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Abstract:
The 20 liters sphere is a device used for the measurement of explosive parameters of combustible
dust and is accepted as an international normativity and standard under the ASTM E1226: 2013. To
perform an explosively characterization of flammable dust, five conditions are needed: combustible
dust, oxidant, ignition energy, confinement and the dispersion of a minimum concentration of dust.
However, recent studies have found that there are other variables that can affect the explosion
severity and the reliability of this test such as the particle size, dust humidity or turbulence, which
also increase the complexity of the dust explosion dynamics, for example, the particle size
distribution can affect the minimum concentration of dust and amount of energy required for a dust
explosion. To extend the complexity, hybrid mixtures, which are composed of flammable gases and
flammable dust, can present a totally different characterization of their explosivity parameters
compared to their pure components. On this context, the purpose of this paper is to provide an
experimental and computational study on the influence of the change of the turbulence, induced by
a change of the geometry on the nozzle of the 20L sphere, on the flow pattern, mixture homogeneity,
dust concentration and fragmentation rate. The study is carried on using 7 different nozzles, 7 for
the numerical and 5 for the experimental study respectively, with the hybrid mixture methanecarbon black. The numerical analysis is developed in the commercial CFD software Star-CCM+
V12.02.010, while the experimental analysis is developed using particle image velocimetry and
granulometric tests. The numerical and experimental results showed similar tendencies about the
velocity field on the sphere for the compared nozzles, also, the fragmentation rate with both
methods showed the same behavior where the variation of the nozzle does not significantly affect
the fragmentation rate, and the capabilities of post processing of the numerical model provided an
explanation of why the dust cloud is not homogenous within the sphere and where are the regions
where particle fragmentation are the highest.
Key words: Combustible dust, hybrid mixture, 20L sphere, CFD-DEM, PIV, fragmentation,
agglomeration.

1.

Introduction

In safety process, dust explosions are of great interest since incidents related with this material can
happen in numerous industries such as mining, metallurgic, pharmaceutics, agriculture, among
others, causing loss of money, infrastructure or even human lifes[1]. Around the world, incidents
related to dust explosions have been widely reported, for example between 1979-1989 The United
Kingdom Health and Safety Executive reported 303 incidents, between 1965-1985 The Federal
Republic of Germany reported 426 incidents [2], and more recently The Chemical Safety Board of
United States reported 50 incidents between 2008-2012 [1]. For this reason, it became compulsory

the characterization of flammable dust in order to design safety systems capable to hold and actuate
on time at the event of an incident, so they can mitigate its consequences.
For the design of the mentioned safety systems, which can be active such as fast extinguishing
systems or passive like explosion vents, flammable dust needs to be characterized with standardized
and reliable laboratory tests. Two main types of characterizations are made, the first regarding the
flammability parameters of the ignitability of combustible dust such as the minimum ignition
temperature (MIT), minimum explosive concentration (MEC), minimum ignition energy (MIE) and
the minimum oxygen concentration (MOC) (Figure 1). The second is regarding the severity of a dust
explosion such as such as the maximum pressure (𝑃𝑚𝑎𝑥 ), maximum pressure rate ((𝑑𝑃/𝑑𝑡)𝑚𝑎𝑥 ) and
the posterior calculation of the deflagration index (𝑘𝑠𝑡 ).
MIE
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Figure 1: Flammability parameters of the ignitability of combustible dust, the standard associated for the
characterization and the laboratory equipment used for the measurements.

For the measurement and characterization of the severity of a dust explosion, two main standards
are used (Table 1). These standards are design to measure the 𝑃𝑚𝑎𝑥 , which indicates the maximum
pressure an explosion can achieve within the enclosed vessel, and the (𝑑𝑃/𝑑𝑡)𝑚𝑎𝑥 which indicates
how fast it can be achieved. These parameters are also used to determine the 𝑘𝑠𝑡 , value that classify
the risk of a powder explosion and is also used to scale up equipment (Table 2).

Table 1: Operating conditions of the main international standards for dust characterization

International standard
Dust explosion chamber volume
Dust storage canister (L)
Dust explosion chamber initial
pressure (bar)
Dust storage chamber initial
pressure (barg)
Ignition delay time (ms)
Ignitor energy (kJ)

20L sphere
ASTM E1226: 2013
20L
0.6

𝟏 𝒎𝟑 tank
ISO 6184/1: 1985
1 𝑚3
5

0.4

Atmospheric

20

20

60±5
5

600
10

The 𝑘𝑠𝑡 is defined according 𝑘𝑠𝑡 = 𝑉 1⁄3 (𝑑𝑃⁄𝑑𝑡)𝑚𝑎𝑥 , it was found that the size of the test vessel
and the maximum pressure rate were related by the cubic root law for vessels from 20 liters and
60𝑚3 [3]. This value can only be determined with the international standards procedures if used to
scale up plant size equipment[4] such as the 20L sphere.
Table 2: Classification of dust risk according its deflagration index

Risk level
St 0
St 1
St 2
St 3

𝑲𝒔𝒕 (𝒃𝒂𝒓 𝒎/𝒔 )
0
>0-200
200-300
>300

Severity
None
Weak
Strong
Very strong

The 20L sphere is an equipment that is composed by two main bodies, a 0.6L canister located at the
bottom where the dust is placed and a spherical 20L vessel where the dust dispersion and the
explosion occurs. This equipment also has a cooling jacket on the sphere for heat dissipation during
the explosions, a solenoid valve between the canister and the sphere, two 5kJ ignitors at the center
and a nozzle placed at the bottom of the sphere respectively (Figure 2).
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Figure 2: 20 liters sphere, general description [5]

In addition, the main procedure for the usage of the 20L sphere in order to measure the explosion
severity parameters is illustrated below (Figure 3).
1. Oxidant/flammable gases placed
in the 20L sphere

2. Flammable dust is placed at the
canister and is pressurized to
20barg

3. Dust cloud is formed by the
activation of a fast acting valve
between the two chambers

4. Ignition of the dust cloud at
60±5ms
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Figure 3: Test procedure for the measurement of the explosion severity parameters

