G) (Healey and Kondepudy, 1994):
G:AU+NDC+NS+NR) 56

where A is the amplifier to increase the signal power from a CCD sensor, Np is the dark current
noise, Ns is the zero mean Poisson shot noise, and Ny is the readout noise. Noise is unstable in

most cases and makes the result inconsistent, especially when a response intensity is less than the
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noise. Then theintensity will not be accurate or even undetectable. The two-target method can also
be used to overcome the noise effect.
The extinction coefficient calculated using the intensity value measured from two targets
can be used to eliminate the effects of noise:
In (GOH - Ggrl)

GOrZ - Ggrz
R

5.7

O, =

where Go,q and Gg,q are the first target and its background intensity value calculated from the
image by averaging the grey value of all pixels, respectively. Gy, and Gy, are the second target

and its background intensity value also calculated from the image, respectively. R is the distance

between the two targets.

5.3 Materials and Methods

5.3.1 Experimental dust dispersion

A transparent 0.3x0.3x0.45 m? chamber, with two targets placed inside, was used for
suspended dust concentration measurement tests. Cornstarch (Clabber Girl Corporation, IN, USA),
sawdust (System Three Resins, Inc, WA, USA) and corn dust obtained from a local grain elevator
were used in all experimental measurements. Dust samples of 0.5, 1.0, 1.5, 2.0, or 2.5 g were
placed inside the chamber, in front of the nozzle, where the theoretical concentration corresponds
to 17.5,25,42.5, 50, 67.5 g/m? respectively, and then dispersed using 100 kPa compressed air from
the bottom of the chamber. To test the measurement limit, cornstarch dust tests were conducted

using up to 4 g of powder that corresponds to about 100 g/m* concentration.

5.3.2 Measurement of the actual suspended dust concentration during dispersion

The actual suspended dust concentration during dispersion was measured using a 532-nm
laser instrument (Besram Technology Inc, Wuhan, China). For these tests, the laser beam was
placed in the center of the chamber and a photodiode was placed 0.225 m away, at the chamber
wall. During dust dispersion, the photodiode voltage was measured every 0.5 s with a DM2
Compact Digital Multimeter (Wavetek, California, USA). According to Klippel et al. (2014), the

change in laser intensity is exponentially related to the dispersed dust concentration. Therefore
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prior to measurement, the laser system was calibrated by dispersing a known dust concentration in

ethanol (Klippel et al., 2014). The change in intensity was recorded using the laser through a 30

and 60 g/m?* dust-ethanol suspension, and an exponential fit for the concentration and the change

in intensity was obtained (Figure 5.1). Then, the dust cloud concentration in the chamber was

calculated using this calibration curve, which is considered as the actual suspended dust

concentration. The calibration measurements were replicated three times for each type of dust.

Intensity (%)
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[ ] Corn dust y= 1008'4E-04X R2 =0.9721
Cornstarch y = 100e79% R2 =(0.9979
Sawdust y = 100e7E0% R2=0.9176
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Figure 5.1 Calibration curve for measuring dust concentration using a laser. ( A and dotted line
represents sawdust, @ and dashed line represents cornstarch, and m and solid line represents corn

dust)

5.3.3 Dust concentration measured using Two-target method

The suspended dust concentration in the chamber was analyzed using photos of two targets

with black and white stripes (Figure 5.2).
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Figure 5.2 Schematic representation of measuring light extinction coefficient

An iPhone 7 (Apple Inc., USA) was placed inside the chamber to take a video of two targets
during dust dispersion, with 1080p resolution at 60 fps. The distances between the lens and Target
1 and between Target 1 and Target 2 were both 0.22 m, respectively (Figure 5.2). Still, images
were then extracted from the video, at every 0.1 s, using FFmpeg, an open-access video processing
software. Custom-written scripts in Matlab 2015a (MathWorks, Inc., USA) were then used for
image analysis. Each trial was repeated three times.

