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Comparison of the different CFD simu-
lation approaches.
Presentation of the main techniques used
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bulence effect.
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A B S T R A C T

Safety characteristics are widely used in the process industry to design facilities in a safe way. For powders, they
are normally investigated under turbulent conditions inside a spherical test vessel, the so called 20L-sphere,
to disperse the dust in air. This has been the target of many researchers to either investigate the turbulence
that is present during the standardized test conditions, to compare it to quiescent conditions or to manipulate
it for the comparison to other conditions. The approaches have been numerous and while the focus used to
be on obtaining different experimental results it has shifted more and more to different kinds of simulations.
This review gives an overview about different simulation approaches and how they can be compared. It is also
an overview over the experimental findings and compares it to data obtained for three different dusts while
changing the pre-ignition turbulence level in a very fine way.
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1. Introduction

Particle-based processes, such as fluidized bed reactors, play a
crucial role in various industrial applications, from chemical manufac-
turing to pharmaceuticals. These processes involve the suspension of
solid particles in a fluid, creating an environment where the particles
are continuously agitated and mixed. This method enhances reaction
rates and heat transfer, making it highly efficient for large-scale produc-
tion. However, such processes often deal with combustible dusts, which
pose significant safety risks if not properly managed. Conducting safety
tests for these dusts is imperative to prevent catastrophic incidents
like explosions or fires. These tests help identify the dust ignition
properties, assess potential hazards, and establish necessary control
measures, ensuring safe and reliable operation in industrial settings. By
prioritizing safety, industries can protect their workers, equipment, and
the environment from the devastating effects of combustible dust inci-
dents. The safety characteristics maximum explosion pressure (p𝑚𝑎𝑥),
maximum rate of pressure rise (dp/dt)𝑚𝑎𝑥, lower explosion limit (LEL,
in American English MEC for minimum explosive concentration) and
limiting oxygen concentration (LOC) of dusts are normally tested under
turbulent conditions. These in turn are investigated according to a
standardized test procedure [1–5] that is described here in brief for
the most common test vessel, the 20 L-sphere (see Fig. 1):

• Evacuating the explosion vessel to a defined vacuum (0.4 bar abs)

• Pressurizing the dust chamber to a defined overpressure (21 bar
abs)

• Opening of the fast-acting valve
• Triggering of the ignition source after a defined ignition delay

time (60 ms)
• Recording the pressure and linking it to the aimed safety charac-

teristic
• Taking the highest recorded pressure of all test series for p𝑚𝑎𝑥
• Taking the highest slope of all test series for (dp/dt)𝑚𝑎𝑥
• Taking the highest concentration of the dust where the pressure

did not reach a certain value (0.5 bar in 14034-3 [3] and 2 bar
in ASTM 1226 [5]) for the LEL

• Taking the highest value of the reduced oxygen concentration
where the pressure did not reach a certain value (0.5 bar in
14034-4 [4] and 2 bar in ASTM 1226 [5]) for the LOC

One important recommendation is that the test apparatus must be
capable of dispersing a fairly uniform dust cloud of the material.

Even though the procedure is rather short in description, it is hard
to implement for experimental reasons such as the inertia of the valve,
the inertia of the ignition source or the friction of the dust inside the
injection system clogging the injection partially.

As just explained, in the ASTM E1226 protocol [5] and in the
EN14034-series [1,2], the dust–air cloud is generated by blowing the
dust into the sphere, which is initially pre-evacuated at 0.4 bar, through
a valve connecting a container loaded with dust and pressurized with
21 bar compressed air. A rebound nozzle is attached to the bottom of
the bomb to allow the dispersion of the dust–air mixture inside the
container. The most important aspects of this process are the level of
pre-ignition turbulence and the distribution, mixing and homogeneity
2 
Fig. 1. Schematic of the 20 L-sphere.
Source: Taken from [6].

of the dust. The pre-ignition turbulence plays an important role in influ-
encing the explosion behaviour, playing an effect on flame propagation
speed, pressure–time curve and deflagration index [7]. Therefore, the
control of the turbulence level is of utmost importance. Both pre-
ignition and induced distribution of the dust particles have a significant
effect on the flame propagation in the test vessel. Pre-ignition dust
distribution depends on the feeding mode while induced distribution
depends on the sedimentation. The homogeneous distribution of the
dust–air mixture in the vessel has a considerable influence on flame
propagation if stratification and sedimentation occur. Notably, from
the available experimental analyses, it is not still possible to derive
complete maps of velocity, turbulence level and dust concentration. The
expected evaluation of both turbulence and concentration distribution
requires the use of advanced techniques based on lasers and high
resolution camera. The literature experimental results do not provide
complete spatio-temporal maps. To overcome the experimental limita-
tions, advanced models based on the solution of the momentum, energy
and concentration balance equations could be developed. The aim of
this review is to show and critically comment the main works regarding
the pre-ignition turbulence level, through experimental and simulative
approach.

2. Simulations

Fig. 2 shows a summarized map of the main keywords and topics
covered by the work selected and discussed in this section of the report.
It can be seen that the core of the map has a heart consisting of the
topic of dust explosions, from which different branches emanate in
the period 2016–2022 and the level of investigation is represented by
the size of the corresponding circle symbol. In the zooms of the lower
and upper branches, it can be seen that in some of the subclusters
the topic of turbulence appears, which is a key aspect of the dust
explosion phenomenon. One of the first CFD simulation studies in the
field of dust explosions was carried out by Kjäldman (1992) [8]. The
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Fig. 2. VOSviewer map with a graphical organization of the works included in this section of the review considering the main keywords and organized basing on the publication
year.
study presents a computational analysis of the dynamics of dust explo-
sions in a vented 20 L sphere, focusing on how particle-laden flows
behave during deflagration events. A numerical model was developed
to simulate the interaction between dust particles and the surrounding
gas, examining important factors such as particle size distribution,
concentration and combustion-induced turbulence. The results indicate
that smaller particles and higher concentrations lead to more intense
deflagrations due to larger surface area and higher reactivity. The study
also reveals complex flow patterns, including vortex formation, that
influence the propagation of deflagrations. The model’s predictions
were validated using experimental data with a good agreement despite
major simplifying assumptions.

Until 2013, only empirical modes were used and no detailed simula-
tions of the coupling between turbulence, dispersion and concentration
were performed. In 2013, Di Benedetto et al. (2013) in a pioneering
work in this field, developed a CFD model of the temporal evolution
of the fluid flow and the turbulence decay in the 20-litre sphere [9].
Starting from these results, in the following years, significant advances
in the understanding of the complexities of fluid dynamics and dust
dispersion were obtained (see Table 1). CFD models may be divided
in three classes, depending on the model features. The first class
deals with the unsteady Reynolds-averaged Navier–Stokes (URANS)
approach coupled to the k-𝜖 model for turbulence [10]. The second
class deals with the two-layer realizable k-𝜖 model. The third class
implements the Detached Eddy model coupled to the k-𝜔 model for
turbulence. In the following details on the model and main results are
discussed.

2.1. Standard URANS k-𝜖-models

Di Benedetto et al. (2013) developed a CFD model based on the
URANS approach to simulate the temporal evolution of the fluid flow
and the turbulence decay in the 20-litre sphere when either only air
or dust–air mixtures are injected [9]. The aim of this work was to
gain insight into the fluid flow that occurs inside the sphere under the
conditions of the standard tests and to visualize the process of dust
dispersion. The dust concentration investigated was 250 g/m3 with a
dust density of 2100 kg/m3. Under these conditions, it was possible to
3 
adopt the particle-laden flow approach, in which the Eulerian approach
for the fluid phase and the Lagrangian approach for the solid phase is
used. The continuity and momentum balance equations read
𝜕 𝜌
𝜕 𝑡 + ∇(𝜌𝑢) = 0 (1)

𝜕(𝜌𝑢)
𝜕 𝑡 + ∇(𝜌𝑢𝑢) = −∇𝑝 + ∇𝜏 + 𝜌𝑔 + 𝐹 (2)

where 𝜌 (kg/m3) is the fluid density, u (m/s) is the fluid velocity vector,
p (Pa) is the static pressure, 𝜏 (Pa) is the stress tensor, g (m/s2) is
the gravity vector, and F (N) is the momentum exchange term due
to the presence of the suspended particles. The turbulence sub-model
implemented is the standard k-𝜖 model based on turbulence kinetic
energy and diffusion rate with standard wall function and considering
compressibility effects [11,12]. This model includes the addition of
two transport equations defined for two additional parameters that are
associated to the turbulent kinetic energy of the flow and its dissipation
rate, whose solutions involve the determination of a turbulent length
and time scales [12]:
𝜕(𝜌𝑘)
𝜕 𝑡 + ∇(𝜌𝑘𝑢) = ∇[(𝜇 +

𝜇𝑡
𝜎𝑘

)∇𝑘] + 𝐺𝑘 + 𝐺𝑏 − 𝜌𝜖 − 𝑌𝑀 (3)

𝜕(𝜌𝜖)
𝜕 𝑡 + ∇(𝜌𝜖 𝑢) =

∇[(𝜇 +
𝜇𝑡
𝜎𝑘

)∇𝜖] + 𝐶1𝜖
𝑘

(𝐺𝑘 + 𝐶3𝜖𝐺𝑏) −
𝐶2𝜖𝜌𝜖2

𝑘
(4)

where G𝑘 is the generation of turbulence kinetic energy due to the mean
velocity gradients, G𝑏 is the generation of turbulence kinetic energy
due to buoyancy, Y𝑀 represents the contribution of the fluctuating
dilatation in compressible turbulence to the overall dissipation rate,
C1𝜖 , C2𝜖 and C3𝜖 are constants, 𝜎k and 𝜎 are the turbulent Prandtl
numbers for k and 𝜖, respectively.

