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of dust explosions. These parameters are determined experimentally in a 20 L spherical vessel, following the

ASTM E1226 or UNE 14034 standards. Since their reproducibility depends on the levels of turbulence associated

with the dust cloud, a computational model of the multi-phase (gas-solid) flow is used to simulate the dispersion

K . process with the open-source CFD code OpenFOAM. The model is successfully validated against experimental
eywords: R . . e .

CD measurements from the literature and numerical results of a commercial CFD code. In addition, this study con-

siders the impact of particle size on the turbulence of the carrier phase, suggesting that particles attenuate its tur-

OpenFOAM

20 L vessel bulence intensity. Moreover, the model predicts well the formation of a two-vortex flow pattern, which has a
Dispersion negative impact on the distribution of the particle-laden flows with d,< 100 um, as most of the particles
URANS concentrate at the near-wall region. Contrarily, an improved homogeneity of dust cloud is observed for a case

fed with larger particles (d,= 200 pm), as the increased inertia of these particles allows them to enter into the
re-circulation regions.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Powdered materials play an important role in modern chemical and
process industries. It is estimated that three-quarters of all raw mate-
rials used in these industries and half its products are in particulate
form [1]. Although powdered materials are well suited for transporting,
handling and storing operations, under right circumstances, these can
behave as combustible dusts, leading to the development of dust explo-
sions [2]. These occur when dust is airborne, oxygen is present and there
is a source of ignition [3]. According to Eckhoff [4], a dust cloud is easier
to ignite and burns more violently the smaller the dust particles are.
When explosive combustion of dust clouds takes place inside process
equipment, the pressure inside may rise rapidly often producing cata-
strophic damage to facilities and causing large-scale loss of life [5]. For
example, a total of 281 dust explosions took place in the United States
between 1980 and 2005, resulting in 119 fatalities and 718 injuries
[6]. More recently, in only the first half of 2020, 26 dust explosions
were reported worldwide [7].

To determine whether a dust is hazardous, standard test methods
[8-10] measure the potential of dust clouds to explode by determining
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its deflagration index, K. Following this approach, laboratory test data
allow to predict conservatively the consequences if the same mixture
accidentally explodes in an industrial plant through the cubic root law.
In this relationship the deflagration index is directly connected to the
maximum rate of pressure rise, (dP/dt)ma. and the considered
volume, V, as presented in Eq. (1) [11-13]. Since this individual value
can predict the dust explosion violence, it is widely used as a key
parameter of vent sizing to protect industrial equipment (e.g. silos,
conveyors or rolling mills) [14-17].

dP
Kot = (E) Vi3 (1)

In these standardized tests, a determined amount of dust (i.e. the
needed one to fulfil chamber concentration) is stored in a container.
This sample is injected into vessel volume by means of a pressure-
driven flow and is dispersed as it flows through a nozzle device.
After an ignition delay time, t4, a turbulent dust cloud is created
inside the test chamber. This cloud is immediately burned (typically
using pyrotechnical ignitors) and the explosion pressure history is
registered. This procedure is repeated for a range of concentrations,
from which both Ky and Py, the maximum registered over-pressure,
are derived.
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Historically, the 1m> pressure-resistant vessel was conceived at the
Bergbau-Versuchsstrecke (BVS) in Germany under the leadership of
Dr. Wolfgang Bartknecht [18]. Due to its fair reproducibility of dust ex-
plosions, it was established as standard instrument for dust explosion
testing for many years since its first ISO regulation in 1985 [10]. How-
ever, due to its design size, an extensive amount of dust is required
and using it in a normal laboratory becomes complicated. Therefore,
since 1988 the 20 L spherical vessel proposed by Siwek [19] became
the preferred experimental apparatus for determining explosive param-
eters, overcoming the major drawbacks of the 1m? vessel and requiring
a significantly lower testing time. Nonetheless, the 1m> vessel remains
as the “gold standard” in dust explosion testing, allowing to verify any
result that seems suspicious in the 20-L one.

A critical aspect for the truthfulness of the 20 L vessel is to achieve
the same levels of turbulence for the air-dust mixture at the end of the
dispersion process that occurred in the 1m> vessel. As shown by
Bartknecht [20], turbulence exerts a significant influence on the explo-
sion characteristics, as larger Ky values are obtained with smaller t.
Experiments at that time suggested that the same turbulence
conditions existed when ty = 60 ms and t; = 600 ms, for the 20 L
sphere and the 1m® chambers, respectively. Later, Pu et al. [21] and
Dahoe et al. [22] measured turbulent flow properties in the 20 L
chamber during the ignition delay time. They found that different
turbulence levels existed between the two vessels, hence questioning
the validity of the cubic-root law. Van der Wel et al. [23] performed sim-
ilar measurements in the 1m> chamber. All of these studies suggested
that setting a modified ignition delay time of about 165-200 ms for
the 1m> one would have a much better agreement in terms of turbu-
lence levels. In 2007, Proust et al. [24] tested a wide range of twenty-
one different powders in both apparatuses. They found that P,,x was
systematically lower in the 20 L vessel while for Ky only six powders
shown a standard deviation between the two chambers lower than
the 5%, exceeding the 20% in most cases, which reinforced conclusions
from previous studies.

