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ABSTRACT: In the present work, a CFD study was developed over the 20 L sphere standard test for the
characterization of flammable dust. The aim of the study was to analyze parameters of the standard test that
could affect the results of the test but are not taken into account such as the turbulence, the particle size and the
real concentration at the ignition point. Two different approaches for the simulation were studied. First, an
Euler-Lagrange coupled approach was considered for the simulation. The continuous phase was modeled with
the DES turbulence model, due to its capacity to integrate two different alternatives that will make the solution
more robust. For the discrete phase, a spherical particles lagrangian model was used. The material selected was
micrometric wheat starch with a particle density of 610 kg/m3. The pressure of the system, the velocity
fluctuation and the particle size distribution at the ignition point were validated with an experimental data set.
It was found that both, experimental and numeric approaches presents the same behavior with mean absolute
errors of 0.183 bar and 5.56 m/s, for pressure and mean velocity fluctuation in x-direction respectively. It was
concluded that the rebound nozzle generates a homogeneous distribution of particles within the domain, except
for the bottom-right quarter of the sphere where a considerably lower particle density is presented, due to the
location of the canister. However, it was also found that the concentration at the center of the sphere always
remains lower than the nominal concentration. According to this, it was suggested to use a range between 5 and
10% of the nominal concentration, in order to calculate the MEC. Nevertheless, from the experimental results
it was also concluded that fragmentation phenomenon occur within the sphere with a mean relative between of
69% respecting the initial conditions. According to this, the second simulation consisted on identifying the areas
where fragmentation or agglomeration occurs. In order to achieve that, a new simulation was developed using
the results from the first simulation, and coupling them with DEM for 5 different areas that represent both high
and low turbulence levels (between 130 and 20 J/kg). It was found that the zones before the nozzle present more
fragmentation during the whole test. Additionally, even though the turbulence within the sphere decreases
during the test, fragmentation phenomena occurs in all areas for times before 100 ms. Lastly, it was concluded
that is necessary to change the calculation procedures for the assessment of parameters such as the MEC and
KST, in order to include influential factors like the turbulence, concentration at the ignition point, and PSD.
Keywords: Dust Explosion, 20 L Sphere, CFD simulation, dust dispersion, DEM simulation.

1. INTRODUCTION
Dust explosions are incidents that can affect different
industries like metallurgic, alimentary or polymeric;
as metallic and/or organic powders are commonly
used in different processes. According to Amyotte [1],
these explosions have less relevance than the ones
caused by vapor clouds. Nevertheless, they are also
one of the major hazards to deal with in industrial
facilities. Proof of this, are the many events registered
since 1795 [1, 2]. One of the most relevant cases is the
one related to the Imperial Sugar Company in 2008.

Due to the bad design of the conveyors, a dust cloud
was generated, which later ignited; resulting in 14
fatalities, 36 injuries and the total destruction of the
facility [3].
The reason behind many solid materials becoming
explosive when decreasing their size, resides in the
significant increase of the surface area. This means
that the material may have more contact with an
oxidizer agent and develop a fast combustion or
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2. MATERIALS AND METHODS
In this section, the materials and methods used for the
development of the study will be explained. The
following topics will be described: the 20 L sphere
and its standard tests (2.1); the computational
approach and the conditions used for that (2.2.1 and
2.2.2); the experimental set up used to validate the
simulations (2.2.3); and, a background of the theory
behind dust explosion characterization methods and
issues (2.3).
2.1. The 20 L sphere and the standard test

Figure 1. Dust explosion pentagon.

explosion [4]. It is important to mention that for the
explosion to occur, five conditions must be met,
according to the dust explosion pentagon (Figure 1).In
addition to the three parameters from a vapor cloud
explosion (oxidizer, fuel and ignition source), the dust
cloud also must be suspended and confined [5].
The characterization of a combustible dust is
performed with standardized apparatus that are
designed to evaluate the explosivity of the powder [6].
The 20 L sphere is one of the most utilized equipment
and was developed by Siwek in 1977 [7]. This is one
of the main types of equipment used, due to its
capability to measure maximum pressure (Pmax),
maximum pressure rate (dP/dt max), Minimum
Explosive Concentration (MEC) and the deflagration
index (KST). However, several authors have called into
question the validity of the test because there are some
important parameters that are not taken into account
during the test, such as turbulence, concentration at
the ignition point, and agglomerate size.