Despite 20L sphere is accepted as an international standard for the measurement of flammable dust
parameters, it has received some questionings which compromises its reliability and the posterior
confidence on the design of safety systems. For example, it is questioned that the turbulence levels
achieved in this equipment at the ignition time are not the same in comparison to the 1 𝑚3 tank.
For example, Dahoe [6] showed that the turbulence levels between both equipment are not the
same for their respective ignition time, on the contrary he states that the turbulence levels in the
20L sphere are similar to those in the 1 𝑚3 tank after 200ms, issue that affects the explosion
severity.
On the other hand, van der Wel studies [7] showed that measurements of deflagration index 𝑘𝑠𝑡
between both equipment differed for the same dust sample, and concluded that this variation was
because the turbulence levels in both equipment for their respective ignition time were different.
Other studies about the turbulence levels in the 20L sphere have been developed in order to
evaluate the influence of changing the nozzle on this variable. Mercer [2], Dahoe [6] and Murillo [8]
developed separated studies in order to determine how much is affected the turbulence levels in
the 20L sphere when different nozzles are used. Their measurements were about the variation on
the average velocity components in the sphere and they found that this variable at the ignition time
is not significantly different. However, Murillo provided results about the explosion severity using
different nozzles and even though he achieved a more homogeneous dust cloud with his proposed
symmetrical nozzle, the higher turbulence decay compared to the standard rebound nozzle and
provoked lower explosion severities. With this statement, it was evident that a more homogeneous
dust cloud could be obtained, however, better design alternatives can be proposed in order to

provide a more homogeneous dust cloud with similar levels of turbulence at the ignition time
compared to the standard rebound nozzle.
In addition, numerous studies have been carried in order to study the influence of the particle size
distribution in dust explosions. Numerous researchers have established two main conclusions about
this variable. The first, is that a reduction on the particle size, especially in the micrometric range,
can significantly affect the explosion severity [9–13]. The second is that the agglomeration and
fragmentation phenomena between dust particles can have an important impact in the particle size
distribution, therefore this affects the flame propagation and the explosion severity [14–16].
Different investigations have addressed this issue, and it has been concluded that depending on the
size scale, sensibilities on the minimum ignition temperature MIT, minimum ignition energy MIE,
maximum overpressure 𝑃𝑚𝑎𝑥 and minimum explosivity concentration MEC can appear for the same
material. For example, when there is a particle size reduction in the micrometric scale up to 1-10
𝜇𝑚 the 𝑃𝑚𝑎𝑥 achieved can increase[9, 17, 18], however this does not happen in the nanometric
scale [14, 19]. What actually happens in the nanometric scale is that a reduction of the particle size
can decrease the MIT and the MIE [14–16, 19, 20], however it can also present increases in the
𝑃𝑚𝑎𝑥 just with an increase of dust concentration [21].
Regarding the particle fragmentation and agglomeration, Kalejaiye [10] provided an study with 3
different micrometric dust about the particle size reduction or fragmentation on the 20L sphere and
found reductions up to 60% on the particle size, also concluded that the fragmentation phenomena
were highest at the fast acting valve and to a lesser degree on the nozzle. On the other hand, it
appears to occur the opposite on nanometric dusts. For example Eckhoff [14, 19] suggest that on
nanometric dusts agglomeration phenomena prevail as the interaction forces between particles in
this size scale are greater, and suggest that this is a possible explanation of why the 𝑃𝑚𝑎𝑥 of
nanometric dust explosions are not more severe compared to the micrometric dust.
Another research area that is of main interest in dust explosions is the hybrid mixtures, mixtures
that are composed of dusts and flammable gases. The interesting fact about hybrid mixtures
explosions is that the overpressure rates achieved are higher compared to the pure combustibles.
Additionally, in these mixtures exist the possibility of an explosion even when the minimum
explosive concentration MEC of one of its components, or both, are minor compared to the pure
components [22–30].
Besides the experimental analysis, an arising research area is related to computational studies on
dust dispersion and explosions, these studies have been carried on mainly in computational fluid
dynamics (CFD) software, various studies have been provided in this area [8, 31–33]. Di Benedetto
[31] studied the turbulence in the 20L sphere focusing in the cadence of this variable across time,
he found was that in the center of the sphere, which is the ignition zone, the turbulence levels were
higher compared to the rest of the sphere. Di Sarli [32, 33] developed CFD studies focused on the
incidence of dust concentration on the dispersion and behavior of the dust cloud, dispersion
homogeneity and flow patterns. Murillo [8] developed CFD studies with experimental validation
about the influence of changing the standard rebound nozzle on the dust dispersion dynamics.

Due the difficulty of experimentally measure and study the behavior of dust dispersion dynamics,
computational simulations offer the advantage of post processing and repeatability which is not
always available on experimental measurements. For example, due the difficulty of measure
experimentally the particle fragmentation and agglomeration phenomena on the 20L sphere,
computational simulations became an exceptional resource because of the possibility to track each
particle history and determine which phenomena prevails on the dispersion stage.
Particle dynamics simulations are widely reported in the literature, however the ones of most
interest are the computational fluid dynamics CFD coupled with the discrete element method (DEM)
simulations as they can provide four way coupling numerical solutions to the interaction of the
continua phase between the particles and the interaction between particles. Despite no CFD-DEM
simulations have been developed for the 20L sphere, numerous studies have presented excellent
models and results about the dispersion of dust particles in air including physical models capable to
predict the interaction between particles, and so the fragmentation and agglomeration phenomena
between them. Physical models offered in commercial CFD packages.
For example, Afkhami [34] provided an interesting investigation about the particle agglomeration
phenomena of a turbulent flow in a rectangular channel, and concluded that the rate of
agglomeration was greater in regions where the turbulence enhanced the contact and collisions
between particles. Jia [35], Kuwagi [36] and Mikami [37], in different investigations studied with
DEM simulations the formation of agglomerates in different cohesive particles on fluidized bed
applications, Kuwagi model was also capable to predict the rupture or fragmentation of the
generated agglomerates.
In this context, the research presented is about the development of an experimental and numerical
study about the change of turbulence in the 20L sphere induced by the change of the nozzle and its
influence on the flow pattern and the dust cloud dispersion. Seven different nozzles were used to
disperse a hybrid mixture of carbon black and methane on the numerical study, while 5 of these
nozzles were tested experimentally in order to determine if the variation of nozzle affects the dust
cloud homogeneity and the particle size distribution during the dispersion.

2.
Methodology for the experimental and numerical study of the dust
dispersion
The current study presents experimental and computational results. The experimental
measurements have the objective to study the dust dispersion dynamics and the fragmentation
caused by the variation of the nozzles.
For the computational part, the commercial CFD Software Star-CCM+ V 12.02.010 was used. The
different nozzle geometries were developed, the discretization was defined by the finite volume
method and the appropriate physical models were selected in order to accurately describe the
dispersion of a hybrid mixture (Figure 4).
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Figure 4: Methodology proposed for the study of the hybrid mixture dispersion in the 20L sphere

2.1.

Design of the new nozzles

As it was mentioned before, the construction of the new nozzles have the objective to create a more
homogeneous dust cloud compared to the standard rebound nozzle. This means that the
concentration in the sphere is as close as possible to the MEC and that the particle size distribution
during the dispersion tend to remain close to the initial at the ignition time.
The new nozzles are inspired on the symmetrical nozzle developed by Murillo [8], and the
differences on the shape have the main propose to perform a better performance than the standard
rebound nozzle (Table 3). The flow pattern generated by Nozzle 1 or the standard rebound nozzle
for the initial dispersion times has a ribbon shape as it will be illustrated in Section 3, while the
proposed nozzles generate an annular flow pattern.