Another key assumption made in these tests is that homogeneous
dust clouds are created inside the test chambers. Specific nozzle de-
vices were designed to create fairly uniform dust clouds, being the so
called “rebound” and “annular” nozzles the standard dispersion de-
vices. While the perforated annular nozzle was able to generate a
quite uniform dust cloud, a significant fraction of solid particles is
trapped inside the nozzle [25]. Besides, measurements with the re-
bound nozzle have evidenced that the dust cloud is particularly con-
centrated in the wall region [26,27], creating zones of low dust
concentration near the ignitors [28] and therefore affecting the flame
propagation during the combustion of the dust particles. Despite
their difficulty to be performed, a few authors have developed experi-
mental techniques and vessel modifications to perform internal mea-
surements which have confirmed these trends [29,30]. Sanchirico
et al. [31] studied the effect of varying the injection pressure and com-
pared particle size distributions before and after dispersion proving
that particle breakage occurred at any conditions for every investigated
dust. Likewise, Computational Fluid Dynamics (CFD) studies have also
been applied to achieve an accurate description of particle behavior.
Murillo et al. [32] simulated the dispersion of wheat starch powder
and suggests that particle fragmentation is more dependent on the
flow dynamics compared to other secondary mechanisms, like the col-
lisions against the nozzle walls. Similarly, Vizcaya et al. [26] tested the
same dust and found that according to the post-dispersion
granulometric analysis the particle mean diameter experienced a re-
duction of 69%, revealing an important degree of particle fragmenta-
tion during dispersion. When comparing the influence of different
nozzles, particle fragmentation is more prone to occur when
employing the rebound nozzle, as this is promoted by higher turbu-
lence levels than to the acting mechanism of the outlet valve previ-
ously pointed out [29].
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Increasing computational capabilities suggest that CFD models could
be an effective tool to simulate the hazardous potential of dust clouds
behavior not only in the standardized experimental vessels but also in
actual industrial facilities. Within the framework of an EU project, re-
searchers developed DESC (Dust Explosion Simulation Code) [33],
which later became a sub-module (FLACS-DustEx) in Gexcon's com-
mercial CFD software for simulating gas and dust explosions [34]. How-
ever, the evaluation of K; still relies on the same cubic-root law, which
is valid for specific turbulence levels and that might not be equal for
every industrial application. Then, a more robust model is advisable.

Although extensive research has been conducted along the recent
history, dust explosions in the process industries are still a major issue
and need better methods for predicting real dust cloud generation, igni-
tion, combustion, and flame propagation processes. This work presents
the initial step to construct a reliable engineering tool for the simulation
of large-scale dust explosions in specific industrial geometries. To this
end, it is fundamental the prediction of turbulence levels, degrees of
dust dispersion, and distributions of dust concentrations encountered
inside the vessels to provide an accurate basis for the subsequent dust
explosion modeling. Thus, in the present paper, the dust dispersion pro-
cess is considered and studied by means of the standardized 20 L sphere
(equipped with the rebound nozzle and proceeding according to the
ASTM E1226 standard [8]). In contrast with previous CFD studies on
the 20-L vessel turbulent dispersion, conducted using commercial
codes (ANSYS Fluent® [27,35-37] or STAR-CCM + ® [32,38]), this
work relies on the use of Open-FOAM (Open-source Field Operation
And Manipulation) [39], a CFD open-source C++ library that has
gained wide recognition in academic, research and industrial sectors
[40,41]. Results obtained with OpenFOAM are compared with both ex-
perimental and CFD predictions available in the literature. The shown
great performance of the model encourages its further development to-
wards the accomplishment of the final goal.

2. Model description

From the wide availability of solvers in OpenFOAM 8, coal-
ChemistryFoam is chosen, which is a multi-phase transient solver for
compressible flow. The multi-phase flow interaction (gas-particles) is
modeled by an Eulerian-Lagrangian approach. It also includes particle
advanced models as well as advanced chemistry and combustion
models. Rather, no reactive features of the solver have been used in
this study, as research is focused on the dispersion stage only. The
fluid flow is described by the compressible form of the unsteady
Reynolds-Averaged Navier-Stokes (URANS) equations, Egs. (2), (3)
and a standard k-¢ turbulence model [42], Egs. (4), (5), has been used,
including the effect of a source term due to interaction between phases.
According to Elghobashi's work [43], volume fractions considered in this
study fit a two-way coupling regime, hence making possible to neglect
the effect of particle-particle interaction.
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Lagrangian phase is solved by applying Newtons 2nd law to the par-
ticles, rendering the following force balance:

du, 18uCpRe
T?:Td'g D24 p (Uj—llpi) + & (1_51) + Fother ()
0.424 Re,>1000
Co = % (1 +% Ref,/3> Re,<1000
p

where the drag coefficient Cp, is taken from Putnam [44], and the
particle Reynolds number is defined as Re, = pd, | u; — u,, | /u. This
correlation is valid for spherical particles and is suitable for high
Reynolds numbers [45]. In this study, the term Foer iS Set to zero, as
the dominant forces for micron particles with a low fluid-to-particle
density ratio are mainly drag, gravity and buoyancy.

Each one of these computational parcels represents a physical entity
by a cluster of particles that are assumed to share the same properties.
Hence, all the conservation equations are scaled by the number of par-
ticles present in the parcel. This technique is called Discrete Parcel
Method (DPM) [46] and is broadly used in CFD to reduce the computa-
tional burden. The amount of particles grouped in each parcel must be
set not only to ensure that parcels represent particles properties fairly
well but also that the overall motion of the discrete phase is statistically
significant [47].