The flow of the solid phase was solved using the discrete phase
model (DPM) (Lagrangian approach). Parallel calculations were per-
formed by means of the segregated pressure-based solver of the code
ANSYS Fluent. The semi-implicit method for pressure-linked equations
(SIMPLE) was used to solve the pressure–velocity coupling. In order to
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achieve convergence, all residuals were set equal to 10−6. The temporal
sequence of the velocity vectors and turbulent kinetic energy maps
show that several turbulent vortex structures form within the sphere.
The presence of these vortices creates dead volumes for the dust, which
is pushed towards the walls of the sphere. The dust concentration is
not uniform in the sphere, it is higher near the vessel walls and much
lower than the nominal value inside the sphere. However, the turbulent
kinetic energy is higher in the centre of the sphere and thus near
he ignitors. The comparison of the results for dust-free air and dust–
ir mixture shows that in the presence of dust, the gas flow becomes
symmetric due to the entrainment effect of particle sedimentation
Fig. 3).

Based on this work, several studies have been carried out over the
years with the aim of evaluating the influence of some dust properties
on the pre-ignition turbulence level and concentration at the ignition
delay time. Indeed, the same model proposed by Di Benedetto et al.
(2013) [9] was applied to assess the effect of dust diameter [13], nom-
nal dust concentration ([14], different dust dispersing systems [15,16],

initial pressure [17] and dust shape [18,19]. Di Sarli et al. (2015)
presented the results obtained simulating the turbulent flow field in-
uced by dust feeding within the 20 L explosion vessel equipped with
 perforated annular nozzle. Their results indicated a relatively uniform

distribution of turbulent kinetic energy, showcasing significantly lower
values compared to alternative nozzles. However, issues persisted as
a fraction of the dust remained trapped within the nozzle, limiting
its contribution to the explosion process [16]. In a related study in
the same year, Di Benedetto et al. (2015) examined a fan-equipped
reactor for dust explosion tests. Their CFD simulations revealed the
accumulation of dust at the sphere centre due to the formation of
vortices induced by counter-rotating fans. Upon fan deactivation, the
dust particles filled the empty spaces, leading to a relatively uniform
distribution and controlled turbulent kinetic energy [15]. Regarding
he effect of dust diameter, Di Sarli et al. (2013) showed how in-
reasing dust diameter primarily concentrates dust along the vessel
alls and alters dust paths distinct from the fluid flow, demonstrating

he impact of dispersion on flame propagation, especially concerning
edimentation [13]. In a complementary study from 2014, Di Sarli
t al. (2014) focused on the effect of nominal dust concentration
ithin the 20 L vessel. As dust concentration increased, sedimentation
revailed, leading to the concentration of dust primarily at the vessel
alls upon ignition [14]. Moreover, the effect of initial pressure on

the minimum explosive concentration (MEC) of dust was explored.
Results show that MEC increased with rising initial pressure, attributing
this trend to the decrease in burning velocity under higher pressure.
However, CFD simulations revealed that the actual dust concentration
at the sphere centre during ignition was significantly lower than the
nominal concentration, leading to a proposed correction factor for the
‘‘actual’’ MEC values, providing a more reliable measure less sensitive
to pressure variations [17].

CFD simulations were also used to investigate the role of non-
spherical dust particle shape on turbulence generation, feeding, and
ispersion in the standard 20 L explosion sphere. The research showed
hat turbulence levels and dust dispersion within the sphere signifi-
antly depend on the shape factor of the particles. It suggested that
xperimentally observed partial feeding of non-spherical particles was
ue to the interaction between particles and the nozzle and a nozzle

redesign for efficient feeding was recommended [18,19].
Starting from the activities of the research group in Naples, research

nto the behaviour of dust explosions in confined spaces, particularly
ithin 20 L spheres, has seen significant advancements in computa-

ional fluid dynamics (CFD) modelling. On the other side of the world,
hen and Zhang (2015) used numerical simulations to understand the
istribution and behaviour of dust dispersed by high-pressure air blast
n a 20 L chamber [20]. It explored the impact of dust particle size
nd pressure on dust dispersion, emphasizing the intensifying motion

of dust within a specific timeframe and the influence of blast pressure
 r

4 
on achieving uniform dispersion. The model used is quite similar to the
odel proposed by Di Benedetto et al. (2013) [9] with the standard

k-𝜖 model as turbulence sub-model. However, the results regarding the
turbulence level are different. It is possible to see an almost symmetrical
turbulence map at 60 ms, and lower turbulence levels than those of
Di Benedetto et al. (2013) [9]. This result may be due to a different
definition of the air jet used to disperse the dust. Indeed, in the work
of Di Benedetto et al. (2013), the dust is dispersed by pressurizing the
vessel with 21 bar of air and creating a particle release surface along
the feed line. The work of Chen and Zhang (2015) refers instead to a
high-pressure air blast that acts on the powder in the storage box with
 duration of 10 ms [20].

Using the same approach for turbulence and dispersion assessment
with a Lagrangian approach, Salamonowicz et al. (2015) performed
CFD simulations of coal and flour dust dispersion and combustion con-
sidering a 2D geometry with a symmetry along the main axis [21]. The
nalysis carried out in the FLUENT environment, which was validated
sing experimental data from laboratory tests, is in good agreement
ith the EN 14034 standard. The observed discrepancy between the
aximum pressure and the maximum rate of pressure rise of about 25%
ue to the chosen domain. To improve the accuracy, the development
f a 3D model was planned for the future, in particular a quarter section
f a sphere, to better account for 3D effects and to take into account

the geometry of the outlet nozzle. It is expected that with an updated
geometry and an improved chemical reaction model, the differences
between experimental and numerical results can be further minimized.

With the aim of overcoming some of the main issues of the labo-
ratory vessel, Castellanos et al. (2018) performed CFD simulations to
calibrate a new explosion vessel with a volume of 36 litres and set
an appropriate time delay to ignition [22]. By analysing the decay of
turbulence using CFD and experimental data, they calibrated the 36
L vessel to achieve results comparable to the 1 m3 vessel as per the
ormer ISO standard. The study successfully validated the experimental
rocedure and calibration of the 36 L vessel, ensuring good agreement
ith explosion parameters and literature values. The analysis of tur-
ulence induced during dust cloud formation was performed using the
FD tool ANSYS Fluent. CFD simulations were strongly inspired by the
imulations by Di Benedetto et al. (2013) [9] and her research group

and Chen and Zhang (2015) [20], also in terms of transport equations
by using the k-𝜖 model. However, there are some differences in the
distribution of turbulent kinetic energy, the only parameter discussed
in the CFD results. The differences could be caused by some variations
in the CFD model, which are not well described in the text, but mainly
by the different domain used for the calculation. In this work, the
domain used is characterized by a straight feed tube as in the case
of Di Benedetto et al. (2013) [9], but which is particularly short and
where the dust feed is through an injection surface. The reasons under
this decision are not well explained in the text and no validation
f the motion field is present. The differences mentioned above are
llustrated in Fig. 4 and consist of a different calculated motion field
nside the vessel but the maximum value of the velocity is the same and
qual to 14 m/s. Predominantly, methane or coal dust explosion or a
ombination of both are the causes of major mining accidents. Among
he top ten worst coal mine disasters in India, nine are due to coal dust
xplosion. For this reason, Ray et al. (2020) proposed a work where a
eneral overview of the parameters that cause dispersion and lead to

coal dust explosion and a CFD simulation study to investigate the effects
of particle size on dispersion in Indian coal mines were reported [23].
Results confirmed that in the case of a dust–air mixture, asymmetrical
istribution of contours is observed due to gravity, increased drag force
n particles, and inter-particle interaction. The study finds that particle
ize influences drag force, with particles in the range of 30-50 μm
xhibiting increased turbulent kinetic energy (TKE) and velocity values.
he severity of dust explosion is highest for particles of 10 μm, and
here is a transition zone between 10 and 30 μm where the drag effect

everses. The study also cautions against placing igniters in vortices,
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Fig. 3. Results obtained in terms of turbulent kinetic energy (a) and normalized dust concentration (b) at the ignition delay time by Di Benedetto et al. (2013) [9].
Fig. 4. Comparison of the velocity flow field in the case of the work by Di Benedetto et al. (2013) [9] (a, velocity vectors) and Castellanos et al. (2018) [22] (b, velocity contours).
depicted in velocity vector paths, as these are zones with low or zero
velocity, unsuitable for laboratory studies [23]. Basically, the proposed
model was the same by Di Benedetto et al. (2013) [9], both in terms
of implemented equations and geometrical domain.

Portarapillo et al. (2020) simulated the dust dispersion within a
20 L sphere for niacin/anthraquinone mixtures at varying composi-
tions [24]. For pure dusts, the velocity vector maps reveal the formation
of multiple vortex structures inside the sphere, creating dead volumes
where solid particles accumulate near the vortices’ edges. Niacin, with
its lower diameter and density, experiences more pronounced effects.
However, the concentration at the sphere’s centre at ignition time
differs from the nominal value for each pure dust. In the case of dust
mixtures, dispersion within the sphere is notably non-uniform, resulting
in zones richer in niacin and poorer in anthraquinone, and vice versa.
The findings emphasize the need for a different dispersion method
to accurately evaluate flammability and explosibility parameters for
not only individual dusts but also for dust mixtures. This method
5 
should ensure not only a uniform dispersion of solid particles but also
maintain the nominal mixture composition at every point within the
sphere, particularly when testing dust mixtures. The model was then
used to evaluate the effects of the pre-ignition turbulence level on the
deflagration index [25], the explosion of the pyrotechnic igniters [26],
and the feeding and sedimentation of the dust [27]. Portarapillo et al.
(2021) delved into the impact of turbulent kinetic energy spatial dis-
tribution on pressure–time histories and explosion parameters within
both the 20 L standard vessel and 1 m3 one [25], whose CFD model
was developed in the same period [28–30]. Their research focused
on turbulent kinetic energy maps computed via CFD simulations for
both vessel sizes, exploring the effect of different turbulence levels on
the theoretical evaluation of cornstarch deflagration index. The study
highlighted differences in cornstarch behaviour between the two vessel
sizes and proposed strategies to achieve similar results by adjusting
ignition delay times.
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Then, Portarapillo et al. (2021) studied the role of pyrotechnic
gnitors in dust explosion testing, comparing 20 L and 1 m3 explosion

vessels [26]. Their experiments and CFD simulations revealed a sig-
nificant increase in pressure and faster localized temperature increases
due to the ignitor explosions in the 20 L vessel. The study confirmed
that the smaller vessel led to the ‘‘overdriving’’ phenomenon and higher
deflagration index values for many organic dusts [31]. In addition, CFD
imulations show that the hot core generated by the igniters dissipates
uch faster in the 20 L container than in the 1 m3 container, which

is due to the higher turbulence level of the smaller container. As a
esult, dusts whose combustion is controlled by particle heating tend

to burn more continuously in the 1 m3 container than in the 20 L one.
Portarapillo et al. (2023) focused on dust particle sedimentation in the
20 L standard vessel, pointing out the challenges of achieving uniform
particle distribution and incomplete feeding, leading to discrepancies
between nominal and actual concentrations within the vessel [27].