Table 3: Nozzles used in the simulations with their respective modifications.

Nozzle

3D geometry

Nozzle

3D geometry

90 mm

Nozzle 1
(Standard
rebound nozzle)

90 mm
40 mm

40 mm
75.5 mm
65 mm

140 mm

Nozzle 2
70 mm

9 mm

30°

20 mm
20 mm

Nozzle 3

Nozzle 4

45°

10mm

45°

80 mm

20 mm

Nozzle 5

Nozzle 6

45°

20 mm
20 mm

Nozzle 7

2.2.

Numerical simulation for the dust dispersion

As it was mentioned before, the Software Star-CCM+ was used. This software was chosen because
it provides integrated tools that reduce the time required to develop the simulations and because
it is a reliable software capable to obtain high quality results at a relatively low computational cost
[38].
Two groups of simulations were performed, Euler-Lagrange simulations for the study of the dust
dispersion dynamics and DEM simulations for a predictive study of dust fragmentation and
agglomeration. The Euler-Lagrange simulations were performed in transient state with time steps
of 5𝑥10−5 𝑠 at 10 iterations each one, enough to keep residuals minimum convergence below 10−4,
nevertheless the initialization was carried one with lower Courant numbers at 100 iterations. These
simulations were run using virtual machines with Intel Xenon E5-2695 v2 2.4GHZ 10 core processors
and 64GB RAM memory.
On the other hand, for the DEM simulations the same hardware was used. However, a lower time
step, 1𝑥10−6 𝑠 at 5 iterations, was needed because this ensured a fully convergence of the DEM
physical model. Due hardware limitations and the inherent intensive computational demand of the

DEM physical model, it has to be pointed out that predictive results are presented just for a limited
but considerable number of particles.

2.2.1. Physical models and governing equations for the dispersion of the
dust cloud
The main physical models used by the software for the continuous phase and the disperse phase
(carbon black) were simulated according to the Euler-Lagrange model. Additionally, the Lagrangian
model offers the advantage of tracking the dust particles along the sphere and through time, and it
was used to study the behaviour of the dust in terms of size distribution, velocity fluctuations and
concentrations in the ignition zone. The continuous phase air-methane were modeled as a biphasic
gas flow while the dust particles were modeled as spherical particles of constant density. Drag force
and collision models were employed to simulate the dispersion of the particles in the 20L sphere.

2.2.1.1.

Conservation of mass, momentum and energy

The governing equations in the CFD numerical solution corresponds to conservation of mass,
momentum and energy equations (Navier-Stokes). This are given by equations (1), (2) and (3),
respectively.
𝜕𝜌
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Where the terms 𝑆𝑚 , 𝐹𝑗 and 𝑆ℎ indicate the contribution of mass, momentum and energy of the
dispersed phase, respectively. 𝜇ɸ is the viscous dissipation and 𝜆 is the thermal conductivity [39].
This equations were solved using the Standard k-ɛ turbulence model.

2.2.1.2.

Turbulence Model

This turbulence model associates Reynolds stress with the flow velocity by equation (4).
′ ′
̅̅̅̅̅̅
−𝜌𝑢
𝑖 𝑢𝑗 , = 𝜇𝑡 (

𝜕𝑢𝑖 𝜕𝑢𝑗
2
+
) − 𝜌𝑘𝛿𝑖𝑗
𝜕𝑥𝑗 𝜕𝑥𝑖
3

(4)

Where 𝑘 is the turbulent kinetic energy and 𝜇𝑡 is the turbulent viscosity described by equation (5).
𝜇𝑡 =

𝜌𝐶𝜇 𝑘 2
𝜀

(5)

Where 𝜀 is the dissipation rate. The turbulent kinetic energy and the dissipation rate are described
by equation (6) and (7), respectively.
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Finally, the flux of energy and mass in turbulent regimen can be described by equations (8) and (9).
𝜌𝐶𝑝 ̅̅̅̅̅̅
𝑢𝑖′ 𝑇 ′ = −𝐶𝑝
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′
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𝑆𝑐𝑡 𝜕𝑥𝑖

(9)

This physical model were selected according previous studies developed in CFD about dust
dispersion in the 20L sphere [31–33].

2.2.1.3.

Dispersed phase model

The movement of a particle in the continuous phase is described by equation (10).
𝑚̇𝑝 𝑑𝑣𝑝
= 𝐹𝐷 + 𝐹𝑔 + 𝐹𝑝 + 𝐹𝑠
𝑑𝑡

(10)

where 𝐹𝐷 is the drag force, 𝐹𝑔 is the buoyancy and gravitation,𝐹𝑝 is the pressure gradient force and
𝐹𝑠 is the uplift force. Each of these forces is described by equations (11), (12), (13) and (14),
respectively.
1
𝐹𝐷 = 𝐶𝑑 𝜌𝐴𝑝 |𝑣𝑆 |𝑣𝑆
2

(11)

1
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6
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1
𝜕𝑃
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6
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𝑑𝑦

(14)

Where 𝐶𝑑 is the drag coeficcient, 𝜌 is the density of the continuous phase, 𝑣𝑆 is the slip velocity, 𝐴𝑝
is the projected area of the particle.
Regarding the DEM physical model, the formulation is based from the material particle formulation
mentioned before. In addition to the terms of Equation 11, the DEM physical model introduces an
extra body force representing particle-particle and particle-walls interaction 𝐹𝐶 (15).
𝐹𝐶 = ∑

𝑛𝑒𝑖𝑔𝑏𝑜𝑟 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

𝐹𝑐𝑜𝑛𝑡𝑎𝑐𝑡 + ∑

𝑛𝑒𝑖𝑔𝑏𝑜𝑟 𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑖𝑒𝑠

𝐹𝑐𝑜𝑛𝑡𝑎𝑐𝑡

(15)

Where 𝐹𝑐𝑜𝑛𝑡𝑎𝑐𝑡 is described by the normal force 𝐹𝑛 and tangential force 𝐹𝑡 (16).
𝐹𝑐𝑜𝑛𝑡𝑎𝑐𝑡 = 𝐹𝑛 + 𝐹𝑡

(16)

the normal force 𝐹𝑛 is described like (17).
𝐹𝑛 = −𝐾𝑛 𝑑𝑛 − 𝑁𝑛 𝑣𝑛

(17)

Where 𝐾𝑛 is the normal spring stiffness (18) and 𝑁𝑛 the normal damping (19), 𝑑𝑛 and 𝑣𝑛 are overlaps
in the normal diretion at the contact point and the normal velocity components at the contact point
respectively.
4

𝐾𝑛 = 3 𝐸𝑒𝑞 √𝑑𝑛 𝑅𝑒𝑞

(18)

𝑁𝑛 = √5𝐾𝑛 𝑀𝑒𝑞 𝑁𝑛−𝑑𝑎𝑚𝑝

(19)