The 20 L sphere was designed by Siwek as an
attempt to reduce the size of the dust explosion
characterization test apparatus, and consequently
decrease the cost involved with the test [7]. The
conditions of this test are standardized by the
ASTM E1226 [8]. The 20 L sphere consists of
three main parts: the canister of 0.6 L where the
dust is loaded; the sphere where the dispersion
and explosion take place; and the control system
that allows measuring the results (Figure 2). Prior
to the development of the test, the canister is
pressurized to 21 bar, and the sphere is evacuated
to 0.4 bar. The test begins with the injection of
the pressurized gas, and the solid phase,
immediately after the solenoid valve, between
both chambers, is opened.

For this reason, this study aims to develop a
Computational Fluid Dynamics (CFD) simulation, in
order to observe and quantify the dispersion
phenomenon of a starch cloud, within the 20 L sphere,
under the standard test conditions. Additionally, the
simulation results are experimentally validated with a
Particle Image Velocimetry (PIV) analysis and a laser
diffraction assembly to measure the Particle Size
Distribution (PSD) at the ignition point.
Figure 2. 20 L sphere description.
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Figure 3. Rebound nozzle.

The latter stage (Figure 5), refers to the
evaluation of fragmentation and agglomeration
phenomena during the dispersion process. To
accomplish this, the Discrete Element Method
(DEM) was used to model the interaction
between particles. For both stages, the software
STAR-CCM+ v10.02 (CD-adapco) was used as
the simulation tool.

In order to achieve a better homogenization of the
dust within the sphere, a rebound nozzle is
located at the inlet section of the sphere (Figure
3). The ignition takes place in the center of the
sphere 60 ± 5 ms after the solenoid valve opened.
An ignitor located at the geometric center of the
sphere is activated, and the pressure is measured
with sensors located on the walls. Lastly, it is
important to mention that the equipment is
surrounded by a cooling jacket with water at 300
K [8].
Figure 5. Methodology: second stage.

2.2. Methodology approach
In order to develop this study progressively, two
main stages were required. The former (Figure 4)
stage involves the simulation of the particle flow
as a lagrangian phase; it allows defining a particle
flow pattern around the sphere with particle size
distribution, and to validate the simulation with
the experimental results.

2.2.1. Computational approach: First Stage
The first part of the description of the
simulation development corresponds to the
mesh; the initial and boundary conditions of
the flow domain, which consists of two
bodies: the canister and the dispersion vessel
(Figure 6). In the sphere, it is compulsory to
mention the importance of the rebound
nozzle which is detailed in Figure 3.

Figure 6. 20 L sphere flow domain.
Figure 4. Methodology: first stage.
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Figure 7. Volumetric mesh and cell quality of the flow domain.

The rebound nozzle is an asymmetric device
that attempts to create a uniform distribution
of the dust inside the sphere. When the
multiphasic flow is injected to the sphere, the
rebound nozzle splits it in three different
flows. Two of them go towards the sides of
the sphere and the remaining one keeps its
flow direction upwards through three small
orifices located on the nozzle wall that
blocks part of the inlet flow.
The special discretization was defined taking
into account the irregular shape of the nozzle,
the supersonic flow and the high pressure
gradients. According to this, the zones near
the nozzle and the inlet of the sphere had a
finer mesh (Figure 7).
Table 1. Conditions for the Advancing Layer Mesher

Parameter
Number of prism layers
Prism layer stretching
Prism layer thickness

Value
2
1.1
36 μm

In order to represent properly the boundary
layer, the Advancing Layer Mesher tool was
implemented. This tool creates a polyhedral
volume mesh, with prism layers for the zones

near the walls. The conditions for the
creation of the mesh can be observed in
Table 1. The final mesh had 7,316,852 cells
in total, with a mean cell quality of 0.69.
As to the initial and boundary conditions,
they were all defined according to the
protocol of the experimental test. In
accordance with that definition, the initial
conditions for pressure were 21 bar for the
sphere, and 0.4 bar for the canister.
Additionally, a quiescent velocity field was
defined and the turbulent intensity and
viscosity ratio were equal to 0. The
temperature was defined as static with a
value of 300 K.
Furthermore, as the 20 L sphere is a closed
system, all the boundaries were established
as walls with no-slip condition, and a
constant temperature of 300 K.
The air was modeled as real compressible
gas, using the Peng-Robinson equation. The
turbulence was modeled with the Detached
Eddy Simulation (DES) model. This type of
approach was used because it couples two
alternatives for the problem solution. The
first one of this alternatives is the Large Eddy
4

Figure 8. Ratio between turbulence scale and subgrid scale.