The turbulence effect on particle trajectories is accounted by means
of a stochastic dispersion approach, in which a fluctuating velocity com-
ponent is randomly sampled from a Gaussian distribution with o =
\/2k/3 (assuming isotropic turbulence) and that is added to u;.
Another important aspect of this approach is the manner to calculate
the time over which a particle interacts with a turbulent eddy.
Following an approach similar to Gosman and loannides [48], here the
“interaction” time, t,, is computed as:

tine = miin (k/&, Le/|u;— Uy, |) (8)

where [, is the dissipation length scale. Finally, due to the
compressibility effect of the flow, the particles undergo a temperature
change during the dispersion process. This can be found by applying
an energy balance to the lagrangian phase:

o ngZn(r.—T,) ©)

my,Cp dt

where the heat transfer coefficient, h, is taken from Ranz & Marshall
[49]. Internal temperature gradients are not considered.

Fig. 1. Computational domain of the 20 L spherical vessel for dust explosions and detail of
the rebound nozzle.
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3. Numerical discretization
3.1. Geometry and computational grid

The computational domain has been modeled to represent the
equipment as closely as possible to the standards specifications avail-
able in the literature, as they are the ones also followed by manufactur-
ers. The canister is considered to have a bottle-shaped geometry with a
volume of 0.6 L, while it is connected to the sphere vessel by means of a
pipe with two elbows, see Fig. 1. This is placed in a skewed plane relative
to the mid-plane of the sphere. The model is equipped with the rebound
nozzle, whose dimensions were taken from the ASTM E1226 standard.
For the sake of simplicity, inside the sphere pyrotechnic ignitors were
omitted since combustion is not analyzed. However, it was decided
that modeling the actual dimensions and location of the canister and
connecting pipe were an important aspect to reproduce precisely the
actual injection process of particles within the sphere.

The computational grid was generated in ANSYS ICEM® and it is
comprised of hexahedron elements for the canister and pipe regions,
see Fig. 2. The 20 L vessel was discretized with a hybrid combination
of hexahedron and tetrahedron elements; using a 3D C-grid for the
top and sides of the sphere and tetrahedrons for the region surrounding
the nozzle. Transition between elements was achieved with pyramid el-
ements.

This newly-purposed method provides a high orthogonality in 80%
of the fluid region of interest, while keeping the advantages of auto-
matic grid generation in regions that are not suitable for manual
meshing. Moreover, to validate that the external grid is in conformance
with the requirements of the solver, the mesh metrics lie within the
suitable ranges of OpenFOAM's quality indices. The latter are calculated
by the built-in checkMesh utility, and validated that the mesh geometry
and topology were not corrupted. These are listed in Table 1.

3.2. Case description and boundary conditions

As per the standard test procedure, the flow inside the domain is
considered as quiescent air, hence velocity and turbulence fields are
set accordingly. The air is assumed as an ideal gas and the dust is initially
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Table 1
Mesh quality metrics reported by OpenFOAM's checkMesh utility.
Parameter Value
Max. Aspect Ratio 25.32
Avg. Non-Orthogonality 13.72 (max 75.36)
Max. Skewness 1.68
Avg. Cell determinant 3.81
Avg. Face interpolation wt. 0.47
Sphere vessel: 1,261,004

Number of cells Pipe: 313,500

Canister: 39,710

placed in the frustum section of the canister, mimicking a real deposi-
tion of the dust sample into the container. The fluid region is patched ac-
cording to the prescribed absolute pressures of the standard, this is
21 bar and 0.4 bar for the canister and sphere regions, respectively.

Moreover, in the real experiment the equipment is covered by a
double water-jacket that provides a cooling effect. This is particularly
useful to avoid a temperature increase between a series of dust explo-
sion tests. Hence, the wall temperature is set to 293 K, whereas the noz-
zle device is considered as adiabatic. Finally, a no-slip shear condition is
defined for all the wall region while the particle-wall interaction is spec-
ified with elastic reflections for both normal and tangential directions. A
summary is listed in Table 2.

3.3. Numerical schemes and grid dependency test

Egs. (2)-(6) are discretized utilizing a first-order upwind scheme for
convective terms and a second-order central differencing scheme for
diffusion terms. Gradient terms are evaluated using a cell-limited
scheme with cubic interpolation. Temporal discretization was calcu-
lated using a first-order Euler scheme with an adaptive time-stepping
method to satisfy a Courant number of 5. The velocity-pressure coupling
is handled by the PIMPLE algorithm with 3 correctors for each time step.
Residuals were set to 1078 and 10~ "2 for continuity-pressure and
momentum-turbulence equations, respectively.

For the Lagrangian phase, particle velocities are found by solving
Egs. (7), (9) using an Euler integration method with a limiting Courant
number of 0.3. This guarantees the stability of the coupled solution be-
tween the Eulerian and Lagrangian phases, at the same time ensuring
that computational parcels do not travel across more than one cell per
time step.

Previous CFD studies on the dispersion of dust particles in the 20 L
sphere have employed tetrahedral and polyhedral meshes [28,38];
however none of them have considered those containing hexahedral el-
ements, which are often referred as the most suitable meshing elements
that provide high accuracy, while keeping high ortogonality and a re-
duced number of cell faces [50]. As the performance of a hybrid mesh
of the 20 L spherical vessel (composed nearly of 80% of hexahedral ele-
ments) has not been previously studied, an analysis devoted to grid in-
dependence is considered here.