More recently, the attention of scientists and the application of CFD
imulations has focused on the study of the dispersion and combustion

of metallic [32,33] and non-traditional dusts, such as biomass [34,
35], always using the standard k-𝜖 turbulence model. Particularly,
Fu et al. (2022) conducted a numerical simulation to investigate the
characteristics of magnesium dust dispersion and explosion in a 20 L
pparatus [32]. The study employed an Euler–Lagrange method and
nalysed various fluid properties, revealing that the best delayed igni-
ion time was 60 ms after dust dispersion in terms of balancing between
he reduced sedimentation effect with respect to higher delay times and
he reduced pre-ignition turbulence level in comparison with the first
ection of dispersion. When calculating the dispersion of magnesium
articles with a diameter of 75 μm, the turbulent kinetic energy map
t the time of deceleration to ignition shows a central core with high
alues and a pronounced asymmetry caused by the interaction of the
iscrete phase with the continuous medium. In this sense, Tang et al.
2023) employed CFD model to examine aluminium dust dispersion
ith varying particle size polydispersity and median diameters in a 20
 spherical tank equipped with two counter-spray hood nozzles in the
orizontal direction [33]. The study found correlations between parti-

cle size, polydispersity, concentration, and turbulence, indicating that
larger particle sizes and greater polydispersity result in reduced peak
concentration and turbulence. Moreover, at 150 ms, the particles are
mainly concentrated on the spherical wall. It can be seen that several
turbulence circles have formed at 50 ms and 150 ms. In comparison,
at 300 ms, the particles are evenly distributed in the tank but the
sediment becomes clearer with increasing 𝜎D. Both the type of nozzles
and the location still cannot guarantee sufficiently low turbulence and
a homogeneous concentration distribution.

At the best of our knowledge, Islas et al. (2022) were the first to use
n open-source CFD code (OpenFOAM) to calculate the dispersion and
ombustion of combustible dust in a 20 L container [34,35]. The model

was validated against experimental measurements and numerical re-
sults from a commercial CFD code. The simulation effectively captured
key features of the transient flow, including turbulence build-up and
decay, and a dominant two-vortex structure always using the standard
k-𝜖 turbulence sub-model and the discrete particle model to compute
the dust phase flow. The analysis focused on the impact of particle size
(10 to 200 μm) on gas-phase turbulence and dust cloud distribution.
The findings indicated that the presence of particles reduced turbulence
intensity, affecting heat transfer and chemical reactions. Particle size
influenced dust cloud homogeneity, with larger particles exhibiting
more homogeneous distribution. Particles with dp ≥50 μm showed
negligible interaction with gas-phase dynamics, due to sedimentation
phenomena. The study emphasized the validity of the OpenFOAM
simulation, showcasing agreement with experimental and commercial
CFD results [9].
 e

6 
2.2. Two-layer URANS realizable k-𝜖 model

The model formulated and used by Murillo et al. (2018) [36–
38] was modified in 2020 to perform an in-depth analysis of wheat
starch/pyrolysis gases hybrid mixture explosions within the 20 L Sphere
[39–41]. In particular, Pico et al. (2020) [39,40] conducted an evalu-
ation of the dispersion and combustion of wheat starch/pyrolysis gas
hybrid mixtures at different ignition delay times and nozzle geometry
within the 20 L spherical vessel. The behaviour of the system was
determined by studying the interaction between the chemical reactions
f the phases and the turbulence levels generated by the different

operating configurations. The dynamic system of the 20-L spherical
test is multiphase, which is reflected in the CFD simulations by a
coupled Euler–Lagrangian formulation, with a standard DPM formu-
lation for the discrete phase [12]. In contrast to the work of Murillo
et al. (2018) [36–38], the term representing the Reynolds stress tensor
was modelled using a two-layer realizable k-𝜖 model. The reason for
choosing this particular variant of the standard model lies in the fact
that fulfilling the realizability condition tends to improve performance
in highly rotating and vortical systems, such as those encountered in the
20-L sphere. Unlike the standard model, the two-layer zone approach,
coupled with an all y+ wall treatment, provide better predictions for the
viscosity-dominated regions of the boundary layer, where the equation
for the turbulent kinetic energy is resolved entirely, while the turbulent
kinetic energy dissipation is computed with algebraic relationships that
depend on the wall distance. The realizable k-𝜖 model contains a new
formulation for the turbulent viscosity and a new transport equation
for the dissipation rate
𝜕(𝜌𝜖)
𝜕 𝑡 +▽(𝜌𝜖 𝑢) = ▽[(𝜇 +

𝜇𝑡
𝜎𝑘

)▽𝜖]+

𝜌𝐶1𝑆 𝜖 − 𝜌𝐶2
𝜖2

𝑘 +
√

𝑣𝜖
+ 𝐶1𝜖

𝜖
𝑘
𝐶3𝜖𝐺𝑏

(5)

in which
𝐶1 = 𝑚𝑎𝑥[0.43, 𝜂

𝜂+5 ], 𝜂 = 𝑆 𝑘
𝜖 𝑎𝑛𝑑 𝑆 =

√

2𝑆𝑖𝑗 𝑆𝑖𝑗
The results obtained in terms of turbulence are comparable to those

obtained when applying the standard model. In order to better model
the interactions between the dust particles, the authors decided to fur-
ther improve their model. Serrano et al. (2020) modelled the behaviour
of this phase using the Discrete Element Method (DEM), an extension
of the general Lagrangian approach [41]. In contrast to the basic
Lagrangian model, the DEM is able to account for the interactions be-
tween the particles. DEM is particularly useful to simulate the process of
particle agglomeration/de-agglomeration during the dispersion phase,
a phenomenon that is strongly influenced by particle–particle inter-
action forces. As new results for the agglomeration/de-agglomeration
phenomena, it was found that the dust particles undergo significant
fragmentation processes during the dispersion step, with the zones
between the canister outlet and the nozzle being the most conspicuous
fragmentation areas. In the case of wheat starch, the reduction in PSD
caused by fragmentation affects the reaction regime and therefore the
results of the test. In this study, it was found that a higher number of
contact points between the particles, i.e. a less linear initial particle
shape, would tend to reduce the fragmentation rate and lead to more
reliable results in the 20 litre sphere test.

2.3. Detached Eddy simulation model - k-𝜔 model

Murillo et al. (2018) simulated the evolution of the vortices that
orm inside the 20-litre sphere using the Detached Eddy Simulation
odel (DES), a hybrid turbulence formulation that uses either the
eynolds Averaged Navier–Stokes (RANS) or the Large Eddy Simulation
LES), depending on the regions of the flow domain. The DES model
s a three-dimensional unsteady numerical solution scheme that works
s a sub-grid model in the regions where the grid density is fine
nough for the LES approach and as a RANS model in the regions
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Fig. 5. Results obtained in terms of velocity magnitude (a) and dust concentration (b) by Murillo et al. (2018) [36–38].
where not. Therefore, a zoning method is used to utilize the advantages
of RANS and LES methods. For this purpose, a RANS model (shear
stress transport k-𝜔) is applied for the boundary layer and the LES ap-
proach (Smagorinsky–Lilly) for the flow field containing vortices with
dispersed scales [36–38]. The k-𝜔 model is in general recommended
for the description of adverse pressure gradient flows, airfoils and
transonic shockwaves, thanks to the inclusion of the turbulent shear
stress in the definition of the turbulent viscosity [12]. The parameters
of the turbulence sub-model are calculated with the following transport
equations:
𝜕(𝜌𝑘)
𝜕 𝑡 + ∇(𝜌𝑘𝑢) = ∇(𝛤∇𝑘) + 𝐺𝑘 − 𝑌𝑘 (6)

𝜕(𝜌𝜔)
𝜕 𝑡 + ∇(𝜌𝜔𝑢) = ∇(𝛤∇𝜔) + 𝐺𝜔 − 𝑌𝜔 +𝐷𝜔 (7)

where 𝛤𝑘 and 𝛤𝜔 are the effective diffusivities, G𝑘 and G𝜔 are the
generation terms, Y𝑘 and Y𝜔 are the dissipation terms for k and 𝜔,
respectively and 𝐷𝜔 is the cross diffusion for 𝜔. On the other hand,
the LES model is an approach based on the direct solution of the
large vortices and the modelling of the small vortices. Classifying the
turbulent eddies according to their size allows the main characteristics
of the flow to be described. The large vortices are responsible for the
transport phenomena of the main part of the flow, while the small
vortices determine the energy dissipation; therefore, the former are
dictated by the geometry and conditions of the domain, while the latter
are more isotropic. This model was used by the authors both to assess
the dust dispersion of the dust in the case of the rebound nozzle but
also in the case of a novel symmetric nozzle (see Fig. 5).