Simulation (LES) model which is capable of
solving small turbulence scales when those
scales are bigger than the subgrid scale. The
second alternative, is the κ-ω SST turbulence
model, which is used on the zones near the
walls or where the flow is irrotational [9, 10].
In Figure 8 it is possible to observe the ratio
between the turbulence scale and the subgrid
scale. This figure gives an idea of the way the
DES model works, knowing that the zones
with value greater than 1 are modeled with
LES and the other ones with the κ-ω SST
model [11].
Moreover, it is important to mention that
after several preliminary simulations, the
time step that was set for the simulation is
1𝑥10−4 s, with 100 iterations per step and a
CFL number equal to 1.

For the discrete phase, a lagrangian model
that represented particles as solid spheres
with constant density was used. The material
used for the simulation was micrometric
wheat starch that has the physical properties
listed in Table 2.
Regarding the interaction between the
phases, the air-particle was the only one
taken into account. It is important to mention
that due to the high concentration of
particles, the model divides the population
into parcels, representing each of them as
statistical distribution of particles. All The
parcels were the injected over the canister
faces, in a period of one step.
The simulation implements 7.11𝑥105
parcels to represent a total of approximately
17 million particles. The total amount of
starch loaded on the canister was 0.6 g, with
a density of 610 kg/m3. The PSD of the
sample can be observed in Figure 9.
According to all the conditions established
before, it was possible to evaluate the
following properties from the 20 L sphere
dispersion process:

Figure 9. Particle size distribution for the sample.




Pressure of the system (bar).
Velocity fields for the gas flow (m/s).
5






Particles velocity (m/s).
Pattern flow of air and particles within
the domain.
Particle size distribution within the
domain (μm).
Particle concentration at ignition point
(g/L).

2.2.2. Computational approach: Second
Stage

In order to model the interaction between
particles, the DEM model was used. This
model solved a momentum balance for each
particle as is stated in Equation 1, in order to
obtain the particle velocity. Four main terms
are part of the Equation 1: the first one is
related to the drag force of the fluid over the
particle; the second term refers to the
gravitational force; the third one refers to the
force due to pressure gradients; and the final
one explains the force to the Brownian
motion.

𝑑𝑡

= 𝐹𝐷 (𝑢 − 𝑢𝑝 ) +

(𝑔⃗(𝜌𝑝 −𝜌))
𝜌𝑝

+ ⃗⃗⃗
𝐹𝑝 + ⃗⃗⃗⃗
𝐹𝑏

i.

ii.

In this section, all the simulation conditions
used to model the interaction between
particles will be specified, in order to
evaluate
the
fragmentation
and
agglomeration phenomena that occur during
the dispersion process.

𝑑𝑢𝑝

JKR model [12]. This model is based on a
total energy (𝑈𝑇 ) that keeps the particles
together. The 𝑈𝑇 term (equation 1) is the
result of a sum of three different energies:

(1)

Where,
𝑢𝑝 : particle velocity
𝑡: time
𝐹𝐷 : drag force
𝑢: gass velocity
𝑔: gravity
𝜌𝑝 : particle density
𝜌: gass density
𝐹𝑝 : force due to pressure gradient
𝐹𝑏 : force due to Brownian motion

iii.

The stored elastic energy (UE ): energy
between two particles in contact,
assuming that they could overlap
instead of deform.
The mechanical potential energy (UM ):
energy due to an applied load over the
particle.
The surface energy (US ): adhesion
energy between two surfaces.