Grid independence was checked with four grids, namely: ultra-fine
(7.5 M), fine (3.25 M), base (1.62 M), and coarse (0.83 M). The cell
count was calculated to approximate a grid refinement ratio, , in the vi-
cinity of 1.3. The performance of the grids was calculated using the

Table 2

Boundary conditions case set-up.
Variable Boundary Condition Initial Value
U noSlip 0 m/s
T fixedValue 293 K
k kqRWallFunction 1m?s—2
€ epsilonWallFunction 117 m?s—3
0,/N, zeroGradient 0.23/0.77 (%w)
Dsphere zeroGradient 0.4 bar
Dcanister zeroGradient 21 bar

Powder Technology 397 (2022) 117033

variables of interest to the flow, the pressure and turbulent kinetic en-
ergy (TKE) records. Fig. 3 shows the temporal trends of the pressure
and TKE of the dust-free flow simulation. As appreciated, the pressure
profiles show an excellent agreement for all the four grids, suggesting
that the pressure has converged since the employment of the coarsest
grid. Conversely, the TKE profiles exhibit a clear cut sensitivity to the
grid size. The profiles of the fine and ultra-fine meshes overestimate
the decay of turbulence with respect to that of the base grid. Contrarily,
the latter is underestimated when the coarse grid is employed.

Moreover, the numerical error introduced by the spatial dis-
cretization was calculated following the GCI method, described by
Celik et al. [51]. Here, the characteristic grid size, h (in mm), for the
four grids is calculated as the cube-root of the average cell volume, par-
ticularly: hy = 1.4, h, = 1.85, h3 = 2.33 and hy = 2.92, where the
subscripts 1, 2,3 and 4 correspond to ultra-fine, fine, base and coarse, re-
spectively. Two sets were considered for the calculation of the GCI, first
the one consisting of grids 4, 3, 2 and second, another set consisting of
grids 1, 2, 3. The values considered in the calculation of the GCl are listed
in Table 3. On the one hand, the numerical error in the calculation of the
pressure field is very small, as the grid convergence index is 0.11% and
0.007% for the first and second grid sets, respectively. These values con-
firm that the pressure field has already converged. Furthermore, in the
second grid set the extrapolated value ¢2} already matches the pressure
value obtained with the ultra-fine grid ¢ suggesting that further
refinement will have an insignificant effect on this field. On the other
hand, the numerical error in the calculation of the TKE is slightly higher,
as the grid convergence indexes are 6.93% and 5.33% for the first and
second grid sets, respectively. The sensitivity of the TKE to the grid
size is related to the turbulent eddy viscosity, which is strongly affected
by flow history effects and that is difficult to match identically among
simulation runs. However, these errors rely on a local TKE value and
can be considered acceptable as far as the most important features of
the flow are captured, such as the periods of turbulence build up and
decay. Moreover, in all cases the solutions of both pressure and TKE
are in the asymptotic range of convergence.

Another remarkable aspect is that for the first grid set, a monotonic
convergence for both pressure and TKE is observed, while the second
grid set exhibits oscillatory convergence, see Fig. 4. This behavior sug-
gests that further refinements up to that comparable to an infinitesi-
mally small grid spacing (at Richardson's extrapolation) will approach
to an intermediate value of the already computed TKE values. Hence,
for the rest of the simulations, it is concluded that the grid that provides
acceptable accuracy at a moderate computational cost is the base grid
consisting of 1.62 M cells, which also provides the TKE value that is
more approximate to the extrapolated value of the second grid set.

4. Results and discussion
4.1. Validation of the CFD model

To validate the model, CFD results obtained with OpenFOAM are ini-
tially compared to the experimental measurements of Dahoe et al. [22].
In their study, the RMS velocity fluctuations of the dust-free flow were
monitored using laser Doppler anemometer while the pressure change
inside the sphere chamber and canister was recorded with piezo-
electric transducers. First, a theoretical prediction of the final pressure
that is reached in the sphere can be estimated if the initial and final tem-
peratures in both canister and 20 L vessel are equal. Following the ideal-
gas law:

o pci VC + ps,v VS
A 1o

the pressure at the end of the dispersion process reaches exactly 1 bar in
the domain, where V. and V; are the volumes of the canister and sphere
vessel, respectively.
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Fig. 3. Comparison of the temporal trend of the pressure in the sphere and canister (left) and, evolution of the TKE in the sphere (right) for the different grid sizes evaluated.

As observed in Fig. 5(a), the trends of the pressure profiles are well
captured as both the sphere and canister approximate asymptotically
to the vicinity of 1 bar after t = 40ms. The latter suggests that the flow
coming into the sphere, in this case being air only, is limited to this
time. A slight underestimation of the pressure at the end of the
ignition delay time is observed, with a relative error ~3%. This can
be explained due to the fact that the transient dispersion in the ex-
periments is not isothermal, and the outlet valve is closed before
the pressure and temperature reach equilibrium. In addition, the
CED profile of the pressure discharge in the canister is steeper than
in the experimental measurements. This difference can be attributed
to the acting mechanism of the outlet valve. As described in the UNE
14034 standard, the pressure release is more pronounced for the
pneumatically-activated valves than for the fast-acting valves with
blasting caps. The former is commonly utilized in the experimental
study, while the latter resembles more to the profile obtained with
the CFD model.

Similarly, the RMS velocity fluctuations were computed in a simula-
tion run extended up to 1 s, where both profiles exhibit a similar trend.
First, as previously suggested by Dahoe et al. [22], there is a period of
turbulence build-up in which the baroclinc effect is dominant over
other mechanisms of turbulence production. Particularly, this effect
promotes turbulence production during an initial period of 10 ms,
same in which the pressure in the canister is reduced about a 65%.
This condition takes the flow integration time step to reach values as
low as 1077 s. As the flow continues entering into the 20 L vessel, the
strength of the baroclinic effect decays significantly, such that mecha-
nisms of turbulence production associated to wall friction and shear
stresses are not able to overcome this decay, hence leading to a general
decay of the RMS velocity fluctuations in the sphere.