In the case of the traditional nozzle, although a more rigorous
approach to the computation of the field of motion has been introduced
in this model, the trend of the turbulent kinetic energy of the centre of
the sphere where the ignition occurs is the same as that obtained by the
other authors who previously used the k-𝜖 model. On the other hand,
as far as the distribution of velocity in the sphere is concerned, this
appears to be the same in its scalar value but differently distributed and
more homogeneous. As far as the distribution of dust is concerned, this
continues to disperse on the edges of the macro vortexes generated by
the nozzle itself. With the symmetrical nozzle, a large expanded jet and
a reduced (central) jet are generated during injection that takes 10 to
20 ms less than with the traditional nozzle. This nozzle is characterized
by a higher turbulence peak (110 m2/s2), but has a shorter period
7 
of high turbulence (0–40 ms). The powder–air mixture is injected in
the direction of the walls, with no preferential direction. Therefore,
the nominal concentration for this nozzle is a more valid assumption.
The same model was then used to evaluate the performance of other
symmetrical nozzles characterized by different dimensions and geome-
tries of the outer shell and inner rib [42]. The results show that the
symmetrical nozzles generate a field of motion with turbulence that
dissipates in the first 40 ms and a powder concentration closer to
the nominal concentration. However, once the ignition delay time is
set, one of the symmetrical nozzles appears to be the most suitable in
terms of pre-ignition turbulence level, powder dispersion and maximum
pressure rise rate. A summary of the works discussed together with their
main details are reported in Table 1.

When varying the turbulence sub-models used and gradually in-
creasing the complexity and computational cost by moving from RANS
to DES, the results obtained in terms of both turbulence level before
ignition and dust distribution are qualitatively the same with small
quantitative differences. In the case of the DES, approach where the
domain is divided into regions where the mesh is dense enough to
use the LES approach and in other regions where the RANS approach
is used, the variations of turbulent kinetic energy is milder and more
gradual from the centre to the wall with respect to RANS predictions.
The simulations performed are often poorly validated against exper-
imental data. In fact, the results are generally validated using easily
obtained experimental data such as the pressure evolution in the dust
container and rarely with data related to the internal fluid dynamics
of the sphere (such as velocity, concentration, turbulence etc.). This is
clearly related the intensive modifications of the apparatus and the use
of numerous auxiliary devices. Apart from the differences found in the
turbulence sub-models used, the main differences between the results
in the literature are due to the different numerical domain used. Apart
from the sparse use of 2D domains, the main differences when using 3D
domains are related to the feeding area, i.e., of the tube and injection
mode. Thus, the unevenness of the motion field, the lack of symmetry
and the quantitative differences depend on the chosen configuration for
the tube (real with elbow or straight with different lengths) but also
for the injection mode (from container, from surface, point, etc.) and
location. In all the reviewed articles, the presence of a dust distribution
during dispersion and at the ignition delay time that is non-uniform
and characterized by preferential trajectories associated with the high-
pressure dispersion mode is demonstrated. In particular, a higher dust
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concentration at the outer edges of axisymmetric turbulent macro-
vortices is always pointed out. The absence of a uniform concentration
is contrary to the main requirement of the standard for obtaining
reliable and repeatable results. The use of different turbulence models
does not generally have a strong influence on the powder dispersion,
which is influenced more by different operating conditions and powder
properties. It is also important to emphasize that only in work where
the discrete part is simulated with a DEM approach it is possible to
study the agglomeration phenomena that can take place in all parts of
the domain and in all phases of the dispersion. This aspect is especially
important at high concentrations.

3. Experimental approaches

The experiments can be divided in two main categories even though
some research contained both: the turbulence was optically or electri-
cally measured or the turbulence was varied and the safety character-
istics were compared.

3.1. Measuring the turbulence

Dyduch et al. (2016) [44] used a bi-directional velocity probe to
measure the decreasing root-mean square velocity in the 20 L-sphere
and the 1 m3. They found, that the velocity increases rapidly in the
first five to twenty milliseconds to the maximum value of 17 m/s
after opening the fast-acting valve from the 20 L-sphere and decreases
rapidly afterwards to three to six m/s at 60 ms delay time.

Dahoe et al. (2001) [45] used Laser-Doppler Anemometry to com-
pare the initial turbulence in the 20 L-sphere with the one in the
standard 1 m3.

Mercer et al. (2001) [46] used Laser-Doppler Anemometry to inves-
tigate the influence of the injector design on the injection process inside
the 20 L-sphere.

Dahoe et al. (2001) [47] also used Laser-Doppler Anemometry to
investigate the decaying level of turbulence at the ignition moment in
steps of 20 ms.

Wel et al. (1992) [48] used Hot-Wire anemometry to measure the
turbulence in the 20 L-sphere and the 1 m3 to determine the level of
turbulence inside. To prevent damage from the probes they used no
dust for these experiments.

There are other approaches to quantify the turbulence inside the
20 L-sphere while injecting the dust. Du et al. (2015) [49] built a
transparent 20 L-sphere and equipped it with a high-speed camera. The
footage was afterwards processed to see the decreasing transmission
through sphere, the inside movement of the dust and to obtain a better
understanding of the injection process. They also found that, especially
for high loadings of dust, the dust is pushed towards the walls and does
not participate in the combustion anymore.

3.2. Indirect variation of the turbulence — manipulation of the ignition
delay time

The ignition delay time strongly affects both the pre-ignition tur-
bulence level and the sedimentation of the dust. Its final effect on the
safety characteristics of gases and dusts was investigated several times
(see Table 2). The following list might give an overview of what has
been investigated:

• The effect of the decay of turbulence on the safety characteristics
of several dusts was investigated with ignition delay times of
60 ms, 100 ms and above [50], on coal dust with ignition delay
times of 15 ms, 30 ms, 60 ms, 90 ms and 150 ms [51], on methane
and niacin with ignition delay times of 60 ms, 90 ms and 120
ms [7] and with ignition delay times of 60 ms, 120 ms and 240
ms [52] and on methane and cornstarch with ignition delay times
of 60 ms to 180 ms in steps of 20 ms [47].
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Fig. 6. Influence of the ignition delay time on the (dp/dt)-value of 500 g/m3 corn
starch.
Source: Taken from [59].

• The effect of the decay of turbulence on the safety characteristics
of a hybrid dust gas mixture was investigated with ignition delay
times of 30 ms, 45 ms, 60 ms, 75 ms, 90 ms, 105 ms and
above [53]

• The effect of the decay of turbulence on the safety characteristics
of corn dust was investigated in a 5 L-sphere with ignition delay
times of 60 ms, 80 ms, 100 ms, 150 ms and 200 ms [54]

• The effect of the decay of turbulence on the safety characteristics
of several dusts was investigated in the 1 m3 with ignition delay
times of 115 ms, 200 ms, 300 ms, 400 ms, 500 ms and 600 ms
(for the 1 m3 600 ms is the standard) [55]

• Skjold et al. (2003) [56] investigated the effect of the decaying
turbulence on dusts, gases and hybrid mixtures varying the igni-
tion delay time from 45 ms, 60 ms, 75 ms, 90 ms, 120 ms, 150 s,
300 ms, 600 ms to 900 ms

• Swift et al. (1988) [57] measured the K𝑆 𝑡-value for corn starch
in a 4 m3 vessel varying the ignition delay time from 50 ms to
300 ms in steps of 50 ms and an additional 500 ms.

• Pu et al. (1989) [58] varied the ignition delay time from 50 ms
to 1000 ms using three different vessels with 6 l, 26 l and 950
l internal volume. They tested corn starch and methane and also
used hot-wire probes to measure the rms-velocity inside during
the injection process.

• Wel et al. (1992) [48] varied the ignition delay time for potato
starch, lycopodium and activated carbon. They also performed
tests with methane under turbulence. The step-sizes are not re-
ported but are 15–25 ms according to the plots.

Thus, most of the investigations chose a rather coarse step-size. The
very narrow variation of the ignition delay time of ± 10 ms (50 ms to
70 ms in total) that might occur due to inertia of the ignition source
prolonging it to 70 ms or the valve reducing it to 50 ms was not found
in the literature.

That this additional delay causes different values for the (dp/dt) of
dusts was investigated with a constant concentration of 500 g/m3 for
corn starch, niacin and lycopodium while all other parameters were
kept constant [59]. The (dp/dt)-value decreased from 614 bar/s for 50
ms over 505 bar/s with 60 ms to 452 bar/s with 70 ms for corn starch
(see figure Fig. 6, all values averaged). The values of the other two
samples are also displayed in Figs. 7 and 8 and in Table 3. In general
the difference between 50 ms and 70 ms causes a change of (dp/dt) of
+25% to −12% for these three dusts but not equally. That Lycopodium
is least affected by the ignition delay time is presumably caused by the
fact, that the value is quite low and that it stays lifted due to its low
density and high l/d-ratio. So, for every dust the decaying curves look
a bit different and cannot be adopted from one to the other.
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Table 1
Summary of the works discussed in this section.

Transport
equations

Domain geometry Model for particles Analysed cases Validation and main results References

Standard k-𝜖
model (RANS
approach)

Actual shape for 20 L
vessel and dust
container, straight
feeding 0.72 m-long
tube, equipped with
rebound nozzle

Eulerian–Lagrangian
approach, Discrete
particle model (DPM)
with Discrete Random
Walk Model for
turbulent dispersion,
dust feeding with
injection surface at
half-pipe

Dust-free air and dust
dispersion (10 μm,
density 2046 kg/m3,
concentration 250
g/m3)

∙ Validated comparing P in the
dust container and the root mean
square velocity. ∙ Generation of
several turbulent vortex structures
form within the sphere. ∙ Dead
volumes for the dust, which is
pushed towards the walls of the
sphere. ∙ Dust concentration is
not uniform in the sphere ∙ The
turbulent kinetic energy is higher
in the centre of the sphere and
thus near the ignitors. ∙ The gas
flow becomes asymmetric due to
the entrainment effect of particle
sedimentation.