The targets in the experiment were paper printed with black and white strips, where the
black strips are considered as the target and the white strips as the reference background. During
image analysis, the two printed targets were first cropped from each photo, and then the black and
white strips from the cropped target were separated using Otsu’s method as implemented in Matlab.
The separated black and white strips were then converted from RGB into HSV format using a
built-in Matlab tool, and the intensity values of each pixel from black and white strips were
obtained. The average intensity values of the black strips (B) and white background (G) were used
to calculate the dust’s extinction coefficient using Equation 5.7.

The extinction coefficient value was calculated for all the frames extracted from the video,

at intervals of 0.1 s. The suspended dust concentration changes during dispersion, so the 0.5 s
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interval peak extinction coefficients were averaged and considered as the extinction coefficient, €.
The peak concentration measured using the laser was considered as concentration (C) for
calculation purposes. Using a linear relationship between o, and C, the mass extinction coefficient

K was calculated (Equation 5.2).

5.3.4 Dust particle properties

The size and shape of the dust particles were measured with the Morphologi G3-1D
instrument (Malvern Instruments, Malvern, UK) using a bottom light approach with light intensity
set at 80. The light intensity calibration was performed automatically by the equipment. This
analysis returns the circularity equivalent diameter (CE-diameter), and intensity values. The
intensity value is the average greyscale of particle images obtained from microscope, ranging from
0 (black) to 255 (white). Since the Morphologi G3-ID uses a bottom-lit microscope, particle
intensities are affected by light scattering and absorption, giving a qualitative indicator of the
particles’ extinction efficiency. Particle density was tested with an AccuPyc II 1340 Pycnometer

(Micromeritics Instrument Corp., GA, USA).

5.3.5 Statistical analysis

For each trial, regression analyses on extinction coefficient values were conducted using
the PROC REG function in SAS software (SAS Inc., NC, USA). The atmospheric air extinction
coefficient is negligible at the short distance of 0.025 m with no suspended particulate matter

(Hinds, 2012), so the intercept was set to 0 for the regression analysis.

5.4 Results and Discussion

5.4.1 Dust concentration and extinction coefficient during dispersion

Dust was dispersed fully within 3 s of introducing the compressed air. For dispersion of 2
g of dust, suspended dust concentrations measured using the laser and the extinction coefficient
values are plotted in Figures 5.3 to 5.5. The peak concentration of suspended dust was observed

around 0.5 to 1.5 s and then decreased as the particles settled. During the dust dispersion process,
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particles are suspended by air movement, and only settle once they hit the chamber wall due to
gravitational force and/or particle-wall interaction force. Regardless of the amount of dust
dispersed in air, almost all suspended dust had settled after about 4 s, even through the air was

continuously supplied during the experiments.
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Figure 5.3 Extinction coefficient of cornstarch during dispersion. (Solid line is the actual, and
dashed lines are the extinction coefficient of two replicate dispersion experiments)

Laser tested concentration
----- Extinction coefficeint -1

50 ~ " Extinction coefficient -2 - 2.0
—_ | ] L
% 45 Y “\ . 1.8 ~
5 40 A ,"|.n" o\ - 1.6 £
=354 Ju s - 14 8
230 fily % 125
s f A 8
‘q'd) 25 - 4 (TN oL, - 1.0 :
8 20 | ll ‘/ \ ‘z"\ll \ /T~ \_,-x\vh_ 0.8 g
o ol Q
S5 4 R - 0.6 .S
S1w04//" L 0.4 5
(&}
< 5 )l - 0.2

0 A T T T T 0.0

0 1 2 3 4 5
Time (s)

Figure 5.4 Extinction coefficient of sawdust during dispersion. (Solid line is the actual
concentration, and dashed lines are the extinction coefficient of two replicate dispersion
experiments)
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Figure 5.5 Extinction coefficient of corn dust during dispersion. (Solid line is the actual
concentration, and dashed lines are the extinction coefficient of two replicate dispersion
experiments)