Table 3
Calculations of numerical error introduced by spatial discretization using the GCI method.

Second, the CFD model reports a moderate overestimation of the
RMS velocity fluctuations during the whole run. This can be explained
due to the fact that the geometry considered in the model does not ac-
count for the pyrotechnic ignitors at the center of the sphere. These cy-
lindrical bodies represent an obstacle to the fluid flow in the region
where the vgys’ was sampled. This increases the turbulence intensity
at that zone, therefore leading to a larger values of the velocity
fluctuations. Most important, the CFD model predicts an exponential-
like decay of turbulence once past the 60 ms, as earlier observed by
other authors [22,52]. Finally, in the current CFD model the temperature
inside the canister at the end of the dispersion process is 123 K, only a
1.8% deviation from the estimation if the discharge is considered as an
isentropic process.

Later, the model was compared to the numerical results of
Portarapillo et al. [53]. In their study, the dispersion of a niacin dust
was simulated by using the commercial CFD code ANSYS Fluent®. The
properties of the dust sample were imitated, namely p,= 1470 kg/m>
and fixed d,= 41.4 um for a case with a dust concentration of 250 g/m>.
The profiles of the evolution of the pressure and TKE are shown in
Fig. 5(b). As appreciated, the pressure inside the sphere is somewhat
underestimated, with the profile of the commercial CFD code being
more approximate to that obtained with OpenFOAM in the case with
air only. This difference can be attributed to the fact that the injection
method in both CFD codes are different. The former employs a surface
injection controlled by particle mass flow rate, while the latter places
all the computational parcels into the frustum section of the canister
at stagnant conditions. The last-mentioned injection method was em-
ployed with the aim of elucidating what happens in the real experimen-
tal setup, as the dust samples are initially quiescent upon the activation
of the outlet valve, which thereafter allows the carrier phase to drive the

¢ pressure (bar) in the sphere at ¢ TKE (m?s~2) in the sphere at

¢ pressure (bar) in the sphere at ¢ TKE (m?s~2) in the sphere at

60ms 60ms 60ms 60ms

Na, N3, Ny 325M,1.62 M, 083 M Ny, N, N3 7.5 M,3.25 M, 1.62 M
T3 1.26 o3 1.32
T43 1.25 T3z 1.26
b2 0.9807 86.121 b1 0.9810 82.612
b3 0.9823 79.639 b2 0.9807 86.121
o 0.9829 64.527 b3 0.9823 79.639
p 4.52 3.75 p 6.9 2.48

22 0.9798 90.83 21t 0.9810 79.08
032, e32. 0.17%, 0.09% 7.5%,5.1% e2!, ezl 0.03%, 0.005% 4.2%4.4%
GCI32. 0.11% 6.83% GCPvafine 0.007% 5.33%
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particles. Another difference is that the present study emulates a more
realistic bottle-like shape of the canister and keeps the curvature of
the connection pipe, whereas the model simulated with the commercial
CFD code considers a spherical canister and a straight vertical pipe.
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In addition, the profiles of the pressure discharge in the canister
match reasonably well, except for the period between 5 and 25 ms,
where the most of the particle flow is assumed to enter into the
sphere. A similar discrepancy is observed for the pressure increase
in the sphere, suggesting that the presence of particles in the canis-
ter attenuate both the rate of pressure rise in the sphere and the rate
of pressure discharge in the canister. Furthermore, as no experi-
mental data on the pressure profiles obtained in the air-dust flow
is available, the temporal trends of the pressure and RMS velocity
fluctuations obtained with OpenFOAM are considered of satisfac-
tory performance due to the final pressures and vgys’ at the end of
the ignition delay time approach to the vicinity of 1 bar and 6 m/s,
respectively.

4.2. Analysis of the flow pattern

As previously stated, the period of turbulence build-up is limited to
the first 10 ms of the dispersion process. During this time the incoming
flow to sphere reaches a sonic condition, with maximum velocities circa
350 m/s. Fig. 6 shows the velocity contours at a cross-sectional plane of
the sphere during this time. As observed, three jets are expelled out
from the nozzle holes resembling a trident-like shape. The lateral jets
are directed towards the walls, while the central jet is directed up to
the top of the vessel. As the flow evolves, the lateral jets continue adja-
cent to the walls until they collide at the top of the sphere and start to
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(a) (Dust-free flow) Comparison of the temporal trends of the pressure inside the sphere and canister (left) and evolution of the RMS velocity
fluctuations up to 1Is in the sphere (right) between experimental measurements (Dahoe et al. [22]) and CFD results obtained with OpenFOAM in

this study.
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(b) (Air-dust flow) Comparison of the temporal trends of the pressure inside the sphere and canister (left) and evolution of the RMS velocity
fluctuations in the sphere (right) between a study employing a commercial CFD code (Portarapillo et al. [53]) and CFD results obtained with

OpenFOAM.

Fig. 5. Validation of the CFD model.
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Fig. 6. Snapshots of the velocity contours during the initial 10 ms of the air blast.

descend. The descending flow is then curbed and deflected by the cen-
tral jet into two symmetrical opposite directions, hence creating the two
re-circulation regions shown in Fig. 7.