[9]

Standard k-𝜖
model (RANS
approach)

Actual shape for 20 L
vessel and dust
container, straight
feeding 0.72 m-long
tube, equipped with
rebound nozzle

Eulerian–Lagrangian
approach, Discrete
particle model (DPM)
with Discrete Random
Walk Model for
turbulent dispersion,
dust feeding with
injection surface at
half-pipe

Dust-free air and dust
dispersion (10, 100,
250 μm, density 2046
kg/m3, concentration
250 g/m3)

∙ Used validated model developed
by [9]. ∙ At small dust diameters
(10 μm), the dust is partially
entrained by the outer vortex
region and the inner zones, but
as the diameter increases (100 μm
and 250 μm), the dust and liquid
flows become independent, with
the dust concentrating mainly on
the vessel walls along different
flow paths.

[13]

Standard k-𝜖
model (RANS
approach)

Actual shape for 20 L
vessel and dust
container, straight
feeding 0.72 m-long
tube, equipped with
rebound nozzle

Eulerian–Lagrangian
approach, Discrete
particle model (DPM)
with Discrete Random
Walk Model for
turbulent dispersion,
dust feeding with
injection surface at
half-pipe

Dust-free air and dust
dispersion (10 μm,
density 2046 kg/m3,
concentrations 100,
250, 500 g/m3)

∙ Used validated model developed
by [9]. ∙ At a low nominal
concentration (100 g/m3), dust
primarily accumulates at the
vortices’ boundary, whereas at a
higher nominal concentration
(500 g/m3), sedimentation
becomes dominant, leading to
highly concentrated regions near
the vessel walls.

[14]

Standard k-𝜖
model (RANS
approach)

Actual shape for 20 L
vessel and dust
container, straight
feeding 0.72 m-long
tube, equipped with
two fans

Eulerian–Lagrangian
approach, Discrete
particle model (DPM)
with Discrete Random
Walk Model for
turbulent dispersion,
dust feeding with
injection surface at
half-pipe

Dust-free air and dust
dispersion (10 μm,
density 2046 kg/m3,
concentration 250
g/m3)

∙ Used validated model developed
by [9]. ∙ A 3D CFD model was
employed to assess a novel
fan-equipped vessel for
flammability and explosion tests,
revealing that with a single fan,
dust mainly accumulates at the
top of the sphere, while switching
off the fan causes dust to move
along the wall without
penetrating the centre. ∙ Using
two counter-rotating fans in a
specific procedure allows for the
achievement of a uniform
dust/air cloud inside the vessel,
with a concentration equal to the
nominal value and controlled low
turbulent kinetic energy.

[15]

Standard k-𝜖
model (RANS
approach)

Actual shape for 20 L
vessel and dust
container, straight
feeding 0.72 m-long
tube, equipped with
perforated annular
nozzle

Eulerian–Lagrangian
approach, Discrete
particle model (DPM)
with Discrete Random
Walk Model for
turbulent dispersion,
dust feeding with
injection surface at
half-pipe

Dust-free air and dust
dispersion (10 μm,
density 2046 kg/m3,
concentration 250
g/m3)

∙ Used validated model developed
by [9]. ∙ Turbulent kinetic energy
is uniformly distributed and
considerably lower than that
achieved with the rebound nozzle
∙ The perforated annular nozzle
produces a uniform dust/air
cloud, but a significant portion of
the dust remains trapped inside
the nozzle without participating
in the reactive process.

[16]

(continued on next page)
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Table 1 (continued).
Standard k-𝜖
model (RANS
approach)

Actual shape for 20 L
vessel and dust
container, straight
feeding 0.72 m-long
tube, equipped with
rebound nozzle

Eulerian–Lagrangian
approach, Discrete
particle model (DPM)
with Discrete Random
Walk Model for
turbulent dispersion,
dust feeding with
injection surface at
half-pipe

Dust-free air and dust
dispersion (10 μm,
density 2046 kg/m3,
concentration 250
g/m3), initial pressure
in the sphere at 0.65,
0.8, 1, 1.6, 2.2, 2.8 atm

∙ Used validated model developed
by [9]. ∙ The study investigates
the impact of pressure at ignition
on the minimum explosive
concentration (MEC) in a sphere,
revealing a correlation between
increasing initial pressure and
higher MEC values, attributed to
a decrease in burning velocity. ∙
CFD simulations indicate that the
actual dust concentration at the
vessel centre, where ignition
occurs, is significantly lower than
the nominal concentration due to
particle segregation and
incomplete feeding, necessitating
the computation of a scale factor
to correct the ‘‘nominal’’ MEC.

[17]

Standard k-𝜖
model (RANS
approach)

Actual shape for 20 L
vessel and dust
container, straight
feeding 0.72 m-long
tube, equipped with
rebound nozzle

Eulerian–Lagrangian
approach, Discrete
particle model (DPM)
with Discrete Random
Walk Model for
turbulent dispersion,
dust feeding with
injection surface at
half-pipe

Dust-free air and dust
dispersion (100, 250,
400 μm, density 2046
kg/m3, concentrations
100, 250, 400 g/m3,
shape factor 0.1-0.9)

∙ Used validated model developed
by [9]. ∙ The numerical results
show that turbulence and dust
dispersion are significantly
influenced by the shape factor.
For example, as the shape factor
decreases from a spherical to a
fibrous shape, the model predicts
trends in the maximum kinetic
turbulence energy as a function
of particle size, an increase in the
proportion of dust introduced into
the container and more
problematic dust dispersion with
the formation of a
three-dimensional cross on the
container wall.

[18]

Standard k-𝜖
model (RANS
approach)

Actual shape for 20 L
vessel, short straight
feeding tube, the dust
container is not
included, equipped
with rebound nozzle

Eulerian–Lagrangian
approach, Discrete
particle model (DPM),
dust feeding with
injection surface at the
end of pipe with the
high-pressure air blast
lasting 10 ms

Aluminium dust
dispersion (1, 10, 20,
50 μm, shape factor
0.5), pressure blast 0.5
MPa to 2 MPa

∙ No validation. ∙ A pressure of
0.5 MPa is not sufficient to
disperse the 50 μm aluminium
powder evenly in the vessel,
indicating the need for higher
pressures and showing that there
is an optimal explosion pressure
to achieve uniform dispersion in
the 20 L spherical chamber.

[20]

Standard k-𝜖
model (RANS
approach)

2D symmetric
geometry, short straight
feeding tube, equipped
with rebound nozzle

Eulerian–Lagrangian
approach, Discrete
particle model (DPM)

Coal dust, diameter
< 200 μm, 125-1000
g/m3

∙ Validated comparing P𝑚𝑎𝑥 and
(dP/dt)𝑚𝑎𝑥. ∙ Discrepancies for
researched maximum pressure
and a maximum rate of a
pressure rise oscillates around
25%. The dispersion of dust is
symmetric for the approach of
the simulation.

[21]

Standard k-𝜖
model (RANS
approach)

Actual shape for 20 L
vessel, short straight
feeding tube, equipped
with rebound nozzle

No information Niacin dust, d50
= 15 μm, different
concentration values

∙ Validated comparing the root
mean square velocity and the
laminar burning velocity. ∙
Simulations in the 20 L sphere
were carried out and considered
just in terms of pre-ignition
turbulence and as a mean to
assess the operating condition of
a novel 36 L device.

[22]

Standard k-𝜖
model (RANS
approach)

Actual shape for 20 L
vessel, long straight
feeding tube, equipped
with rebound nozzle

Eulerian–Lagrangian
approach, Discrete
particle model (DPM)

Coal dust, diameter
1,10,30,50 μm, 250
g/m3

∙ Results comparable with [9]. ∙
Particle size influences drag force,
with particles in the range of
30–50 μm exhibiting increased
TKE and velocity values

[23]

Standard k-𝜖
model (RANS
approach)

Actual shape for 20 L
vessel, long straight
feeding tube, equipped
with rebound nozzle

Eulerian–Lagrangian
approach, Discrete
particle model (DPM)

Niacin (41.4 μm) and
Anthraquinone
(26.9 μm) dusts, 250
g/m3

∙ Used validated model developed
by [9]. ∙ In the case of dust
mixtures, the dispersion inside
the sphere is strongly
non-uniform, with zones richer in
niacin and poorer in
anthraquinone and vice versa

[24]

(continued on next page)
10 



M. Portarapillo et al. Powder Technology 454 (2025) 120694 
Table 1 (continued).
Standard k-𝜖
model (RANS
approach)

Actual shape for 20 L
vessel, long straight
feeding tube, equipped
with rebound nozzle

Eulerian–Lagrangian
approach, Discrete
particle model (DPM)

Cornstarch dust, d50
= 14 μm, different
concentration values

∙ Used validated model developed
by [9]. ∙ Utilization of the
turbulent kinetic energy maps
obtained through CFD simulations
for the evaluation of the
deflagration index through
literature equations ∙ CFD
simulations performed at different
ignition delay times in the 20 L
sphere indicate that the turbulent
kinetic energy profile is much
more uniform and similar to that
of the 1 m3 tank with an ignition
delay time of 260 ms.