The extinction coefficient values follow a similar trend as the dust concentration during
dispersion. The peak concentration was reached around 0.5-1.5 s in both cases and then declined
to suggest that the changing suspended dust concentration affects the extinction coefficient value
(Figures 5.3 to 5.5). A small valley around 0.4 s, before the peak value, appears in all extinction
coefficient measurements and indicates the heterogeneity of the dust cloud distribution at the
beginning of dispersion. The pressurized airflow dispersed the dust from a single point near the
nozzle, so most of the dust moves away from target 1 towards the camera at the beginning of the
dispersion process (Figure 5.2). With the dust cloud movement, there was a moment that dust was
concentrated between target 1 and the camera, while the concentration between the two targets
was low. This is the moment where the valley was observed. Peak suspended dust concentration
occurs once the dust is found uniformly spread throughout the chamber.

Because laser measurements were recorded at longer intervals of 0.5 s, no valley before
the peak concentration was observed. Furthermore, since laser measurements only record
information from the area that the laser beam passes through, the sampling size is small, and these
measurements were highly dependent on location. The extinction coefficient shows fluctuation,
which might be related to dust particle/cloud movement on the path of light between target and

camera. The sawdust and corn dust extinction coefficients were reproducible. However, the
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cornstarch suspension pattern was different after the peak suspended concentration, which can be
explained by unstable and non-uniform dispersion of cornstarch agglomerates. Cornstarch tends
to be more agglomerated than corn dust and sawdust and settled faster during dispersion. Thus, a

steep decline after the peak value was observed during cornstarch dispersion.
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Figure 5.6 Extinction coefficient of dusts at different concentrations (A and dotted line

represents sawdust, @ and dashed line represents cornstarch, and ll and solid line represents
corn dust)

5.4.2 Mass extinction coefficient

The mass extinction coefficient (K) clearly follows a linear relationship with dust
concentration (Figure 5.6). The K value was obtained from the linear regression model between
the extinction coefficient and concentration. The calculated K values for cornstarch, corn dust, and
sawdust were 0.03042, 0.04158, and 0.04128 m?/g, respectively. The R? for sawdust and corn dust
regression equations were 0.96, and R? for the cornstarch regression equation was 0.93.

The mass extinction coefficient of submicron urban/rural aerosol particles ranged from 1.1
to 9 m?/g (Lodge et al., 1981; Charlson et al., 1999; Myhre et al., 1998; Mallet et al., 2003). Pinnick
et al. (1985) reported that the 9.5 um sandy soil particles have a K value of 0.11 m?/g under infrared

light. The results from Dillner et al., (2001) show that K values decrease with increasing particle
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size, and that light wavelength has a smaller effect on K for larger particles. Due to particle size
and particle property differences, the values we reported are much smaller than the published
values for smaller particles.

To check the limit of the measurements, an additional trial was conducted with cornstarch
particles suspended dust concentration of 100 g/m* (Figure 5.7). The measured extinction
coefficient value was higher than the expected value for this concentration, which could be due to
the sensitivity limitations of the CCD/CMOS sensors in the imaging device. At a very low light
intensity level, the CCD sensor noise is independent of the signal (Healey and Kondepudy, 1994).
Therefore, when detecting the light intensity at 100 g/m?, the photocurrent signal could be weaker

than the CCD sensor noise which could leads to this observed result.
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Figure 5.7 Extinction coefficient for cornstarch up to 100 g/m?® of suspended concentration

5.4.3 Dust particle properties and mass extinction coefficient (K)

Studies have shown that the mass extinction coefficient depends on particle properties such
as particle size (Colangeli et al., 1995; Hand and Malm, 2007). Therefore, the effects of dust
particle properties were evaluated for their effect on K values. The particle size, shape, and light
intensity values of the dust particles tested by Morphologi G3-ID are shown in Table 5.1. CE-
diameter and intensity values were different among the dust cloud types, with sawdust particles

being smaller and more intense than those of corn dust and cornstarch.
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Table 5.1 Dust particle properties

CE Diameter (um) Intensity Mean  Density (kg/m?) K value (m%g)

Cornstarch 11.49 (13.07) 72.34 (37.24) 1491.8 0.03042
Sawdust 7.68 (6.24) 112.90 (17.77) 1491.9 0.04128
Corn dust 25.37 (23.02) 67.94 (10.96) 1484.8 0.04158

(Note: Values in parentheses are standard deviations.)