The visualization of this pattern is supported by the experiments of
Du et al. [30], who used a high-speed camera and image processing
techniques to study the dispersion process in a transparent 20 L vessel.
In their study, they considered carbonaceous dust samples, finding that
the presence of these two re-circulation regions lead to a spatial non-
homogeneous distribution of the dust cloud. Similarly, the pattern was
also observed in the CFD studies of Di Benedetto et al. [27] and Di Sarli
et al. [28], in which the effect of the re-circulation regions on the distri-
bution of the dust particles inside the sphere were highlighted. They
suggest that these vortices act as dead volumes for the gas-solid flow,
minimizing the dust concentration at the core regions. Moreover, in
Fig. 8 the contours of the z-component of the vorticity field illustrate
the vortex direction of rotation at a later time during the dispersion pro-
cess. Here the vorticity is positive for the counter-clockwise rotating
vortex, while it is negative for the vortex rotating in the clockwise direc-
tion. This map also evidences the existence of strong shear layers in
zones with sharp red-to-blue (and vice-versa) color transitions. Besides
taking place at the vertical axis of symmetry, these are especially appre-
ciable in the zones between the upper and lower plates of the nozzle.
The latter are further extended to the tips of the lower plates until con-
tinuing adjacent to the walls of the sphere. In general, this two-vortex
pattern prevails until the end of the ignition delay time and has a direct
impact on the mixing of the dust cloud.

Likewise, Fig. 9 shows the TKE contours at selected times during the
dispersion process. First, during all times the TKE map is symmetrical
with regard to the vertical axis passing through the center of the sphere.
Next, it is observed that at t= 20 ms, the zones with higher TKE are be-
tween the lower and upper plates of the nozzle and at the exit of the
central jet. The latter agrees with the vorticity contour, indicating a
high swirling flow taking place in these regions. Then, at t= 40 ms the
regions of higher TKE are contained within the cores of the two-
vortex structure described earlier. Lastly, by the end of the ignition
delay time, tq4, the higher TKE is still concentrated at the center of the
sphere, suggesting that the flow is relatively more turbulent at this

Fig. 7. Flow pattern in the 20 L sphere.

region than at the near-wall regions in the sphere. The latter will have
an impact on the turbulence-chemistry interaction for an extended
study considering the reactive scenario.

Similarly, Fig. 10 shows instantaneous snapshots of the evolution of
the particle dispersion during the initial 10 ms of the dispersion of the
air-dust mixture. Here, the effect of the rebound nozzle is clearly appre-
ciated at the first two frames. The particles expelled out from the central
holes are directed up to the top of the sphere while the particles coming
out from the lateral holes are ejected towards the upper plates of the
nozzle. The latter particles bounce back and are then reflected by the
lower plates, following the same jet behavior of the gas phase. Further-
more, the top view of the sphere evidences that the lateral particle jets
are also spread into a symmetric cross-shaped pattern with regard to
the horizontal plane.

As the time elapses, the particles continue mixing with the flow
while those hitting the walls are reflected with elastic conditions. Fur-
thermore, during the initial 10 ms of dispersion, approximately a 50%
of the total particle mass fraction enters into the sphere. This is attrib-
uted to the fact that flow is particularly vigorous during this time.

4.3. Effect of particle size on the turbulence of the particle laden flow

Next, with the aim of studying the effect of particle size on the turbu-
lence of the carrier phase, four simulations with varying particle diame-
ter were performed. The particles are assumed to have a density pp=
1400 kg/m>, which corresponds to a classic carbonaceous or woody
dust sample. A concentration of 250 g/m° is considered for all cases,
with the following fixed particle diameters: 10, 50, 100 and 200 ym.
These values are typical for comminuted materials, and lie in the most
explosive size range of particulate solids processed in the power, mining
and pharmaceutical industries. To obtain statistically significant results,
in all cases the total mass of the dust sample was equally distributed
among 1 M computational parcels.
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Fig. 8. Snapshot of the z-component of the vorticity field at t = 30ms.
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Fig. 9. Snapshots of the TKE contours at selected times during the air blast.

Fig. 11(a) shows a comparison of the temporal trends of the TKE be-
tween the dust-free case and the cases with varying particle diameters.
First, it is appreciated that the periods of turbulence build-up and decay
are still in agreement with regard to that of the dust-free simulation.
During the initial 10 ms of the dispersion process, the TKE of all the
two-phase flows is lower compared to that of the single-phase flow.
The latter can be explained by the work of Balachandar and Eaton
[54], who propose three mechanisms of turbulence reduction for dilute
suspensions (the volume fraction is ¢ ~ 10~* in this study): (a) en-
hanced inertia of the particle-laden flow, (b) increased dissipation due
to particle drag, and (c) enhanced kinematic viscosity, Veg, of the
particle-laden fluid. These effects become relevant when the particle
scales are comparable to the Kolmogorov scales. In this study, particles
are in the range of tens of microns, O(d,) = 107, while the Kolmogo-
rov time scales calculated during the period of turbulence build-up,
O(M) = 1073, therefore suggesting important local flow distortion
around the particles.

Contrarily, turbulence can be enhanced due to wake dynamics and
self induced vortex shedding around the particles, as it happens for a
short time period between 15 and 20 ms. During this time, the TKE is
larger than that of the dust-free flow, suggesting that particles promote
unsteady wakes that are not present in the unladen flow. Next, for the
time period past the initial 20 ms, the particles with d,> 100 um
decrease the TKE, while particles with d,< 50 um exhibit a slight TKE
increase that is further reduced up to reaching similar values than
those obtained with the injection of larger particles. In general, during
the period of turbulence decay, the presence of particles attenuates

turbulence. This can be explained by the turbulence modulation
phenomenon.