The main shortcoming of this model is that it
requires a high computational effort as it is
necessary to solve the force balance for each
particle. Taking that into account, it was
decided not to simulate all the dispersion
process using this approach, but only small
frames of time and space. Four different
initial times were defined to evaluate this
phenomenon: 1, 20, 60 and 100 ms. Each one
of those initial times were simulated during a
period of 0.5 ms. Those times frames were
selected because with them, it was possible
to obtain results for an initial time (1 ms); a
high turbulent time (20 ms); the ignition time
(60 ms); and a low turbulence time (100 ms).
For each one of these simulations, five
different zones were stablished to evaluate
the particle interactions according to Figure
10. Zone 1 evaluates the fragmentation
process before the nozzle, where some
authors had said the greatest change of
particles size occurs [13]. The second zone
evaluates the behavior of particles when they
collide with the nozzle. Zone 3 has the
biggest velocities and turbulence so it is
important to evaluate the change of
agglomerates size here. Zone 4 has lower
turbulence over time and zone 5 covers the
ignition point. According to the above, a total
of 20 simulations were realized.

To evaluate the fragmentation and
agglomeration phenomena, it was necessary
to implement a cohesion model known as the
6

Table 2. Properties used for starch modelling.

Density [kg/m3]
Poisson ration
Young Modulus [MPa]
[14]
Total particles

610
0.3
697.7
1324

Table 3. Parameters for particle-particle interaction of
starch.

Figure 10. Five zones evaluated.

It is important to mention that the initial
conditions for every one of these simulations
were obtained from the results of the first
stage simulation. Having cleared that, the
mesh and flow conditions for the second
stage simulations remain the same as the
ones for the first stage.

Static friction coefficient
Normal restitution coefficient
Tangential restitution
coefficient
Work of cohesion [W/m2]
Coefficient of rolling
resistance
Maximum Tensile Strenghth
[Pa] [15]
Maximum Shear Strength [Pa]
[16]

0.2
0.25
0.2
117.4
0.15
23
19

2.2.3. Experimental approach
The PSD used for the injection on each zone
was the same as the one used on first stage.
However, for second stage, the particles
were loaded as agglomerates of 3 particles of
the same size (Figure 11), so it will be
possible to evaluate the fragmentation of
those agglomerates.
The physical properties of the material used
for the simulation can be observed in Table
2, and the parameters for particle-particle
interaction can be observed in Table 3.

In order to validate the simulation, the
experimental dataset was supplied by the
Lorraine University located in Nancy,
France.
A high speed camera was used to record the
particle flow pattern from the front of the
sphere. Additionally, the PIV technique was
used to measure the velocity fluctuations of
particle flow. The PSD at the center of the
sphere was also measured using a laser
diffraction assembly.
2.2.3.1.

Figure 11. Representation of agglomerate of 3 particles.

PIV analysis

The experimental assembly required a high
speed camera to record the particle flow, and
a laser that serves as illumination for the
region of interest as stated in Figure 12. The
Phantom V91 series high speed video
camera was used. A resolution of 480 x 480
px and an exposure of 150 µs was used.
Those parameters defined a window of 2.95
cm x 2.80 cm (8.26 cm2). A framerate of
6410 fps was used, which indicates a timelapse of 156 µs between two images.
7

concentration does not represent the worst case
scenario [4, 20]. In the 20 L sphere standard test,
the MEC value is calculated as a nominal
concentration, according to equation 2.

𝑀𝐸𝐶 =

Figure 12. Representation of PIV experimental assembly.

On the other hand, a RayPower 2000
(DANTEC DYNAMICS) CW laser was
used for the illumination of the particles. The
improvements of image quality and analysis
were made with PIVLAB 1.35 open source
code, which work as a Matlab toolbox.
2.2.3.2.

PSD analysis

For the PSD analysis a Granulometer
HELOS/KR (SympatecTM) apparatus was
used. The ISO 13320 "Particle size analysis
- laser diffraction methods” standard was
taken into account for the experiment.
Figure 13 illustrates the assembly used in this
case. The laser beam crossed the 20 L sphere
by its geometric center from the laser
emission device to the laser detection device.
The optical measurement volume of the laser
had a cross section diameter between 2.2 and
13.0 mm. The scattered light is captured by
the extinction photo detector and registered
as an intensity defect on the beam. Finally,
the detectors converts the light signals into
electrical signals for further processing.

𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 𝑠𝑎𝑚𝑝𝑙𝑒
20𝐿

(2)

On the other hand, KST is a value that allows to
relate a flammable dust with risk level within
three different categories according to Table 4. A
cubic root law (Equation 3) is used to calculate
this value, where the maximum pressure rate is
related to the volume of the facility [21, 22, 23].
The above means that after calculating the
pressure rate in the standard test, it is possible to
know the KST for any industrial facility just by
knowing the total volume of it.
𝑑𝑃

𝐾𝑠𝑡 = ( 𝑑𝑡 ) 𝑉 1/3

(3)

Having said all the above, it is important to
highlight that during the past years, some strong
questions have been raised regarding the validity
of the way these parameters are calculated,
because some important factors are not taken into
account [19, 24, 25]. Following, there is a brief
summary of these questions.

2.3. Theory
Two of the major parameters used for the design
of equipment and processes are the MEC and KST,
obtained from the 20 L sphere standard test [17,
18, 19]. The MEC indicates the minimum
concentration that is required for a dust cloud to
explode. Its value is highly related with the
Minimum Ignition Energy (MIE) and the Pmax.
However, it is important to mention that this
relation is not lineal so an explosion at MEC

Figure 13. Representation of PSD experimental assembly.
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2.3.1. Questions regarding the MEC
evaluation
First of all, the fact that the MEC is
calculated using a nominal concentration
means that it is assumed a complete
homogeneity of the dust cloud within the
sphere. In this respect, Kalejaiye [13]
evaluated the optic transmittance of dust
cloud in different points of the sphere. It was
concluded that even though the homogeneity
is generally good, the concentration at the
explosion point is less than the nominal.
Regarding this same topic, Yuan [26] argues
that dust concentration significantly depends
on the type of material and the ignition time,
because samples with smaller particle size
take less time to fully develop around the
sphere. It is concluded that in order to
evaluate the MEC, it is not enough to only
take into account the amount of material, but
also the size of it and the ignition time.
Secondly, regarding the particle size,
Kalejaiye [13] explains that due to the
extremely high velocities at the sphere inlet,
particle size decreases due to fragmentation
phenomenon. On the other hand, depending
on the material, it is also possible to have
agglomeration processes in zones of low
turbulence.
Lastly, Proust [27] found that during the
dispersion process an initial increase of
temperature occurs, which could lead to the
decrease of MIE and change of MEC.
2.3.2. Questions regarding the KST
evaluation
The main concerns regarding the
deflagration index, reside in the fact that the
way used to calculate it does not take into
account some parameters that should
influence its value like turbulence,
combustion velocity, flame area and mixture
velocity [27, 28, 29]. The way the KST is
evaluated now, requires that the turbulence
conditions of the industrial facility where the
dust cloud is generated are the same as the

conditions of the standard test. In reality, this
is really difficult to achieve because of the
extremely high velocity fields developed
within the sphere. To show an example of
this, if the imperial sugar case is analyzed
again, the report of the case says that the
greater KST from all the materials involved
was 189 bar m/s [3]. This value is classified
as a weak explosion according to Table 4.
Table 4. Risk levels for KST.

Risk
level
ST 1
ST 2
ST 3

KST (bar m/s)
1-200
201-300
> 300

Characteristic of
the explosion
Weak
Strong
Very strong

Following, the fact that the KST only depends
on the material and on the volume of the
facility, means that its value should remain
constant for different tests in different
equipment. Evidentially, when the sphere
was designed, Siwek [7] reported that the
deflagration index remains constant between
the sphere and the 1m3 vessel. However,
further studies like the one from Van der Wel
[30], concluded that it is necessary to vary
the ignition time in order to maintain the KST
constant, as this value may be influenced by
the concentration. That said, the standard test
should have an ignition time greater than 60
ms. On this same topic, Dahoe [31] argues
that the ignition time of the sphere should be
of 200 ms in order to achieve the same KST as
the one from the 1m3 equipment. Finally, it
was also concluded that the size of the
equipment could significantly influence the
deflagration index value, if the flame size is
greater than 1% of the radius of the sphere.