[25]

Standard k-𝜖
model (RANS
approach)

Actual shape for 20 L
vessel, long straight
feeding tube, equipped
with rebound nozzle

Eulerian–Lagrangian
approach, Discrete
particle model (DPM)

No information ∙ Used validated model developed
by [9]. ∙ Double effect of igniters
was detected: overdriving and
heat dissipation effect

[26]

Standard k-𝜖
model (RANS
approach)

Actual shape for 20 L
vessel, long straight
feeding tube, equipped
with rebound nozzle

Eulerian–Lagrangian
approach, Discrete
particle model (DPM)

Different diameters
(10–400 μm) and
densities (500–7000
kg/m3), 250 g/m3

∙ Used validated model developed
by [9]. ∙ Particle sedimentation
and incomplete feeding depend
on both the Stokes number and
the Reynolds number, while the
concentration distribution
depends on the degree of
turbulence, the flow patterns and
the number of particles entering
the vessel through the nozzle

[27]

Standard k-𝜖
model (RANS
approach)

Actual shape for 20 L
vessel, feeding tube,
and the dust container,
equipped with rebound
nozzle

Eulerian–Lagrangian
approach, Discrete
particle model (DPM)

Magnesium Dust,
75 μm, 250 g/m3

∙ Validated comparing the
pressure trend inside the test
vessel. ∙ Turbulent kinetic energy
maps comparable with that
obtained in previous works ∙
Model developed in Ansys
FLUENT ∙ The simulation of the
explosion was validated against
experimental data

[32]

Standard k-𝜖
model (RANS
approach)

Actual shape for 20 L
vessel

Eulerian–Lagrangian
approach, Discrete
particle model (DPM)

Aluminium Dust,
different diameters and
polidispersities, 270
g/m3

∙ Validated comparing the dust
concentration trend. ∙ Simulation
validated in one condition and
then extended ∙ The variation of
𝜎D influences the concentration
and turbulence values in the
sphere. ∙ The changes in
concentration and turbulence
with varying median diameter
were determined.

[33]

Standard k-𝜖
model (RANS
approach)

Actual shape for 20 L
vessel, feeding tube,
and the dust container,
equipped with rebound
nozzle

Eulerian–Lagrangian
approach, Discrete
particle model (DPM)

Dust with density 1400
kg/m3, different
diameters 10–200 μm,
250 g/m3

∙ Validated comparing P in the
dust container and the root mean
square velocity. ∙ Open-source
CFD code OpenFOAM ∙ The
model is successfully validated
using experimental measurements
from the literature and numerical
results of previous works

[34]

Realizable
k-𝜖 model
(RANS
approach)

Actual shape for 20 L
vessel, feeding tube,
and the dust container,
equipped with rebound
and symmetric nozzles

Eulerian–Lagrangian
approach, Discrete
particle model (DPM)

Wheat starch dust
together with pyrolysis
gases

∙ Validated comparing P𝑚𝑎𝑥 and
(dP/dt)𝑚𝑎𝑥. ∙ The reason for
choosing this particular variant of
the standard model lies in the
fact that fulfilling the realizability
condition tends to improve
performance in highly rotating
and vortical systems, such as
those encountered in the 20-L
sphere. ∙ The results obtained in
terms of turbulence are
comparable to those obtained
when applying the standard
model.

[39], [40]

(continued on next page)
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Table 1 (continued).
Realizable
k-𝜖 model
(RANS
approach)

Actual shape for 20 L
vessel, feeding tube,
and the dust container,
equipped with rebound
and symmetric nozzles

Eulerian–Lagrangian
approach, Discrete
Element Method (DEM)
to consider
agglomeration/de-
agglomeration during
the dispersion stage

Starch and
carbon-black dusts

∙ Validated comparing P𝑚𝑎𝑥 and
(dP/dt)𝑚𝑎𝑥. ∙ Use of STAR-CCM +
v11.04.010 ∙ Fragmentation
strongly occurs during the
dispersion phase ∙ The geometry
of the nozzle can reduce the
occurrence of this phenomenon

[41]

k-𝜔 model
(Detached
Eddies
Simulation)

Actual shape for 20 L
vessel, feeding tube,
and the dust container,
equipped with rebound
and symmetric nozzles

Eulerian–Lagrangian
approach, Discrete
particle model (DPM),
dust feeding in the
actual conditions from
the canister

Wheat starch, diameter
distribution, 30 g/m3

∙ Used model developed by [38].
∙ The DES approach provides a
more uniform velocity flow and
local vortices field with respect to
the traditional RANS approach. ∙
The device generates a
well-dispersed dust cloud for the
explosion test, whereby the
physical properties of the cloud
can be changed so that the
ignition delay of the explosion
test must be adjusted by
determining turbulence periods
and determining the fluidization
conditions by computer analysis.

[36]

k-𝜔 model
(Detached
Eddies
Simulation)

Actual shape for 20 L
vessel, feeding tube,
and the dust container,
equipped with rebound
nozzle

Eulerian–Lagrangian
approach, Discrete
particle model (DPM)

Wheat starch, 65 μm,
30 g/m3

∙ Validated comparing the
pressure trend in the canister. ∙
Both the pressure of the system
and the RMS velocity were
compared with the flow patterns
determined using particle image
velocimetry analysis. It was found
that the rebound nozzle forms a
cloud consisting of clumps ∙
Results in terms of turbulence are
comparable to those obtained
with the Standard k-𝜖 model

[37]

k-𝜔 model
(Detached
Eddies
Simulation)

Actual shape for 20 L
vessel, feeding tube,
and the dust container,
equipped with rebound
nozzle

Eulerian–Lagrangian
approach, Discrete
particle model (DPM)

Wheat starch, 65 μm,
30 g/m3

∙ Validated comparing P𝑚𝑎𝑥 and
(dP/dt)𝑚𝑎𝑥. ∙ Both the pressure of
the system and the RMS velocity
were compared with the flow
patterns determined using particle
image velocimetry analysis. It
was found that the rebound
nozzle forms a cloud consisting of
clumps

[38]

k-𝜔 model
(Detached
Eddies
Simulation)

Actual shape for 20 L
vessel, feeding tube,
and the dust container,
equipped with rebound
nozzle

Eulerian–Lagrangian
approach, Discrete
particle model (DPM)

Wheat starch, 65 μm,
30 g/m3

∙ Used model developed by [38].
∙ Six alternative nozzles were
designed and tested numerically
and experimentally ∙ Symmetric
nozzles produce a dust
concentration at the ignition zone
which is rather close to the
nominal dust concentration

[42]

No
information

No information No information Dispersion of
2-propanol

∙ No validation. ∙ The
concentration and turbulence is
inhomogeneous 10 ms after
opening the fast-acting valve

[43]
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Table 2
Maximum rate of pressure rise of three different dust samples against ignition delay
ime.
Dust Ignition delay time

50 ms 60 ms 70 ms

Corn starch 614 (+22%) 505 452 (−12%)
Lycopodium 548 (+1%) 541 516 (−5%)
Niacin 1009 (+25%) 810 777 (−4%)

3.3. Direct variation of the turbulence — alteration of fan speed

The influence of the speed of a fan inside a 4-litre spherical test
essel on the flame propagation speed was systematically investigated

over a century ago by Richard Vernon Wheeler in 1919 for ethane
(see figure Fig. 9, [60]). He cites an explanation from Mallard and Le
Chatelier: ‘‘When the gas in which the flame is moving is in a state
12 
of agitation, the speed of propagation increases because the heat is
ransmitted not only by virtue of the conductivity of the gas mixture,
ut also by virtue of the differences in speed of the various parts of
he mass. The surface of the flame, instead of keeping a constant and
egular shape, is deformed at every moment, increases in width of

width, multiplying the points of ignition and, consequently, making the
rogress of combustion more rapid’’ [60].

Wheeler further concludes that the explanation by Mallard and Le
hatelier has two consequences:

• The higher the level of turbulence, the more rapid the combustion

• A mixture with a low speed flame is more susceptible to the effects
of turbulence than one in which the speed of the flame is high

A similar trend for the measured values of p𝑚𝑎𝑥 and (dp/dt)𝑚𝑎𝑥 was
also investigated by G. F. P. Harris in 1967 [61] for pentane. Harris
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Fig. 7. Influence of the ignition delay time on the (dp/dt)-value of 500 g/m3

Lycopodium.
Source: Taken from [59].

Fig. 8. Influence of the ignition delay time on the (dp/dt)-value of 500 g/m3 Niacin.
Source: Taken from [59].

Fig. 9. Effect of turbulence on the flame propagation speed of ethane gas.
Source: Taken from [60].

also used a fan inside a 60 cubic feet (appr. 1.7 m3) test vessel and
varied the fan speed. While the values for p𝑚𝑎𝑥 increased slightly for
the near stoichiometric gas–air-mixture, it increased stronger for the
lean mixture (see Fig. 10, a). The reason for the increased explosion
pressure seems to be experimental and is caused by a faster combustion
and with that lower heat losses on the walls of the test vessel. While the
effect on p𝑚𝑎𝑥 is rather small for all mixtures with an increase of 10%
to 30 %, the maximum rate of pressure rise was increased by factors of
ten and more (see Fig. 10,b).
13 
Fig. 10. Explosion pressure (left) and maximum rate of pressure rise (right) against
fan speed in a 60 cubic feet vessel [61], orange squares relative to 3 mol% propane
in air, blue circles relative to 1.7 mol% propane in air.

Leuckel et al. [62] performed similar investigations with a 65 litre
sphere and a 1 m3 vessel and also found, that the dp/dt of gases increase
linearly with higher fanspeed but the explosion pressure stays the same
with the ‘‘...apart from a slight decrease of pressure due to a larger heat
loss for longer combustion time’’ [63].

More recently Sun and Li investigated the influence of turbulence
on explosion characteristics of hydrogen in a 28.7 L sphere with four
fans placed inside [64]. They also conclude, that the explosion pressure
is slightly higher with the fans turned on but the influence on the
explosion duration and the rate of pressure rise is higher.

3.4. Variation of the injection pressure

Pu et al. (1990) [65] varied the turbulence level inside the 20
L-sphere by adjusting both the ignition delay time and the injection
pressure inside the dust reservoir. The root mean velocity was measured
with hot-wire probes when no ignition was triggered. Afterwards, they
performed tests with several dusts and methane and varied the ignition
delay time measuring the explosion pressures.

3.5. Discussion on the mechanism of turbulence and its impact on safety
characteristics and explosion hazard

The standardization process led to only two apparatuses that are to-
day commonly used for the determination of explosion characteristics,
the 20 L-sphere and the 1 m3. This has the benefit that these two can
be investigated extensively and their parameters can be improved. Also,
their data can be compared and built a basis for practitioners that rely
on safety characteristics for their process plants.