As suggested by Crowe et al. [45], the turbulence modulation can be
qualitatively classified in a map divided into two regions. These zones
are distinguished by a criterion based on surface effects, namely the
ratio of the particle diameter d,, to the dissipation length scale I.
This is particularly useful to estimate up to which threshold value
of dp, the presence of a dispersed phase in the flow can either
enhance or attenuate the turbulence relative to the turbulence of
the carrier phase. According to Crowe's, this ratio is dp/l ~ 0.1. This
map is depicted similarly in Fig. 11(a) right, portraying the regions
of turbulence modulation originally shown in Crowe's work. It is
observed that the presence of all particles ranging from 10 to 200 ym
attenuate the turbulence intensity during the period of turbulence
decay, as the dy/l. < 0.1 for the four cases above mentioned. This
reduction will have an impact on the rates of heat transfer and
chemical reactions for the dust explosion test [45].

In addition, from the works of Ferrante and Elghobashi [55] and
Kussin and Sommerfeld [56] it is suggested that there are other factors
that appear to contribute to turbulence modulation due to the presence
of particles. These include (a) inertial effects: particle Reynolds number,
and (b) response effects: particle response time, or Stokes number.
Fig. 11(b) shows the evolution of these dimensionless numbers for the
four particle-laden flows analyzed in this section. As appreciated, all
profiles of the particle Reynolds number (Re,) follow a similar trend
during the 60 ms of dispersion. All peak values are reached during the
initial 10 ms, which corresponds to that of the period of turbulence
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Time = 6ms
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Fig. 10. Snapshots of the particle tracks colored by velocity magnitude during the initial 10 ms of dispersion of the air-dust mixture. The top and front views of the sphere are portrayed in

the first and second rows, respectively.
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Fig. 11. Effect of the presence of a dispersed phase on the turbulence of the dust-free case and dynamics of the dust particles.

build-up. Then all profiles exhibit a smooth decay until the end of the
ignition delay time. However, because of the length scales at which
these different mechanisms vary, the suspended particles can simulta-
neously augment and suppress over a different range of scale, such
that the effective modulation depends on the strength of the different
mechanisms.

Moreover, the first map suggest that the dynamics of the dust parti-
cles are far from the so-called Stokes regime, in which particle inertia is
small compared to that of the gas-phase. Conversely, all the particles
considered in this study happen to drift from the fluid streamlines due
to a high inertial force (Re, > 1), except those having d,= 10 ym. An
analogy can be made to interpret the second map, as a Stk <1
indicates that the dust particles are able to adapt to the changes of the
flow field, while for Stk >1 the particle response times are larger than
the characteristic fluid time scales suggesting that the interaction
between the dynamics of the two phases is minimal.

In short review, all particles exceeding d, > 50um will not follow the
flow pattern, as both Re, and Stk numbers indicate that these particles
are far from reaching equilibrium with the inertia of the gas-phase.
This fact will have an impact on the distribution of the dust cloud.

4.4, Effect of particle size on the distribution of the dust cloud
The temporal evolution of the dust concentration attained in the 20 L

sphere is plotted in Fig. 12. In all cases, the dust filling in the vessel fol-
lows a linear trending, similar to the observations of Di Benedetto et al.

[27]. Moreover, the time for which the total of the dust sample is
injected into the chamber seems to be size independent, as all cases
reach the asymptotic value of the nominal dust concentration for
times circa 20-30 ms. This finding suggests that all the dust particles
have about half of the ignition delay time to mix with the coherent
flow structures. However, as described earlier, in any case the interac-
tion of the dynamics between solid and gas phases is optimal. The dom-
inant vortex structures in the flow field is a mechanism of reduced
particle mixing due to turbulence. The latter is associated to the nozzle
design and spherical geometry of the 20 L vessel. Although some au-
thors [52,57] have proposed other nozzles to improve the particle
mixing, no conclusive data has been obtained yet.

Furthermore, to evaluate the dust distribution inside the 20 L sphere
at the end of the ignition delay time, particles were measured as if
contained in concentric spherical zones inside the vessel. In particular,
five radial regions were considered; the first one being a perfect sphere
atr/R = 0.2, while the rest of the regions were drafted as spherical shells
of the subsequent corresponding radii. As also noted in Fig. 12, the cases
with the two smallest particle size (dy< 50 um) exhibit a very similar
profile, with a preferential concentration of the dust particles in
the outermost shell. The mass of particles contained in this shell
represents about an 80% of the total dust sample and is concentrated
in the near-wall region. This may have a significant impact on the igni-
tion of the air-dust mixture, as many particles lie far from the ignition
zone by the moment in which the ignitors are activated. Then, it is ap-
preciated that as the particle size increases, the dust distribution in
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Fig. 12. Temporal evolution of the dust concentration attained in the 20 L sphere for various particle sizes (left), and distribution of the dust particles versus radial position for various

particle sizes at t = 60ms (right).

the outermost shell decreases up to 20%. This is attributed to the in-
creased inertia of the largest particles, as both Re, and Stk numbers
are about one order of magnitude larger compared to the smallest two
particle sizes. In this case, the interaction effects with the walls play a
major role for determining the final positions of the particles.