3. RESULTS AND DISCUSSION
In this section, the most relevant results obtained from
the computational approach will be explained and
analyzed, including the comparison with the
experimental results.
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3.1. Pressure of the system
In Figure 14 is shown the pressure profile of the
sphere, and the comparison with the experimental
results obtained from the literature, specifically
from the study of Dahoe et al [31]. The
comparison is presented until 60 ms, which are
the most relevant steps since they are previous to
the ignition time.
The numeric approach presents a mean relative
error of 18.97% and a mean absolute error of
0.183 bar. Even though both approaches show the
same behavior, it is clear that the numeric
approach takes longer to stabilize. This could be
explained because the numeric approach cannot
solve the time scale accordingly, as the pressure
difference between both bodies is extremely high.
3.2. Turbulence
As was stated before in this document, the
turbulence of a dust cloud radically influences the
violence of the explosion, and it should be a
parameter considered when establishing the
ignition time of the standard test. In Figure 15 the
mean Turbulent Kinetic Energy (TKE) around
the sphere is presented. It is observed that the
TKE rapidly increases on the first steps and then
starts to decrease, to finally settle after
approximately 60 ms.

Figure 15. Turbulent Kinetic Energy of the sphere.

As for the standard test conditions, two important
conclusions can be made from this result. Firstly,
it can be stated that, in terms of the turbulence, an
ignition time greater than 60 ms will represent a
lower uncertainty in the test as the velocity
fluctuations decrease and stabilizes. Secondly,
there is a minimum value where the cloud is
stable, and this value could be considered as a
new explosivity parameter that may be included
on the measure of other parameters like the KST or
Pmax. However, when evaluating a real case
scenario, the turbulence of the facility should be
taken into account, considering that in the
standard test the worst-case sceneario is not being
evaluated due to the minimum value of the
turbulence.
3.3. Particle velocity fluctuations
From the PIV analysis, the mean velocity
fluctuation for the x-direction was calculated.
The assessment of this variable was made within
an area around the ignition point, defined by a
cube with a side size of 3 cm. In Figure 17, this
variable can be observed and compared with its
numeric approach.

Figure 14. Comparison of pressure between the numeric and
experimental [31] results.

Even though the numeric approach reports
significantly greater values, with a mean absolute
error of 5.56 m/s, both approaches present the
same behavior where the velocity fluctuations
slowly decrease between 20 and 100 ms. The
relative difference between the initial and final
point of each approach was calculated, with
results of 53.8% versus 54.5% for the numeric
and experimental results, respectively. This
10

Figure 16. Flow pattern for first 7 ms.

means that both approaches decrease the velocity
fluctuation in the same proportion. Moreover, the
difference between both approaches could be
explained due to the influence of the particle size
over its velocity, taking into account that the
simulation did not include fragmentation or
agglomeration models.
3.4. Flow pattern
The flow pattern is a qualitative analysis that
allows observing the behavior of both phases
around the 20 L sphere, and it could be used to
evaluate the homogeneity of the solid phase. Two
different time frames were analyzed. The first
one, was until 7 ms, when the bulk of the cloud
was injected; and the second one, was between 40
and 100 ms, when the cloud settled and the
ignition takes place.
In Figure 16, is observed the behavior of both
phases for the first time frame. The rebound
nozzle completely influences the flow as it
addresses the particle flow to the lateral walls at
high velocity. Then, the particles go upwards and
collide. Consequently, their velocity decreases,
and the downward direction prevails, through the
center of the sphere.

The second time frame of the flow pattern is
presented in Figure 18. There, it is concluded that
the position of the canister makes the particles
tend towards the left, and a zone with low particle
density can be identified at the bottom-right
quarter of the sphere. It is also possible to observe
the sedimentation process of a fraction of
particles at the bottom of the sphere.
Furthermore, it can be seen that the cloud has
developed completely, thereby there is
homogeneity over the particle diameters of the
flow.

Figure 17. Velocity fluctuation on x-direction for both numeric and
experimental results.
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Figure 18. Flow pattern between 40 and 100 ms.

Analyzing the standard test conditions, it can be
stated that the rebound nozzle allows an overall
homogeneity of the particles within the
equipment. However, in order to achieve
repeatability of the test, it is important to maintain
constant conditions at the ignition point, which
cannot be explained from the flow pattern view,
and will be better analyzed using a quantitative
variable later on this document.
In relation to the gas flow, it can be seen in Figure
16 that the highest velocity flow is located at the
horizontal center of the sphere, as the particles
density is greater near the lateral walls. However,
as the simulation advances, the gas velocity
significantly decreases, and an aleatory direction
flow pattern is established (Figure 18), which
contributes to increasing the homogeneity on the
sphere.

Figure 19. Ratio between real and nominal concentration.