Where 𝐸𝑒𝑞 is the equivalent Young’s modulus, 𝑅𝑒𝑞 the equivalent radious, 𝑀𝑒𝑞 the equivalent
particle mass and 𝑁𝑛−𝑑𝑎𝑚𝑝 the normal damping coefficient.
On the other hand, the tangential force 𝐹𝑡 is described like (20) if |𝐾𝑡 𝑑𝑡 | < |𝐾𝑛 𝑑𝑛 |𝐶𝑓𝑠 .
𝐹𝑡 = 𝐾𝑡 𝑑𝑡 − 𝑁𝑡 𝑣𝑡

(20)

Where 𝐾𝑡 is the tangential spring stiffness, 𝑑𝑡 the tangential overlap direction at the contact point,
𝑁𝑡 the tangential damping and 𝐶𝑓𝑠 the static friction coefficient. Otherwise is calculated as (21).
𝐹𝑡 =

|𝐾𝑛 𝑑𝑛 |𝐶𝑓𝑠 𝑑𝑡
|𝑑𝑡 |

(21)

On the other hand, to simulate the particle fragmentation and agglomeration the particle bonding
model and linear cohesion model describes respectively if a bond between particles is damaged and
they separate, or on the contrary if they unite. The particle bonding is based in parallel bonds and
the parallel bond forces are represented by the following governing equations (22)(23) [40].
𝐹𝑖 = 𝐹𝑛 𝑛𝑖 + 𝐹𝑠 𝑡𝑖

(22)

𝑀𝑖 = 𝑀𝑛 𝑛𝑖 + 𝑀𝑠 𝑡𝑖

(23)

The terms with n sub index denote normal and the terms with s sub index denote shear components
of forces and torques with respect the contact plane, also the increments of elastic force and
moment are given by (24)(25)(26)(27).
1

∆𝐹𝑛 = 𝑘𝑛 (4 𝜋𝑑𝑝2 ) ∆𝑈𝑛

(24)

1
∆𝐹𝑆 = −𝑘𝑠 ( 𝜋𝑑𝑝2 ) ∆𝑈𝑠
4

(25)

1
𝜋𝑑4 ) ∆𝜃𝑛
32 𝑝

(26)

1
∆𝑀𝑠 = −𝑘𝑛 ( 𝜋𝑑𝑝4 ) ∆𝜃𝑠
64

(27)

∆𝑀𝑛 = −𝑘𝑠 (

Where ∆𝑈 and ∆𝜃 corresponds to the displacement and rotational increment that causes the
increments of the elastic force and moment. Finally, a bond breaks if the maximum tensile stress
exceed the tensile strength (𝛿𝑚𝑎𝑥 ≥ 𝛿𝑐 ) or if the maximum shear stress exceeds the shear
strength(𝜏𝑚𝑎𝑥 ≥ 𝜏𝑐 ). The maximum tensile stress and maximum shear stress are defined as (28)
(29).
𝛿𝑚𝑎𝑥 = −

𝜏𝑚𝑎𝑥 =

32|𝑀𝑆 |
𝜋𝑑𝑝3

(28)

|𝐹𝑆 |
16|𝑀𝑛 |
+
1 2
𝜋𝑑𝑝3
𝜋𝑑
𝑝
4

(29)

𝐹𝑛
1 2
4 𝜋𝑑𝑝

+

Finally, to describe the cohesion between particles the governing equation is (30).
𝐹𝑐𝑜ℎ𝑒𝑠𝑖𝑜𝑛 = 𝑅𝑚𝑖𝑛 𝑊𝜋𝐹

(29)

Where 𝑅𝑚𝑖𝑛 is the minimal radius of surfaces in contact, 𝑊 is the work of cohesion, and 𝐹 is a
multiplication model blending factor.

2.2.2. Geometry and meshing
The geometry developed for the simulations is a 3D representation of the 20L sphere, built in
Autodesk (Figure 5).
a)

b)

Figure 5: 20 liters sphere: a) Geometry, b) mesh.

On the other hand, to find a numerical solution of the equations system, a discretization of the
geometry is made by the finite volume method. In these simulations, a polyhedral mesh was used

making refinements in the nozzles and the ignitors of the sphere in order to accurately model the
fluid behavior in the most complex zones of the geometry avoiding divergence.
Also, considering the fact that the walls of the geometry are an important source of vorticity, a prism
mesh was implemented in order to predict the flow and turbulence across the boundary layer. The
average cell count for all the built geometries was around 820,000 cells (Figure 5) with a cell quality
of 0.7381.

2.2.3. Initial and boundary conditions
For all the simulations, the initial and boundary conditions correspond to the real experimental
settings used in the 20L sphere (Table 4). On the other hand, the particle size distribution of the
carbon black used in this study was obtained experimentally (Figure 6) and it was used as an input
for all the simulations.
Table 4: Initial and boundary conditions used in the simulations

Domain
Initial pressure canister
Initial pressure sphere
Initial temperature canister
Initial temperature sphere
Boundary condition canister
Boundary condition sphere
Dust mass
Dust density
Number of Particles
Methane molar fraction (%)

Value
0.4 bar
21 bar
300 K
300 K
Adiabatic
300 K
5g
1,800 𝑘𝑔/𝑚3
~3 000,000
9

Figure 6: Experimental particle size distribution for carbon black.

1

Cell quality index: Is a mesh metric to determine the quality of the mesh, it goes from 0 to 1 being 1 an
indicator of a perfect mesh.

Finally, an input for the DEM simulations was the model values used for the particle-particle
interaction of the DEM physical model (Table 5), it has to be highlighted that these values could
differ for the tested Carbon as they were obtained from literature.
Table 5: DEM physical model set up parameters

Variable
Poisson’s Ratio [43]
Young Modulus [43]
Tensile Strenght [43]
Shear Strenght [43]
Static friction coefficient [44]
Coefficient of Rolling Resitance [44]
Work Cohesion [45]
Normal restitution coefficient [46]
Tangential restitution coefficient [46]
Number of particles

Value
0.17
4.1 GPa
4.8-76 MPa
1.7-11.5 GPa
0.1
0.15
0.375 𝐽/𝑚2
0.69
0.85
~23,000

Having defined the main physical models and settings used in the simulations, below is presented
the experimental procedures used in this study.

2.2.4. Mesh independence test
A mesh independence test was performed for Nozzle 1 in order to determine the most reliable
discretization at the lowest computational cost (Figure 7). The measured variable for the mesh
independency test was the pressure profile in the sphere, it was found that the coarse mesh has a
deviation superior of 23% while the base and fine mesh has a deviation below 5% compared with
the experimental profile.

Figure 7: Mesh independence test results for the pressure profile.