The approach to determine the level of turbulence while igniting the
combustible sample seems to be more scientific but the disadvantage
is, that there is no standard way to do this and simple calculations
may not give applicable results: Harris et al. (1967) [61] calculated the
Reynolds-number for his tests in the 1.7 m3 vessel being 12 000 000 at
the highest fan speed. However, he points out, that these conditions
were only found in some parts just above the fans and in others the
vessel was almost quiescent. He also points out, that ‘‘According to the
manufacturers of the fan used in the present work, the rate of gas circulation
produced by it was directly proportional to shaft speed and equal to 1250 to
5000 feet3/min for speeds of 500 to 2000 rev/min. Though it is difficult to
relate this rate to conditions in vessels of different size and geometry to the
60 feet3 vessel, it does give some indication of the conditions under which
the experimental data were obtained’’.

Harris also starts the paragraph about turbulence with the limita-
tion, that there ‘‘...is no completely satisfactory method of defining the
degree of turbulence in a particular vessel so that it can be related to that
existing in other vessels of different size and geometry’’.

This means that the standardization process to only one geometry
(spherical) and two volumes is the best way (so far) to obtain reliable
and, most of all, comparable results.
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Table 3
Publications about the experimental investigation of the turbulence inside explosion vessels, if not 20 L-sphere or 1 m3 this is indicated.

Variation/Investigation Parameter changed Outcome Source

Direct variation by a fan 4 L sphere, gas On/off, fanspeed Turbulence leads to faster combustion
but reduces the explosion region

[60]

Direct variation by a fan 1700 L vessel,
gas

On/off, fanspeed Turbulence leads to slightly higher P𝑚𝑎𝑥
but to with fanspeed linearly higher
(dp/dt) values

[61]

Direct variation by several fans 950 L
sphere, dust

Fanspeed Fanspeed decreases P𝑚𝑎𝑥 and (dp/dt) for
dusts

[66]

Ignition Delay Time 4000 L vessel, dust 50 ms, 100 ms, . . . , 300 ms and 500 ms (dp/dt) increases from 50 ms to 100 ms
(presumably because the dust needs
some time to be fully injected) and then
decreases

[57]

Ignition Delay Time and Hot wire
anemometry 6 L tube, 26 L tube and
950 litres sphere, dust and gas

Various from 35 ms to 1000 ms (dp/dt) and P𝑚𝑎𝑥 increase with shorter tv
for dusts, (dp/dt) increases with shorter
tv but P𝑚𝑎𝑥 stays the same for gases

[58]

Direct variation by several fans 65 L
sphere and 1 m3 vessel, gas

On/off, fanspeed (dp/dt) increases with higher fanspeed,
P𝑚𝑎𝑥 increases slightly

[62]

Direct variation by several fans 65 L
sphere and 1 m3 vessel, gas

On/off, fanspeed (dp/dt) increases with higher fanspeed,
P𝑚𝑎𝑥 increases slightly

[63]

Adjusting the injection pressure and the
ignition delay time, dust

11 bar, 21 bar and 31 bar 50 ms to 900
ms

The RMS-velocity is slightly higher with
higher injection pressures but the
decaying curve follows the same shape
as for lower injection pressures, (dp/dt)
increases with shorter tv, P𝑚𝑎𝑥 slightly
higher with shorter tv

[65]

Ignition Delay Time and Hot wire
anemometry, dust

Not reported (dp/dt) increases with shorter tv, p𝑚𝑎𝑥
slightly higher with shorter tv

[48]

Ignition Delay Time, dust 50 ms, . . . , 500 ms (dp/dt) increases with shorter tv, P𝑚𝑎𝑥
slightly higher with shorter tv

[67]

Ignition Delay Time, dust 115 ms, 200 ms, 300 ms, . . . , 600 ms (dp/dt) increases with shorter tv, P𝑚𝑎𝑥
slightly higher with shorter tv

[55]

Laser-Doppler Anemometry at various
positions, dust

Different nozzles The different nozzles show a different
injection behaviour in place and time
inside the 20 L-sphere and not an
overall homogeneous turbulence

[46]

Laser-Doppler anemometry, dust None Turbulence can be calculated with a
simple equation

[45]

Ignition Delay Time, dust 60 ms, 80 ms, . . . , 160 ms (dp/dt) and P𝑚𝑎𝑥 increase with shorter tv
for dusts, (dp/dt) increases with shorter
tv but P𝑚𝑎𝑥 stays the same for gases

[50]

Ignition delay time and Laser-Doppler
anemometry, dust

60 ms, 80 ms, . . . , 160 ms (dp/dt) and P𝑚𝑎𝑥 increase with shorter tv
for dusts, (dp/dt) increases with shorter
tv but P𝑚𝑎𝑥 stays the same for gases

[47]

Ignition Delay Time, dust 45 ms, 60 ms, 75 ms, 90 ms, 120 ms,
150 ms, 300 ms, 600 ms, 900 ms

(dp/dt) increases with shorter tv, P𝑚𝑎𝑥
slightly higher with shorter tv until dust
falls to the ground

[56]

Ignition Delay Time, hybrid 60 ms, 120 ms, 240 ms (dp/dt) decreases with longer ignition
delay times

[52]

Ignition Delay Time, hybrid 60 ms, 90 ms, 120 ms, 250 ms, 500 ms (dp/dt) increases with shorter tv, P𝑚𝑎𝑥
slightly higher with shorter tv

[7]

Ignition Delay Time, dust 60 ms, 80 ms, 100 ms, 150 ms, 200 ms (dp/dt) increases with shorter tv, P𝑚𝑎𝑥
slightly higher with shorter tv

[54]

Bi-directional probes, dust None RMS velocity increases rapidly after
opening the fast-acting-valve and then
decreases

[44]

Transparent 20 L-sphere, dust None With high loadings dust is attached to
the walls

[49]

Ignition Delay Time, dust 15 ms, 30 ms, 60 ms, 90 ms, 150 ms (dp/dt) and P𝑚𝑎𝑥 increase with longer tv
until 60 ms (before not all of the dust is
injected) and then decrease because of
the decaying turbulence

[51]

Direct variation by several fans 29 L
sphere, gas

On/off, fanspeed Turbulence does not affect P𝑚𝑎𝑥 but
fanspeed increases (dp/dt) values

[64]

(continued on next page)
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Table 3 (continued).
Ignition Delay Time, hybrid 30 ms, 45 ms, . . . , 150 ms (dp/dt) and P𝑚𝑎𝑥 increase with longer tv

until 60 ms (before not all of the dust is
injected) and then decrease because of
the decaying turbulence

[53]

Ignition Delay Time, gas 100 ms, 500 ms, 1000 ms, 10 min (dp/dt) increases with shorter tv, P𝑚𝑎𝑥
slightly higher with shorter tv, burning
duration increases with higher tv

[68]

Ignition delay time, dust 400 ms, 600 ms, 800 ms, 1000 ms (dp/dt) and P𝑚𝑎𝑥 are higher with shorter
ignition delay times except for the 400
ms where not all dust was injected

[69]

Injector design and Laser-Doppler
anemometry, dust

None Different turbulence decay laws for each
nozzle configuration

[70]
a

t
v
t
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Understanding the mechanism of turbulence is crucial for assess-
ing safety characteristics and explosion hazards in various industrial
environments. Turbulence, characterized by chaotic and irregular fluid
movements, significantly affects flame behaviour and explosion prop-
gation. In dust explosion tests, turbulence can be categorized into
nitial turbulence and explosion-induced turbulence. Initial turbulence
enerates before ignition and is often caused by mechanical mixing

or environmental factors. Explosion-induced turbulence is generated
uring the explosion process itself, due to burnt gas expansion and
ossible interactions with obstacles [71]. Turbulence affects the igni-

tion and flame propagation, which significantly affect the explosion
phenomenon evolution and severity. In particular, in dust explosions,
turbulence can increase the flame speed and then rate of pressure rise,
leading to more severe explosions [72]. The presence of turbulence
can also lower the explosion limits of combustible mixtures, making
hem more prone to ignition under less severe conditions [71]. The role
f turbulence in explosion hazards is multifaceted. It can improve the

mixing of fuel and oxidant, leading to more efficient combustion. It
can accelerate the flame, boosting the transition from deflagration to
detonation. It also increases the mixing rate and heat dissipation rate,
reducing the probability of ignition [73]. In summary, the mechanism
of turbulence plays a pivotal role in shaping the safety characteristics
nd explosion hazards of industrial processes. Understanding and pos-
ibly controlling turbulence can help to enhance safety in environments
rone to explosive hazards.

The differences between metallic dust and organic dust, especially
in their interaction with turbulence, stem from their distinct physical
and chemical properties, which influence their dispersion, ignition,
and combustion. Metallic dusts such as aluminium, magnesium, and
titanium have high combustion temperatures and heat release due
to their high energy content, producing extremely hot, fast-burning
flames. This rapid and highly exothermic combustion process often
results in high explosion pressures and flame spread rates, particularly
when turbulence enhances the mixing of dust particles with air [74,75].
In contrast, organic dusts like flour, sugar, and wood dust generally
have lower combustion temperatures and moderate heat release rates.
While explosion pressures and flame speeds are typically lower for
organic dusts, turbulence still plays a crucial role in promoting igni-
tion by ensuring a well-distributed fuel–air mixture [76]. In terms of
gnition probability, metallic dusts are usually easier to ignite, exhibit-

ing lower minimum ignition energy and higher ignition probabilities
nder intense turbulent conditions. Organic dust particles benefit from
nhanced suspension and mixing due to turbulence, which promotes

reaching the critical concentration at which ignition can occur and
sustains the propagating flame. Metallic dust particles, being denser
than organic particles, exhibit stronger inertial effects and tend to
follow larger turbulence scales, leading to non-uniform dispersion and
luster formation that affect combustion dynamics. In contrast, organic
ust particles respond more readily to small-scale turbulent vortices,
emaining better suspended and uniformly dispersed in turbulent flows.