According to equation 5.3, the particle size, density, and dimensionless extinction
efficiency affect the mass extinction coefficient. The dimensionless extinction efficiency of the
particles is related to both light absorption efficiency and scattering efficiency (Hahn, 2009).
Particle light absorption depends on their chemical composition, and the particles’ scattering
properties are related to size and refractive index (Hinds, 2012).

The intensity value of sawdust particles is 112.90, which is almost double that of corn dust
when measured in the bottom light microscope. The higher intensity for sawdust over corn dust
and cornstarch powder may be related to its brighter color, smaller size, more efficient light
scattering ability, and lower light absorption. Thus, sawdust may have the lowest dimensionless
extinction efficiency of the three samples. However, as mentioned above, sawdust also has the
smallest particle size, which has a negative correlation with K (Equation 5.3). Therefore, because
of the offsetting effects of small particle size and low dimensionless extinction efficiency, the
sawdust K is similar to that of corn dust.

Conversely, when comparing cornstarch with corn dust, K value differences between these
two powders could be due to size and density differences. Although cornstarch has a similar
intensity value to corn dust, its particle size is smaller, and density is greater.

For the dust materials we tested, the K value were affected by particle size, dimensionless
extinction efficiency, and density. Thus, for materials with consistent size, shape, and chemical
components, the K value can be measured experimentally and used to back-calculate the
concentration using the two-target sensing method. Therefore, the establishment of a K library for

different dust materials is essential for application of this method.

5.5 Conclusions

The extinction coefficient is linearly related to the suspended dust concentration, and the

mass extinction coefficient (K) is the key value that can be used to measure the suspended dust

104



concentration. Although the K value depends on the particle size, density and light absorption
properties. A detailed relationship between mass extinction coefficient and particle properties is
still a work in progress. For cornstarch, sawdust, and corn dust, the mass extinction coefficient
ranged from 0.03-0.04. If the measured mass extinction coefficients are available for each material,
the suspended dust concentration can be obtained from the light extinction properties. In order to
use this method to measure the suspended dust concentration, a library of mass extinction
coefficient values that cover a wide range of dust materials will be needed. The two-target method
can be used with any imaging system thereby offering a low-cost and in-situ suspended dust

concentration measurement technique with rapid response time.
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6. SUMMARY OF CONCLUSIONS AND DISCUSSION

6.1 Restatement of Dissertation Goals

Suspended dust concentration during handling and processing of bulk solids is of great
concern for both workers’ health and explosion risk. Dust explosion can be prevented by
controlling the suspended dust particles and accumulated dust layers on the floor. Owing to
complex handling and processing conditions, the dust emission and deposition locations in
industries can vary. As discussed in Section 1.1, the determination of dust dispersion and
deposition parameters and the real-time measurement of suspended dust particle concentration are
some of the challenges that must be solved to control the suspended dust particle concentration.
This study aimed to develop a model to predict particle dispersion and deposition as well as study
the light extinction properties of suspended dust to develop a real-time sensing method. The
specific objectives of this study, as stated in Chapter 1, are as follows:

1. To develop a suspended particle-wall interaction model to predict the dust dispersion

under turbulence;

2. Simulation of continuous dust dispersion with dust deposition using a discrete phase

model;

3. To evaluate the change in light-extinction efficiency as influenced by suspended dust

clouds.

This dissertation work addresses two main themes associated with dust dispersion and
deposition: effect of turbulence on dust dispersion and disposition in an enclosed space, and the
relationship between the suspended dust concentration and light extinction.

Section 6.2 describes the project overview, and Section 6.3 describes the CFD-DPM model
of dust dispersion and deposition, along with the light extinction properties of suspended dust. In

Section 6.4, the possible future work in this research area is presented.

6.2 Project Overview

The parameters of the dust explosion, the importance of studying dust dispersion and
deposition for preventing dust explosion, and project objectives were discussed in Chapter 1.