On the other hand, a Wall Y+ profile (Figure 8) was obtained at two different times in order to show
the effectiveness of the mesh developed at different velocity fields. This figure indicates that in all

the geometry, even at the times where the velocity field is the highest, the wall Y+ values vary from
0 to 5 which is range that indicates that the boundary layer is accurately solved [41, 42]. The only
regions where it is not solved are at the edges of the visualization windows, instead, the boundary
layer is modeled.

a)

b)

Figure 8: Wall Y+ profile at a) 3ms, highest velocity field on the sphere, b) 60ms, ignition time.

Despite this issue, according the results of the mesh independence test, the base mesh used provide
the same results than the fine mesh, which is capable to solve the boundary layer at the edges of
the visualization windows. Therefore, the base mesh was used to perform all the simulations.

2.3.

Experimental set up for the study of the dust dispersion and particle
size variation

The experimental study was divided in two parts, a particle image velocimetry PIV analysis to study
the dynamics of the dust dispersion with the different nozzles, and a granulometric analysis in order
to study the particle fragmentation with the different nozzles.

2.3.1. Particle Image Velocimetry analysis
The main purpose of the PIV analysis was to determine the different velocity fields generated by the
proposed nozzles and compare the obtained results with the CFD simulations, with the objective of
establish which nozzles and their respective flow patterns generate higher velocity field, and
therefore the higher turbulence, at the ignition time within the sphere.
This experimental set up consisted in a Phanton V91 high speed video camera set with a resolution
of 480 x 480 pixels at a frame rate of 6410 fps with an exposure of 150 μs, also a lens with a t stop
number of 2 was used to allow the maximum light exposure, finally a RayPower 2000 CW Dantec

Dynamics Nd:Yag laser was used. All measurements were made at the center of the sphere in a
3x3cm region (Figure 9).
Additional light sources were neglected for this set up as the black body optical properties of the
carbon dust presented a great inconvenient for an accurate experimental measurement, even with
posterior image processing to improve quality. For this reason, the mentioned settings allowed to
capture the highest quality of images for the analysis.

Laser

Data aquisition

High speed camera
Figure 9: Particle image velocimetry set up for the study of the different nozzles

To enhance the quality of the images, these were improved using the PCC image processing software
V2.8.761.0 offered by Phantom high speed video cameras. After the image processing, to perform
the particle image velocimetry analysis, it was used the software PIVlab V1.41 which is an open
source Matlab toolbox.

2.3.2. Granulometric analysis
In order to determine the particle size distribution variation depending of the nozzle used during
the dispersion, granulometric analyses were conducted using a HELOS/KR-Vario Sympatec GmbH
diffraction laser (Figure 10). As in the PIV analysis, the measurements were made at the center of
the sphere.
Laser detector

Laser emisor
Data aquisition

Figure 10: Experimental set up for the granulometric analysis.

After having presented the details of the methodology used for the study of the hybrid dispersion,
below are the main results for both the numerical and experimental parts.

3. Results of the nozzle variation on the turbulence and the particle size
distribution during the dispersion on the 20L sphere
The results presented will begin with the validation of the numerical model with the pressure profile
in the sphere. Later, the results will be divided in two parts, the first about the effects of changing
the nozzle geometry on the turbulence and its influence the continua phase where it will be
discussed the velocity fields, flow patterns and methane mixing. And the second part, about the
effects of the turbulence on the dispersed phase where it will be discussed the effects of changing
nozzle on the powder cloud homogeneity, on the powder dispersion and on the particle size
variation related with the effects of particle fragmentation and agglomeration.

3.1.

Pressure profile

The numerical pressure profiles compared with the experimental pressure profile present an
average error of 5% (Figure 11), this result assures a good convergence and is a first statement for
experimental validation of the numerical model.
Also, it can be proved that the change of pressure in all cases has the same tendency and behavior
than the experimental profile, in addition, the pressure stabilizes at the same period of time and
close to the same value. In this context, is important to remark that in the experimental case and
for all the simulations the pressure in the sphere is stable at 60ms, time when the air-methane
mixture injection stops from the canister to the sphere.

Figure 11: Pressure profile obtained for the experimental and computational results.

After having assured a high convergence of the numerical model, it was proceeded to do the analysis
for the influence of changing the nozzle geometry on the turbulence and its effects on the hybrid
mixture dispersion.

3.2.

Effect of the turbulence on the continua phase

One of the main concerns about the 20L sphere test is about the variation of turbulence levels along
the test. The main reason is because this variable affects the posterior flame propagation and
explosion severity. This means that the influence of the turbulence before the ignition affects the

𝑘𝑠𝑡 values obtained for the same dust sample and the posterior reliability of its explosivity
characterization (Figure 12).

Figure 12: Turbulent kinetic energy obtained numerically for the different nozzles

The results of Figure 12 were obtained as a volume average of the 20L sphere, this profile shows
that the turbulence is stabilized at the same time that the air-methane injection cease from the
canister to the sphere, i.e. at 60ms. However, for Nozzle 1 it is shown that despite it has the lowest
turbulence peak, it takes longer than the other nozzles for the stabilization of this variable. The
reason for this is because Nozzle 1 develops a different flow pattern compared to the other nozzles.
In addition, the turbulence levels for this nozzle are comparatively higher at the ignition time than
the other nozzles, about 63%, which confirms that a slight modification of the geometry of the
sphere, in this case the nozzle, have has a significant influence in the turbulence levels as has been
stated by other studies [2, 6, 8, 31].
Also, the turbulence levels in the simulations were measured in the center of the sphere in a
3𝑥3𝑥3𝑐𝑚 region, the ignition zone (Figure 13). These results share the same results found by Di
Benedetto[31] where the turbulence levels in the center of the sphere are higher compared to the
rest. It has to be pointed out that Nozzle 1 profile, which is comparable with other numerical studies,
present the same tendency and values at the center than the contour profiles of turbulent kinetic
energy shown by Di Benedetto[31]. This ensures further validation of the model and the slight
differences can be attributed first to differences on the geometry, where this model includes
visualization windows and the canister is located at the right, and secondly to the fact that this
model is emulating an air-methane mixture instead of pure air.
The average difference of turbulent kinetic energy between the ignition zone and the rest of the
sphere is in average about 25% for all the nozzles, being higher at the ignition zone as it was
mentioned before. And as it happened with the results of Figure 12, Nozzle 1 has higher turbulent
levels compared to the other nozzles, especially at the ignition time.

Figure 13: Turbulent kinetic energy profile at the center of the sphere for all nozzles.

Additionally, for the continua phase the velocity components in the sphere were measured in order
to study the energy dissipation in it using different nozzles (Figure 14). In this figure, are shown the
oscillations of the velocity field for all the nozzles, it has to be pointed out that greater and constant
oscillations of this variable means higher energy dissipation, therefore, this explains the rapid
decrease on turbulence for the new proposed nozzles.
a)

b)

c)

Comments:
Nozzle 1 generates a ribbon flow pattern
that contributes to a lower energy
dissipation.
The annular flow pattern of the new
nozzles increase the energy dissipation
which contributes to the faster turbulence
decay.
Rapid decay can be seen in Figure 14c for
all the nozzles, the subsequent stabilization
suggest that the dust cloud will start to
sediment.
Figure 14: Velocity field in the sphere in its components: a) Transversal in X, b) transversal in Y and c) axial in Z.