3.5. Particle concentration
The particle concentration was assessed in a
cubic volume of 27 cm3 around the ignition point.
The nominal concentration was calculated as the
total mass of particles in the sphere, divided by
20 L, as it is stated on the standard test conditions.
The ratio between both variables is shown in
Figure 19. This ratio represents how close the
concentration at the ignition point is to the
nominal one, which means that at a value equal
to 1, the MEC calculated on the test is the same
as the real one.
From this result, it can be seen that the real
concentration is always lower than the nominal
one by a significant proportion, with a mean
value of 0.069. At the standard test’s ignition time
(60 ms), the nominal concentration was 15.38
times higher than the real concentration, which is
considerably high. These results corroborate the
questions regarding the evaluation of the MEC
that were mentioned in Section 4.1. It is evident
that is impossible to measure the real
concentration at the ignition point for every test
made on the 20 L sphere, however, the nominal
concentration is not a valid approximation of the
real MEC value. According to the results, it is
suggested to modify the calculation of the MEC
as a proportion of the nominal concentration that
should range between 5 and 10%.
12

Figure 20. Particle size distribution at the ignition point for
three different diameter percentiles.
A) Diameter 10. B) Diameter 50. C) Diameter 99.

In order to quantify the PSD, a laser diffraction
experimental assembly was set up. The results are
observed in Figure 20. Additionally, the initial
PSD and the numeric results are also presented in
this graph.

results suggested that no fragmentation or
agglomeration phenomena occurs at the center of
the sphere as the diameters tend to remain
constant. However, the experimental results
evidenced a significant reduction of the diameter
values, compared to the initial PSD. The mean
relative difference between the initial and
experimental values for each diameter are 69, 75
and 62%, respectively. This behavior can be
explained by two different hypothesis: 1.
fragmentation phenomenon is occurring at some
position different to the ignition source, or; 2.
there is a weak homogeneity of the cloud, which
limits bigger particles from reaching the ignition
point. The numeric results will give a better
understanding of this process.

First, the experimental results were analyzed.
Each one of the three diameters studied (d10, d50
and d99) represents a standard deviation over
time of 0.23, 0.3 and 0.39, respectively. These

The results of the simulation present a mean
relative difference, with regard to the initial
conditions, of 20, 15, and 17% for d10, d50 and
d99, respectively. This difference is considerably

3.6. Particle size disribution
As was mentioned before, the particle size is a
key factor on dust explosions, as the severity of
the explosion increases with its corresponding
size reduction. Taking that into account, it is
extremely important to know the PSD of the
cloud at the ignition point.
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Figure 21. Particle size distribution for 99 diameter of the stage 2
simulation. The different lines represent the five zones. The locations
of them can be observed on Figure 10.
A) 1 ms. B) 20 ms. C) 60 ms.

lower than the experimental results. Thereby, due
to the lack of fragmentation models on the
simulation, it can be implied that hypothesis 1
prevails over hypothesis 2, as the numeric
diameters tend to remain closer to the initial ones.
This result leads to the second stage simulation,
which includes fragmentation and agglomeration
models.
Moreover, it is important to mention again that
the objective of second stage simulations is to
identify whether a zone could present
agglomeration and/or fragmentation phenomena,
rather than establish an exact value that should
match with the standard test experimental results.
According to that, all simulations started with the
same PSD.
The results for diameter 99 of these simulations
can be observed in Figure 21 (The complete
results can be found in Annex 1). Starting with
the 1 ms simulation, it is evident that
fragmentation of agglomerates occurs for all
zones, however two main levels of fragmentation
could be distinguished. The first one occurs for
zones 1 and 2, where the particle diameter