Chapter 2 provides an overview of the published studies and their results explaining the dust
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explosion and dust dispersion mechanisms as well as the optical properties of dust particles. In
addition, the five factors affecting a dust explosion, and the current preventive methods were
discussed in detail. The available models to predict the dust dispersion were also explained. The
review indicated that suspended dust concentration is an important factor to be considered in the
prevention of dust explosion. Section 2.3 presents an overview of the light-extinction properties
of dust, thus providing information on measuring the suspended dust concentration using optical
properties. Chapter 3 elaborates on dust dispersion in an enclosed chamber and the development
of the CFD-DPM model with a particle-wall sticky-rebound model. Furthermore, the experiments
conducted to validate the simulation were described and the effect of turbulence and dispersion
rate on the dust-dispersion pattern was discussed. In chapter 4, the continuous dispersion in an
enclosed chamber as well as the effect of turbulence and particle size on dust deposition by using
the developed CFD-DPM model was explained. In addition, chapter 4 describes the observations
regarding suspended dust concentrations with different dispersion rates and the effect of particle
size distribution on dust deposition.

Chapter 5 includes experimental observations on the relationships between suspended dust
concentration and light-extinction. The relationship between suspended dust concentration with
light extinction is compared with an existing laser method, and a good correlation was found
between the two methods. Cornstarch, sawdust and corn dust were used to assess the correlation
coefficient value of the proposed method of using light extinction to measure suspended dust

concentration.

6.3 Discussion of Major Findings

A CFD-DPM with particle-wall interaction was developed to predict the dust dispersion
and deposition. The effects of turbulence, dispersion rate, and particle-size distribution on dust
dispersion and deposition were quantified. In addition, a method to measure the suspended dust

concentrations was developed based on light extinction.

6.3.1 CFD-DPM model with particle-wall interaction to predict suspended dust
concentration

Dust suspension and deposition patterns are important factors in the design of a dust-

collection system and prevention of dust explosions. Despite the interaction between airflow and
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particles, the particle—wall interaction plays an important role in dust dispersion and deposition.
Thus, the particle-wall interaction model based on the particle-wall adhesion force was developed
to predict dust dispersion. The simulation results showed that dust dispersed under high velocity
formed a larger and more uniform dust cloud. Thus, high turbulence could result in more severe
dust explosions owing to the faster spreading of the dust cloud. Regarding continuous dust
dispersion, the dust concentration ultimately increases at a constant rate, irrespective of the
dispersion rate.

The prediction error for dust concentration was especially low in the case of a dilute phase
flow, with fewer interparticle interactions. However, in the prediction for high dust concentrations,
the lack of particle-particle interaction apparently affects the accuracy of the proposed CFD-DPM.
Another concern is the dispersion of cohesive powders, where the particle-particle interaction
plays a major role in the deagglomeration process during dispersion. Accounting for particle-

particle interaction is considered essential for providing an accurate prediction.

6.3.2 CFD-DPM with particle—wall interaction to predict continued dust dispersion and
dust deposition

To prevent dust explosion, NPFA suggested that all surfaces, where dust might accumulate,
must be designed and constructed in a way to minimize dust accumulations. The proposed model
is used to predict dust deposition patterns with continuous dust dispersion. In addition, the
turbulence and movement of the airflow and the particle-size distribution affect particle-deposition
patterns. The mean size of the particle settled at the location close to the point of dust discharge is
larger than that of the particle settled farther from the discharge point. A small particle with low
gravitational force and inertia tends to change its direction of flow sharply along with the airflow.
Therefore, special attention should be given to such small particles, because they are more likely

to settle in a hidden area, for example, behind equipment.

6.3.3 Light extinction property of suspended dust

The measurement of the suspended concentration is important for preventing dust
explosion and ensuring workers good health. A method of measuring the suspended dust
concentration by testing the light-extinction coefficient of a dust cloud between two targets by

using a digital camera was developed. A linear relationship was found between the extinction
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coefficient and suspended dust concentration. For certain materials, the physical and chemical
properties of the particles can be considered as constant, and thus, the mass extinction coefficient
(the correlation coefficient value between the extinction coefficient and suspended-dust
concentration) is considered as constant.