In the case of Nozzle 1, or the standard rebound nozzle, these oscillations are minor in comparison
to the other nozzles, which not just mean that the decrease of turbulence is slower as it was mention
before, but also that the velocity field in the sphere is greater. To evidence this, the vector velocity
field was obtained at the ignition time for the different nozzles (Table 6), and it is clearly shown how

Nozzle 1 at this time has a higher velocity field. According to these results, it can be argued that
Nozzle 1 will produce a higher explosion severity, which means that it will achieve the maximum
overpressure rate 𝑃𝑚𝑎𝑥 , however, as it will be shown in Section 3.4, this also means that the dust
dispersion will be less homogenous.
Table 6: Vector velocity field profile for the different nozzles at 60ms

Nozzle

Nozzle 1
Higher velocity field
compared to the other
nozzles

Nozzle 2
Lower velocity field
compared to Nozzle 1.
The annular flow pattern
generated is the reason of
this behavior

Nozzle 3
Slight modifications on
the nozzle compared to
Nozzle 2, the flow pattern
and the velocity field is
totally different between
them.

Nozzle 4
Different diffusor
compared to the other
nozzles, it generates
higher velocity fields on
the top and the opposite
side of the canister

Nozzle 5
The most different nozzle,
also generates an annular
flow pattern that
dissipates energy more
rapidly.

Nozzle 6
Slightly different to Nozzle
3, nevertheless It presents
higher velocity fields in
some locations

Transversal in X

Transversal in Y

Axial in Z

Table 6 (Continuation): Vector velocity field profile for the different nozzles at 60ms

Nozzle 7
Slightly different to Nozzle
6, in comparison It
presents a noticeably
lower velocity field

On the other hand, to compare how the change of nozzle affects the behavior of the mixing process
on a hybrid mixture, contour profiles for the mass fraction of methane at different times for all the
nozzles were obtained (Table 7). The results presented in this table shows that a variation in the
nozzle geometry, for slightly it can be, can significantly affect the flow pattern. An interesting result
is the fact that for most of the cases there exist a methane segregation in the sphere at the ignition
time, which means that for the continua phase the mixing is not homogeneous. Even more, at 120ms
when the turbulence levels and velocity fields are stable, the mixing of methane in the sphere still
is imperfect and shows high peaks of segregation in some zones like the sphere walls.
Table 7: Methane dispersion profile at different times for all the nozzles.
Nozzle

Nozzle 1
At the ignition time
methane there is an
uneven mixing of
methane in the sphere

Nozzle 2
The annular flow pattern
instantly dilutes methane
at the bottom of the
sphere

Nozzle 3
Better mixing,
nevertheless at 120ms the
distribution of methane
still is uneven, specially at
the bottom

𝟓𝒎𝒔

𝟔𝟎𝒎𝒔

𝟏𝟐𝟎𝒎𝒔

Table 7 (continuation): Methane dispersion profile at different times for all the nozzles

Nozzle 4
Instant dilution of
methane at the bottom,
however there is a better
mixing at the ignition time
and at 120ms

Nozzle 5
This nozzle generates the
most uneven mixing of
methane on the sphere,
high dilution at the
bottom and right side

Nozzle 6
Rapid dilution at the
bottom and walls, at the
ignition time the is a
strong dilution at the
bottom right of the
sphere

Nozzle 7
Rapid dilution at the
bottom and walls, there is
an uneven mixing
specially at the bottom of
the sphere

Mass Fraction CH4

Despite this fact, some nozzles present a better mixing of methane on the sphere than others at the
ignition time. For example, Nozzle 1 tends to concentrate methane in the walls of the sphere while
nozzles 2, 5, 6 and 7 have lean concentrations of methane at the base and the right side of the
sphere, which is the location of the canister. The only nozzles that have a comparative better
methane mixing at the ignition time are Nozzles 3 and 4.
In order to focus the better methane mixing benefits of Nozzles 3 and 4, volumetric renders of
methane concentration at 60ms where obtained (Table 8), where it can be seen in detail how
methane is more evenly distributed for Nozzle 4 along the sphere compared to Nozzle 1.

Table 8: 3D volumetric renders of the mass fraction of methane for N1, N3 and N4.
Nozzle

Transversal in X

Transversal in Y

Axial in Z

Nozzle 1

Nozzle 3

Nozzle 4

3.3.

Effect of the turbulence on the dispersed phase

Regarding the dust cloud, it is desirable that the concentration of dust remains constant in all points
of the sphere as this ensures that the characterization of the MEC is reliable, however, as it will be
shown this does not always happen. Despite of this, new nozzle designs can help to address this
issue.

3.3.1. Dust cloud homogeneity
On major concern about dust dispersion on the 20L sphere is related to the minimum explosivity
concentration MEC. This variable is calculated from the dust nominal concentration, which assumes
that the dust concentration along the sphere is homogenous, however this scenario is an ideality

and what really happens is an imperfect mixing in the sphere were the particle size distribution and
the flow pattern tends to segregate the dust cloud to certain regions in the sphere, which affect the
dust concentration along time specially in the ignition zone.
The simulations developed allowed to calculate the dust concentration at the ignition zone, in a
3𝑥3𝑥3 𝑐𝑚 region (Figure 15). In this figure, the concentration using the different nozzles is always
lower than the nominal concentration. Nevertheless, in a time range from 40 to 80ms, which
includes the ignition time, Nozzle 6 is the nozzle that comparatively develops the better
homogeneity of the dust cloud as the concentration tend to remain constant at this period of time,
also the dust concentration with this nozzle is the closest to the nominal concentration. For Nozzle
6, the difference between the concentration at the ignition zone and the nominal concentration is
around 23% in the mentioned time range.
On the other hand, for times greater than 80ms, for Nozzles 2, 3 and 5 the concentration in the
ignition zone tends to be more stable and constant, however, always lower than the nominal
concentration. Also, the Nozzles 1, 4 and 7 are the ones with the lowest homogeneity for the dust
dispersion as they cannot assure a uniform behavior of this variable along time as the concentration
in the ignition zone are reigned by peaks and the concentration most of the time is lower than the
nominal concentration. It has to be mentioned that Nozzles 1 and 2 profiles are very similar to the
ones obtained by Murillo [8] for corn starch, where Nozzle 2 despite having developed a more
homogeneous dust cloud, the higher turbulence obtained with N1 produced a more severe
explosion showing grater values of 𝑃𝑚𝑎𝑥 .

Figure 15: Concentration in the ignition zone and nominal concentration2 for the different nozzles.