This creates a more homogeneous fuel–air mixture, contributing to a
more consistent combustion process. Due to their high energy content
and rapid combustion, metallic dust explosions tend to become more
15 
severe with increased turbulence, making such explosions difficult to
suppress and highly destructive. Moreover, metallic and organic dusts
re generally characterized by different flame propagation pathways.

For the first dust class, diffusion of oxygen to the surface of individual
solid particles, particles heating or heterogeneous combustion control
he flame propagation (Nusselt flame). In the case of organic dusts, the
olatile flame, the rate of gasification, pyrolysis, or devolatilization is
he controlling process and the chemical reaction takes place mainly in
he homogeneous gas phase [77].

To improve intrinsic safety performance in dust explosions, several
investigation perspectives on turbulence can be considered:

• Characterization of turbulence levels: Understanding the specific
levels of turbulence that occur in different industrial settings
is crucial. This involves both experimental and computational
studies to characterize turbulence intensity and its effects on dust
dispersion and flame propagation [78].

• Turbulence modelling: developing advanced turbulence models
that accurately simulate the behaviour of dust clouds under vari-
ous conditions can help to predict explosion scenarios more effec-
tively. These models should incorporate factors such as particle
size distribution, dust concentration, and environmental condi-
tions [79].

• Multi-scale experiments: conducting experiments at different
scales, from laboratory to industrial settings, can provide com-
prehensive data on turbulence effects. These experiments should
aim at bridging the gap between small-scale tests and real-world
scenarios [79].

• Numerical simulations: developing computational fluid dynamics
(CFD) models to simulate dust explosions can help to visualize
and to understand the complex interactions between dust disper-
sion, turbulence and combustion. These simulations can drive the
design of safety measures in industrial processes.

• Material-specific studies: different dust materials have unique
properties that affect how they interact with turbulence. Investi-
gating these material-specific characteristics can lead to tailored
safety strategies for different types of dust. By focusing on these
investigation perspectives, researchers and engineers can develop
more effective strategies to enhance intrinsic safety performance
and mitigate the risks associated with dust explosions.

• It is worth noting that each of the above activities is generally
time consuming and expensive, especially in the case of exper-
iments, but at this stage, due to the strong variability of the
probability and sensitivity of a dust explosion as a function of
dust properties and operating conditions, these activities seem to
be the only way to achieve an intrinsic safety approach.

Moreover, particle breakage due to strong turbulence is a significant
phenomenon, particularly within confined environments like the 20-
L chamber used for dust explosion testing [80]. In such settings, the
turbulent flow can cause particles to collide with each other and with
the chamber walls, leading to fragmentation and size reduction. This
process is crucial for understanding how dust behaves in explosive
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atmospheres, as smaller particles can enhance the combustion process
y increasing the surface area available for reactions. Studies have
hown that turbulence intensity and the resulting particle breakage can
ignificantly influence the distribution of particle-laden flows within
he chamber [81,82]. When comparing the 20 L and 1 m3 vessels
or particle breakage due to strong turbulence, several key differences
merge. The 20 L vessel, being smaller, tends to have higher turbulence
evels, which can lead to more intense particle collisions and break-
ge [31,83]. This higher turbulence can cause fast flame propagation,

resulting in overdrive phenomena where the explosion parameters
re significantly higher than those in larger vessels. On the other

hand, the 1 m3 vessel provides a more representative environment for
ndustrial-scale explosions, with more uniform turbulence and better
ust dispersion [84]. However, achieving consistent and repeatable

measurements can be more challenging due to the larger volume.
Studies have shown that flame propagation and pressure rise in the 20
L vessel can differ significantly from those in the 1 m3 vessel, affecting
the accuracy of explosibility parameters, such as Minimum Explosive
Concentration (MEC), Maximum Oxygen Concentration (LOC) [85],
Explosion maximum pressure and the deflagration index [86]. While
he 20-L vessel is useful for preliminary testing and understanding
undamental behaviour, the 1 m3 vessel is essential for obtaining data
pplicable to real-world industrial scenarios. Indeed, in several works,
FD simulations are used to compute the effect of dust explosions

n real case studies. In a recent work, Lyu et al. (2024) performed
FD simulation of a coal dust explosion accident within a pipeline in
hanxi [87]. Results indicate that excessive coal dust concentrations

within confined spaces have a negative correlation with explosion
flame development and peak overpressure. Moreover, the initial tur-
bulence but also the explosion induced turbulence have a huge effect
on the occurrence of primary and secondary explosions. In these cases,
a rigorous resolution of the turbulent cold and reactive flow field but
also a low computational cost are essential.

4. Conclusions

A review on the experimental and simulation findings about the
influence of turbulence on the safety features of flammable materials
as been presented. The work can be concluded to the following:

• The measured value for the maximum explosion pressure for
gases is slightly higher with higher turbulence. This is presum-
ably because the combustion is faster and with that the heat loss is
reduced. This effect causes higher values of 5% to 10% compared
to those measured under quiescence

• The measured value for the maximum explosion pressure for
dusts is always measured under turbulence to suspend the dust
in the air. In a short window of ignition delay time (40 ms to
80 ms) it is rather unaffected in the 20 L-sphere. Before, the
dust is not fully injected. Afterwards the dust settles and the dust
concentration decreases with respect to the nominal value

• The measured value for the maximum rate of pressure rise for
gases is highly correlated with higher levels of turbulence. This
is presumably because the combustion is faster. This effect causes
higher values depending on the gas and the levels of turbulence.

• The measured value for the maximum rate of pressure rise for
dusts is highly affected by the level of turbulence after injection.
This decay is not the same for all dusts so the level of turbulence
or rather the ignition delay time shall be precisely implemented.

• Because of the different behaviours of the dust concerning their
dispersion and their settlement, a non-ideal ignition source and
other limitations, the experimentally determined safety charac-
teristics cannot (yet) be calculated. However, assumptions and
pre-calculations may reduce the number of needed tests from now
approximately 30 per dust sample to a third of it.
16 
The collective research presented across these studies underscores the
multifaceted role of Computational Fluid Dynamics in not only elucidat-
ing the fundamental mechanisms underlying dust dispersion and fluid
flow but also in shaping safety strategies, refining testing protocols,
and providing essential insights that have significant implications for
hazard prevention and risk management in various industrial settings.
The insights garnered from these studies reinforce the ongoing rele-
vance and future potential of CFD as a pivotal tool in ensuring safety
and minimizing risks in dust explosion and related fields. From all the

odels discussed above and summarized in Table 1, the following main
onclusions and results may be derived:

• The distribution of turbulent kinetic energy shows a maximum in
the centre of the sphere, where ignition takes place, and is then
almost homogeneous in the other zones until it reaches zero at
the wall. The other zone with high turbulence is always located
under the upper ribs of the nozzle.

• Due to the powder injection system, the presence of turbulent
macro vortices, the number and shape of which depend on the
properties of the injected powder, is always possible.

• The dust tends to accumulate at the edges of the turbulence
eddies, so that the centre of the eddies remains almost empty, and
the dust concentration is always non-homogeneous thus deviating
locally from the nominal concentration.

• For numerical simulation, the Eulerian–Lagrangian approach is
the most widely used, and the most commonly used turbulence
sub-model is the k-𝜖 model. The application of more complex sub-
models leads to comparable results in quantitative terms, apart
from some qualitative differences in the range of motion. The
aforementioned differences make the use of more complex models
not convenient in any case, given the much higher computational
costs, especially in the case of reactive simulations. The develop-
ment of theoretical models aimed at capturing and describing the
main phenomena that occur during the flame propagation that
takes place during a dust explosion therefore seems of paramount
importance.

• The scale of the apparatus where the dust explosion occurs sig-
nificantly affect the flame propagation, the turbulence level and
eventually the rate of pressure rise.

In terms of future prospects, turbulence and dust explosion simu-
lations should improve their predictive capabilities and computational
efficiency, both in traditional test vessels and in pipelines and contain-
ers, which are the main systems affected by dust explosion phenomena
in real-life scenarios. Traditional simulation methods, such as Reynolds-
averaged Navier–Stokes (RANS) and Large Eddy Simulation (LES),
re often computationally intensive and can struggle to capture the
omplex, multi-scale interactions inherent in turbulent flows and dust
xplosions. In turbulence modelling, ML techniques have been used
o develop models that can more accurately predict the behaviour of

turbulent flows. For instance, supervised learning algorithms can be
rained on high-fidelity simulation data to predict non-closed terms
n RANS and LES models, reducing model shape uncertainties and
mproving predictive performance [88]. In dust explosions, machine

learning has been applied to predict parameters for explosion severity,
uch as maximum explosion pressure and pressure rise rate [89]. Fur-

thermore, ML approaches have been explored for real-time monitoring
nd warning systems in environments prone to dust explosions. By

analysing sensor data, ML algorithms can detect early signs of haz-
rdous conditions so that timely action can be taken [90]. Moreover,

the development of simplified models capable of estimating the con-
sequences, such as thermal heat flux and overpressure resulting from
dust fires and explosions — akin to those created for hydrocarbons
— could significantly enhance the evaluation of effects and quantita-
tive risk assessment. Furthermore, a more thorough investigation of

hybrid systems and the impact of turbulence on mixing, dispersion, and
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propagation is crucial.
‘‘Turbulence plays a large role in determining the explosion char-

cteristics of a dust and is, therefore, a dominant concern in dust
explosion research. It is also one of the least understood of the factors
hich affect a dust explosion’’. [91]

The continued relevance of this 35-year-old quote highlights the
persistent challenge in turbulence research: isolating critical aspects
within laboratory settings that are not directly scalable to industrial
applications. Despite considerable progress, including the move from
home-built equipment to standardized equipment in the 1980s, the
complexity of turbulence remains daunting. This ongoing research is
indispensable because industry relies heavily on the data produced,
even if it is not perfectly applicable. The current lack of superior
alternatives only underscores the value of continuous research as it
helps refine equations and improve the practicality of experimental
data.
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