decreases until time step 3, with a mean variation
of 30.6% from the initial PSD. The second level
of fragmentation occurs for zones 3 to 5, where
all fragmentation phenomenon occurs during the
first step of the simulation, and then the diameter
tends to remain constant after a decrease of
13.8%. The difference between the zones
behavior, is justified by the high velocity of the
gas that it is being injected (affecting zones 1 and
2), while for the zones within the sphere (zones 3
to 5) the flow is just starting to develop.
For the 20 ms simulation, a general difference is
observed with the results obtained for 1 ms
simulation. Zones 2 and 5 show the more
significant changes. In relation to zone 2, the
changes rely on the fact that the fragmentation
phenomenon does not settle. On the other hand, it
can be stated, that in terms of zone 5 changes, the
3 orifices located at the center of the nozzle
affected its behavior as the fragmentation of
agglomerates never stops during the 5 steps,
while zones 3 and 4 tend to stay constant after
time step 3.
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Moreover, when evaluating the 60 ms simulation,
it can be stated again that zone 2 has a greater
decrease of agglomerate size. However, what is
more interesting is the fact that the diameter on
zone 1 remains almost constant until time step 4,
when it suddenly decreases. This behavior occurs
due to the collision of agglomerates with the wall
of the inlet tube. The same analysis could be
made on zone 2, where for all times,
agglomerates are colliding with the nozzle walls
and thereby fragmenting.
Additionally, all the results related to PSD will be
analyzed in terms of the standard test. First, as it
was proved that fragmentation phenomenon
exists along the test, the new PSD should be taken
into account on the specification of the
characterized material, as the explosivity
parameters of a dust may change with its mean
particle size. Specifically, both MEC and MIE
values decrease with particle size, which means
that the actual values for the dust characterized
could be significantly higher than the ones
calculated on the test.
Lastly, even though on the current test the main
fragmentation occurs before the particles cross
the nozzle zone, it is concluded that
fragmentation phenomenon is difficult to control
at any zone of the sphere, due to the high
velocities of the multiphasic flow. Therefore, it is
challenging to propose improvements to the
standard test that could avoid this kind of
processes. Moreover, it is necessary to take into
account the fragmentation levels of the particles
when characterizing dust materials, as it is
evident that the PSD will change just before the
bulk of the cloud crosses the nozzle.

4. CONCLUSIONS
The 20 L sphere standard test for flammable dust was
simulated using CFD tools in order to evaluate the
performance of the standard test and the methods used
to calculate explosivity parameters such as KST, MEC,
Pmax and MIE. It was found that there is a minimum
value for the turbulence on the test, which stabilizes
after 60 ms. It was proposed to consider this value as
a new explosivity parameter that should be included
in the calculation of other parameters like the KST and

the Pmax, due to the influence of the turbulence over
them.
A flow pattern was defined within the sphere. It was
found that the position of the canister affects the
distribution of particles, which leads to a low particle
density zone at the bottom-right quarter of the sphere.
Also, it was a found that particle size is well
distributed on the sphere so there are no zones with a
specific particle size preference.
A comparison between the concentration at the
ignition point and the nominal concentration (used to
calculate the MEC) was made. It was found that for
all times, the concentration at the ignition point was
significantly lower than the nominal one. It was
concluded that it is necessary to modify the
calculation of the MEC by defining its value as a
fraction, between 5 and 10%, of the nominal
concentration.
The PSD was also evaluated over time and compared
with the results from the laser diffraction analysis. It
was conclude that the 20 L sphere has a proper particle
distribution as the particle size at the ignition point
does not change during the dispersion. However, the
particle size decreases compared to the initial
distribution so it is possible to affirm that
fragmentation phenomenon occurs at certain areas of
the sphere. It can be concluded that this level of
fragmentation significantly disturbs the value of
explosivity parameters such as the MEC and the MIE
so a correction over this parameters should be made.
Additionally, the fragmentation and agglomeration
phenomena was analyzed in five diffferent zones of
the sphere and canister. It was concluded that
currently, the main levels of fragmentation occur
before the particle flow crosses the nozzle section.
The results also led to the conclusion that the collision
of the particles with the walls is a main factor of the
fragmentation process. However, by analyzing other
zones within the sphere, it was concluded that even if
there were no changes on particle size before the
nozzle section, fragmentation phenomenon will occur
on the entire sphere, due to the high velocity of the gas
and the high levels of turbulence.
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5. FUTURE WORK
Two main sections are part of the future work of this
project. First, a new geometry for the dispersion
nozzle will be proposed and analyzed through
computational and experimental approaches. This
study will allow evaluating the changes of the
turbulence, homogeneity and PSD over the test.
Secondly, it is planned to start developing
computational simulations including the dust
combustion, in order to evaluate the complete
performance of the standard test.
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ANNEX 1. RESULTS OF THE SECOND STAGE SIMULATION. RESULTS ARE DISPLAYED PER DIAMETER AND PER TIME.
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