Also, the flow pattern of the dust cloud using different nozzles was obtained at different time frames
(Table 9). The results illustrated in this table, states that the slightest difference in the nozzle
geometry can affect considerable the flow pattern, Nozzle 1 presented a ribbon flow pattern as
shown for the first millisecond while the other nozzles presented an annular flow pattern with some
slight variations between each other. Also, it can be noticed some particle segregations on most of

2

Nominal concentration is the amount of dust divided by the volume of the sphere.

the nozzles at times 60 or 120ms as the particle size distribution does not seem homogenous, on
the contrary it is noticeable how the biggest particles tend to locate at the walls of the sphere.
Table 9: Carbon black dispersion profile at different times for all the nozzles.
Nozzle

Nozzle 1

Nozzle 2

Nozzle 3

Nozzle 4

Nozzle 5

Nozzle 6

𝟏𝒎𝒔

𝟓𝒎𝒔

𝟔𝟎𝒎𝒔

𝟏𝟐𝟎𝒎𝒔

Table 9 (continuation): Carbon black dispersion profile at different times for all the nozzles.

Nozzle 7

Particle Diameter (μm)

The profiles presented in Table 9 qualitatively do not say much about the results of Figure 15. In
order to focus what is happening in the middle of the sphere for Nozzles 1 and 6, the one that
showed the best results on Figure 15, the particle size distribution on different sections at the center
of the sphere was obtained to give a further approach to the issue of the dust cloud homogeneity
(Figure 16).
The results on Figure 16a to c, which correspond to Nozzle 1, shows that the dust cloud at 60ms in
not evenly homogenous, in fact, two main statements can be done. The first is that segregation of
the particles with the highest diameter occur on the sphere, for example, at Figure 16a and b the
particles with the highest diameter tend to be segregated at the top of the sphere, and secondly, if
the profiles (Figure 16a and b) are compared to the velocity field vectors of Table 6 it can be said
that the particles with higher diameter tend to be concentrated and transported where the velocity
field is higher on the sphere, on the same way, the particles with the minor diameter are the only
ones at the zones with the lowest velocity field.
On the other hand, Nozzle 6 has a highest turbulence decadency compared to Nozzle 1 which means
that at the ignition time the velocity field on the sphere will be lower in comparison as stated in
Section 3.3. This singularity causes that the homogenization of the dust cloud on Nozzle 6 is more
evenly distributed as shown on Figure 16a to c. Here it can be seen that no gaps or empty spaces
are leaved by the dust in the sphere as noticeable happens with Nozzle 1. On the same way, no
higher concentration spots are found which means that no segregation of the dust cloud happens
at least at the ignition time, however it still occurs the same tendency to find bigger particles in
zones with eddies at high velocity.

a)

d)

b)

e)

c)

f)

Comments:
Nozzle 1 generates a high
segregation of particles
depending its particle size
distribution. Comparing this
profiles to the results of Table
6, big particles tend to remain
in zones of high velocity.
Noticeable holes and gaps
within the sphere, this
support the dust
concentration fluctuations of
Figure 15.
-

-

Particle Diameter (μm)

Nozzle 6 generates a more
homogenous dust
dispersion, nevertheless
there still is some small
regions with no dust.
The tendency to segregate
bigger particles at high
speed zones decreased as
the velocity field with this
nozzle is more
homogeneous according
results of Table 6.

Figure 16: Particle size distribution profile at 60ms for nozzles: Nozzle 1 a) transversal in X, b) transversal in Y, c) axial in Z
and for Nozzle 6 d) transversal in X, e) transversal in Y, f) axial in Z

Finally, to provide further analysis about the influence of changing the nozzles on the turbulence,
PIV experiments were carried for five of the seven nozzles as described in Section 2.3, the obtained
results compared against the numerical results are shown in Figure 17. In both cases, the velocity
fluctuations measured for the particles were at the same location.
According the experimental profiles of Figure 17a, the velocity field for Nozzle 1 is higher compared
to the other nozzles, which is in agreement with the numerical results previously discussed. Also, in
both cases, experimental and numerical, the profiles describe the same tendency where the velocity
fluctuations decrease along time being more rapid for the proposed nozzles.

a)

b)

c)

d)

e)

f)

Figure 17: Velocity fluctuations magnitude for: a) Experimental measurements of the nozzles, b) Nozzle 1, c) Nozzle 2, d)
Nozzle 3, e) Nozzle 4, f) Nozzle 6.

However, despite numerical and experimental results have the same tendency for the analyzed
nozzles, there is a large difference between both results. This deviation, as it was mentioned in
Section 2.3, is more attributed to experimental uncertainty rather than to the numerical model
deviation. The reason is that the PIV analysis performed to black particles has not enough
accountability compared to other dusts such as withe organic or metallic dusts whose optical
properties allows to have a more accurate measurements.

3.3.2. Nozzle variation influence on the particle fragmentation and
agglomeration
An important questioning about the dust dispersion on the 20L sphere has to be with fragmentation
and agglomeration of the particles, this is a well-known fact studied for a widely number of dusts at
different size distributions [8, 10, 11, 14–16, 19, 45]. To contribute in this subject, DEM simulations
where performed for 6 of the 7 proposed nozzles in order to emulate how is the behavior of the
dust dispersion as this method includes physical models that allows to predict the fragmentation
and agglomeration of particles. The particles of carbon black are initialized as agglomerates
composed of 8 spheres as shown in Figure 18, similar to the microscopic real shape [47].

Figure 18: Particle clump shape of carbón black used in the DEM simulations

To visualize the particle fragmentation during the dispersion, in Table 10 is illustrated the results of
the particle connected component size, variable that indicates how many spheres are in each
agglomerate. According to these results, it is evident how the fragmentation phenomena occurs
during the dispersion process, it can be stated that the fragmentation is mainly driven by the drag
caused by the velocities achieved between the canister and the sphere, where the fast acting valve
is located, and the collisions suffered against the nozzles. This numerical results are in accordance
with the experimental results presented by Kalejaiye [10], in both cases the high turbulence levels
and velocities are achieved in this two zones.
Regarding the agglomeration phenomena, the restrictions mentioned on Section 2.2 about the DEM
simulations limited the amount of particles to just a small concentration, enough to account
fragmentation process but not sufficient to fully study the agglomeration in a bigger span of time.
As the agglomeration process is dependent on the amount of particles present, where a higher
amount of particles increase the number of collisions and thus the agglomeration, it is extremely
difficult to simulate millions of particles in order to emulate the entire process with the actual
computational capabilities.
Nevertheless, quantitative results were obtained analyzing all the particles in the domain (Figure
19), contrary to the granulometric analysis which is only capable to capture measurements in the
center of the sphere as stated in Section 2.3. To begin, agglomerations in the simulations developed
occurred and they were maintained for longs periods of time for certain nozzles, these results are
shown in Figure 19a where is represented the maximum amount spheres per agglomerate that can
be found during the dispersion. On the other hand, in Figure 19b is shown the average amount of
spheres per agglomerate, where is illustrated how the fragmentation process is constant for the
first 30ms, after this period of time the fragmentation begins to cease, coincidentally when the flow
from the canister to the sphere starts to decrease.