The particles with the two largest diameters carry more energy and
momentum, exhibiting a ballistic behavior. Moreover this study con-
siders elastic coefficients of restitution, therefore particles hitting the
walls retain its normal and tangential momentum after the rebound.
This implies that particles having diameters of 100 and 200 um will
enter into the re-circulation regions with a negligible effect of the sur-
rounding fluid on the particle trajectories. In consequence, the distribu-
tion of the dust cloud is more uniform when larger particles are injected.
Previous work carried out by Di Sarli et al. with their 3D CFD model [58],
has also shown that dust paths differed from those of the fluid flow
when dust diameter was increased. In that work, although a material
density of around 46% higher was considered, the same outcome was

10pm

R/2 R

R -R/2 0

200pm

P

R -R/2 0 R

R/2

R -R/2 0 R/2 R

(a) Front view

presented. Smaller particles can follow the flow pattern to a higher de-
gree, then driven by the two recirculation zones tend to be more con-
centrated at the vessel walls. In contrast, larger diameter dust presents
a high inertial force which makes them almost independent of the dy-
namics of the gas-phase, and thus, the interaction effects with the
walls play a major role in their trajectories. As a result, particle size
seems to be a key characteristic for dust dispersion over the material
density.

To show the positions of the particles at the end of the ignition delay
time for the isolated cases of d, considered in this study, Fig. 13 shows a
graphical representation of the dust cloud. Here, the depicted particles
correspond to those sampled at a transverse plane coincident to the
xy-plane (or front view of the sphere) and to the xz-plane (or top
view of the sphere).

These pictures agree with the aforementioned observations, as
for the case with d,= 10 um, there is a thin layer of particles adjacent
to the walls and a little concentration at the center of the sphere.

-R/2 0

R/2

100pm
S

R/2 R

-R/2 0

(b) Top view

Fig. 13. Distribution of the dust cloud sampled at a cross-sectional plane coincident to the: xy-plane or front view (left), and xz-plane or top view (right) of the sphere at t = 60ms.
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This distribution is similar to the case containing particles with
d, = 50 um, where a bigger amount of particles in the near wall
region is appreciated. In addition, for this case it is noted that there
is @ minimal dust concentration in the zones occupied by the re-
circulation regions. Therefore, the two vortices are dead volumes for
the particles. Next, for the case with d,= 100 um, more particles enter
into the re-circulation regions, such that the dust concentration at the
center of the sphere is increased. Finally, for the case containing parti-
cles with d,= 200 um, a dense cloud at the center is observed, which
in fact confirms that the peak of the solid mass fraction occurs at
r/R=04.

To end, the present study points out an already discussed issue re-
garding the experimental dispersion nozzle. The standard rebound noz-
zle has been shown incapable of producing a homogeneous dust cloud,
especially for larger dust particle sizes, as highlighted by Di Sarli et al.
[58]. Alternatively, using the perforated annular nozzle a better-mixed
dust/air cloud can be generated but failing in the injection of the
whole dust mass contained within the canister [25]. The aforemen-
tioned problems lead to a dust concentration completely different
from the nominal value (under some conditions/locations) which may
provide spurious results when measuring the explosion and flammabil-
ity parameters considering the standard procedure.

5. Conclusions

Dust dispersion process in the standardized 20 L spherical vessel was
simulated by employing the open-source CFD code OpenFOAM. The
model was validated against experimental measurements of the dust-
free flow and with numerical results of air-dust flow obtained with a
commercial CFD code. The model agrees reasonably well with both stud-
ies since it has shown capable of capturing the most significant features
of the transient flow, such as the periods of turbulence build-up and
decay and the two-vortex structure that dominates the flow pattern.

In addition, the analysis of the effect of particle size (with dj, equal to
10, 50, 100 and 200 um) on the turbulence of the gas phase and on the
distribution of the dust cloud suggests the following findings: a) First, it
is observed that in all cases the presence of particles attenuates the
turbulence intensity of the carrier phase, having a direct impact on the
rates of heat transfer and chemical reactions for the subsequent dust
explosions; b) Second, the homogeneity of the dust cloud obtained
with the rebound nozzle is strongly influenced by the particle
diameter, as the increased inertia associated with a particle size in the
order of hundreds of microns O(d,) = 10~* allows these particles to
enter into the re-circulation regions, therefore increasing the number
of particles that are close to the ignitors. Contrarily, the high dust con-
centration at the near wall region (or poor dust distribution) is more
susceptible to occur when smaller particles O(dp) = 1073 are injected.

Furthermore, it is shown that dust particles with dp> 50 ym have a
negligible interaction with the dynamics of the gas-phase, as Re,>100
and Stk >1 indicate that particle inertia is dominant over that of the
surrounding fluid. As d;, keeps increasing, the particles exhibit a more
ballistic behavior, such that the collisions with the walls play a major
role on determining the final positions of the particles.

In summary, this multi-phase simulation conducted employing the
open-source CFD code OpenFOAM has proven its full validity showing
a great agreement with experimental measurements and other results
produced with commercial CFD codes. Considering that, turbulence be-
havior and particle size effect have been thoroughly assessed. Moreover,
the strongest advantage of the present code is its capacity to mimicking
the real experiment, placing the solid particles at stagnant conditions in
the frustum section of the canister while generating the particle-laden
flow through a pressure difference. This allows to consider flow asym-
metries induced by a realistic experimental setup. In this regard, it has
been proved that the current experimental apparatus fails to provide
a homogeneous dust cloud and a fully valid solution has not been
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presented yet. Like other CFD studies, this work encourages the devel-
opment of a new dust dispersion method with the aim of improving
the accuracy of dust explosion measurements in the 20 L sphere. Future
work in this geometry will include biomass as material, complete parti-
cle size distributions, different dust concentrations and consider differ-
ent nozzle geometries, all of them under reacting conditions which
imply the modeling of new complex processes such as the ignition
mechanism, devolatilization process, heterogeneous combustion and
flame propagation. These following steps will be made trying to contrib-
ute to the knowledge in powder science and technology while increas-
ing the accuracy of the experimental techniques, since they determine
the effective prevention and mitigation measures of dust explosions in
the industrial field.
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