Costs for device installation and maintenance of the two-target image method of measuring
the light-extinction coefficient are relatively low and the methods can measure the suspended dust

in a much larger area than laser-based equipment.

6.4 Future Work

By using CFD-DPM, the particle dispersion and deposition pattern were studied in detail.
In addition, a linear relationship between suspended dust concentration and light extinction
coefficient was found. In this Section, two aspects of advance research that could help provide a
greater understanding of the issues associated with predicting dust suspension and deposition and

control the suspended dust concentration in the processing industry are presented.

6.4.1 Prediction of dust dispersion and deposition using CFD-DPM

To improve the prediction accuracy of particle deposition, accurate input of existing
turbulent conditions is required. The airflow pattern is the main factor that affects particle
movement. In particular, the movement of smaller particles is greatly affected by the airflow
conditions. Therefore, comparison of the CFD models for their ability to predict dust dispersion is
important.

Furthermore, deposition on vertical walls should be considered, and particle—wall
interactions, such as static electricity forces, must be examined to obtain a better prediction of dust
dispersion and deposition. Particle-particle interaction could be essential for predicting dust
movement and deposition for cohesive powders or high concentration dispersion. When a
monolayer is formed, the force of particle deposition will lead to interaction of dust particles with
the particle layer instead of the wall material. The interaction force between materials depends on
factors such as the chemical properties, surface roughness, and moisture content. Therefore,
particle interaction with the wall boundary will change from particle—wall interaction to particle-

particle interaction once the first layer of dust is settled.
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6.4.2 Sensitivity analysis of particle properties used in the simulations

In this study, values from the literature and measured property values were used in
simulations. A sensitivity analysis of property values is needed to improve the accuracy of the
model. In this study, particle-wall interaction was modeled using Van der Waals force between
particle and wall. However, other forces between particle and the wall that developed during
contact, such as electrostatic force and solid bridge force, are not considered in this study.
Furthermore, a contact model that includes plastic and elastic deformation of particles should be
better able to predict the particle deposition. Experimental measurement of energy loss during
particle and wall collision is difficult. Thus, sensitivity studies incorporating a rebound-stick model
in DPM model are needed, in order to better understand the nature of particle-wall interaction for

dust dispersion simulation.

6.4.3 Inclusion of particle properties in understanding light extinction coefficient of
suspended dust

The chemical and physical properties of particles can change the light-extinction
coefficient properties. Therefore, a detailed study of the relationships between light extinction and
particle properties is required. For this, a standard method to obtain the mass extinction coefficient
is essential. In addition, various ambient light conditions may affect the boundary (target)
identification as well as the measured dust concentration. Thus, tests should be conducted at

particulate material handling or processing facilities to validate the method at an industrial scale.
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APPENDIX A. SUSPENDED DUST CONCENTRATIONS AT 0.1S
INTERVALS FOR 0.5 S OF DISPERSION FOR VARIOUS
COMBINATION OF AIR VELOCITY AND DUST CONCENTRATION

(UNITS: g/m?)

Time (s)

2 m/s-0.05kg/m>

2 m/s-0.10 kg/m’

10 m/s-0.05 kg/m?

10 m/s-0.10 kg/m?

0.1 0.007 =+
0.2 0.006 =+
0.3 0.007 =+
0.4 0.011 =+
0.5 0.013 =+

0.000
0.000
0.000
0.009
0.002

0.017
0.012
0.015
0.018
0.026

+
+
+
+

+

0.005
0.011
0.014
0.016
0.012

0.007
0.012
0.019
0.017
0.025

+

+
+
+
+

0.003
0.006
0.008
0.007
0.010

0.013
0.025
0.027
0.037
0.033

+
+
+
+
+

0.011
0.007
0.007
0.011
0.005

* Values after + are standard deviations from three replications
of the measurement procedure.
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