Table 10: Particle fragmentation and agglomeration profiles at different times for the studied nozzles
Nozzle

Nozzle 1

Nozzle 2

Nozzle 3

Nozzle 4

Nozzle 5

Nozzle 7

𝟏𝒎𝒔

𝟓𝒎𝒔

𝟐𝟎𝒎𝒔

𝟔𝟎𝒎𝒔

a)

b)

Figure 19: Profiles of a) Maximum amount of spheres per agglomerate, and b) average amount of spheres per
agglomerate.

The most valuable result that can be obtained from the DEM simulations is the particle size
distribution variation (Figure 20). These results show two main tendencies, the first is that the profile
of p10 tends to increase while the profiles of p50 and p99 tends to decrease. The reason of this
behavior is because of the fragmentation of the agglomerates. This allows to small agglomerates,
which have the smallest diameter, increase in quantity, and therefore the p10 count increase in time
as shown in Figure 20a.
Conversely, for percentiles p50 and p99 the reduction of agglomerates size decrease the amount of
big agglomerates, and thus the particle size distribution of the biggest agglomerates starts to
decrease as shown in the profiles of Figure 20b and c. Lastly, it has to be mentioned that the particle
size distribution variation also starts to stabilize after 30ms which is when the injection form the
canister to the sphere starts to decay. Finally, on the developed simulations and for the studied time
range it seems that the nozzle variation did not severely affect the fragmentation phenomena as
the particle size distribution for the studied percentiles tend to remain on the same range for all the
nozzles, however, Nozzle 4 on the percentiles p50 and p90 obtained the lowest particle size
distribution profile, meaning that this nozzle provoked a highest fragmentation rate compared to
the other nozzles
Finally, in order to provide further study about the influence of the change of nozzle geometry on
the fragmentation and agglomeration phenomena during the dispersion, an experimental study was
conducted on five of the seven proposed nozzles using the granulometric analysis described on
Section 2.3. These results provide the profiles of the particle size distribution for the percentiles p10,
p50 and p90 (Figure 21) for nozzles 1 2 and 6, the other studied nozzles are in Annex 1.

a)

b)

Comments:
The numerical simulations were capable to
track
particle
fragmentation
and
agglomeration from the beginning for a wide
span of time for all the particles in the
domain.
The particle size variation remained on the
same magnitude for all the nozzles,
however slight differences were found for
Nozzle 4 which provoked the highest
fragmentation rate compared to the others.

c)

Figure 20: Particle size distribution for percentiles a) p10, b) p50, c) p90

According the results of Figure 21, high fragmentation rate is noticeable for all the nozzles, however,
it seems that the fragmentation rate does not vary severely depending the nozzle as the profiles
tend to remain overlapped between them, having the same tendency presented on the numerical
results.
b)

a)

c)

Comments:
Experimental granulometry were capable to
measure particle size distribution just at the
center of the sphere.
Fragmentation is the main tendency as the
particle size distribution is minor to the
initial distribution during the dispersion.
Nozzles 1 and 2 achieved the highest
fragmentation rate.

Figure 21: Particle size distribution obtained with the granulometric analysis for percentiles: a) p10, b) p50 and c) p90

Nevertheless, Nozzles 1 and 2 according percentiles p50 and p90 were the nozzles that achieved the
highest fragmentation rate compared to the other nozzles as their profiles showed the lowest
particle size distribution across time, on the contrary, Nozzle 6 was the one that achieved the lowest
fragmentation rate, casually this was the nozzle that produced the most homogeneous dust cloud
according the results of Figure 15.

4. Conclusions
The nozzles proposed generated an annular flow that rapidly dissipated the energy in the sphere
causing that the velocity field in it were lower in comparison to the standard rebound nozzle, which
generated a ribbon flow pattern, this caused that the turbulence in the sphere were lower in
comparison to the standard rebound nozzle. The benefits of the lowest velocity fields where an even
mixing of the multiphase gas mixture and a more homogeneous dust dispersion, on the contrary,
for the standard rebound nozzle the highest velocity fields caused high concentrations of methane
on the center of the sphere, high concentration spots of dust located at the high velocity eddies on
the sphere, and low concentration spots or not filled gaps of dust at zones of low velocity field. The
results about the dust homogeneity showed that the concentration at the ignition zone always differ
from the nominal concentration, and thus the MEC, however, for the studied nozzles Nozzle 6
showed a constant concentration profile at the ignition zone and close to the nominal concentration
from 40ms to 80ms, a considerable time span, which can help to reduce the uncertainty in
concentrations for the determination of the MEC.
Particle fragmentation was constant for all the nozzles, numerical and experimental results showed
that the nozzle variation did not severely affect the fragmentation rate on the sphere. However, the
tendency is that the fragmentation is caused during the injection as the experimental and numerical
results suggested. According the experimental results, the particle size distribution vary significantly
from the initial distribution, nevertheless, it does not vary during the dispersion supporting the fact
that this phenomena happens during the injection. On the other hand, the numerical results clearly
support the fact that the fragmentation happens during the injection process as the particle
dispersion profiles showed that the fragmentation happens mainly in the interface between the
canister and the sphere and in the nozzle, where the highest velocity is achieved, and it even suggest
that the phenomena begins to cease after 30ms. This variation of particle size distribution caused
by the fragmentation of particles can affect the reliability of the 20L sphere explosivity parameters
measurement like the MEC, which is strongly influenced by this phenomena.
The CFD commercial software used possessed post processing capabilities that allowed to present
new, innovative and important results about the dust dispersion in the 20L sphere on the two way
and four way coupled simulations. However, despite the computational limitations does not allow
to fully perform DEM simulations, these can be more accountable than two way simulations for the
study of the dust concentration in the sphere as they can consider the variation of the particles mass
caused by the agglomeration and fragmentation phenomena in the dust dispersion. For this reason,
further computational studies about the dust dispersion in the 20L sphere should be done based on
four way coupled simulations.

The proper design of safety systems depends on an accurate characterization of explosive
parameters of flammable dust, performed in standard tests such as the 20L sphere. In this paper it
was presented enough evidence that showed that a more homogeneous dust cloud could be
obtained, and therefore, a more reliable characterization could be done. Nevertheless, for further
work it will be necessary to test the best proposed nozzle, which was Nozzle 6 in terms of dust
dispersion, against the standard rebound nozzle in order to determine if better measurements of
explosive parameters of flammable dust could be done.
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c)

Figure 22: Particle size distribution obtained with the granulometric analysis for percentiles: a) p10, b) p50 and c) p90

