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HIGHLIGHTS

e The Image Subtraction Method is used
to study the dust cloud dynamics during
flammability measurement.

o The effects of blast pressure, concentra-
tion, density, and particle size were
determined.

o Ignition delay times should be varied
over wide turbulence ranges during MIE
testing.

e Optimum test conditions are obtained
for a homogeneous cloud at reduced
turbulence.

e A good indicator for defining optimal
conditions of tests may be the Stokes
number.
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ABSTRACT

The present work investigates the dynamics of dust clouds in space and time when dispersed inside the modified
Hartmann tube commonly used for explosibility screening and Minimum Ignition Energy (MIE) measurement.
This study focuses on the fluid dynamics of the dust cloud in the space between the electrodes where the ignition
occurs since fundamental properties of the dust motion, such as the cloud turbulence (intensity and variation),
are known to affect both the ignition sensitivity and explosion severity significantly. An imaging re-elaboration
method based on an algorithm (Image-Subtraction Method, ISM) is presented and adopted in the basics of the
present research. To clarify the cloud dynamics, a novel approach is proposed here, using LabVIEW® specific
algorithms, namely Particle Analysis and optical flow detection methods, which allow the tracking of the motion
and the velocity vectors of dust clusters identified in the cloud flow. Concurrently, measuring the intensity of
concentration changes between the electrodes (luminance change of the video frames in time and space) and
cloud velocity, which likely represents the turbulence, is possible. Different types of dust (iron, starch, silica)
were used at different dispersion conditions (dispersion pressure and dust amount). The cloud motion was
recorded, and videos were analyzed through LabVIEW® to explore the parameters affecting dust turbulence
(powder-specific gravity, particle size distribution, and air blast intensity). The outcomes of this work will help

E-mail address: luca.marmo@polito.it (L. Marmo).

https://doi.org/10.1016/j.powtec.2025.120871

Received 9 November 2024; Received in revised form 17 February 2025; Accepted 28 February 2025

Available online 1 March 2025

0032-5910/© 2025 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:luca.marmo@polito.it
www.sciencedirect.com/science/journal/00325910
https://www.journals.elsevier.com/powder-technology
https://doi.org/10.1016/j.powtec.2025.120871
https://doi.org/10.1016/j.powtec.2025.120871
https://doi.org/10.1016/j.powtec.2025.120871
http://crossmark.crossref.org/dialog/?doi=10.1016/j.powtec.2025.120871&domain=pdf
http://creativecommons.org/licenses/by/4.0/

L. Marmo et al.

Powder Technology 457 (2025) 120871

characterize the flow of a dust cloud inside a tube before its ignition and better define the optimal testing
conditions for MIE determination.

1. Introduction

Because of its stochastic nature, powder dispersion is a critical step in
determining ignition sensitivity or explosion severity. While interna-
tional standards aim to limit data scattering by controlling operating
conditions, their application cannot lead to the same state of powder
dispersion (local concentration, turbulence, etc.) when the powder
characteristics differ. Particularly regarding the procedure for deter-
mining the minimum ignition energy (MIE), the dust cloud dynamics
have been relatively seldom investigated in the dust explosion literature
[1]. This work follows previous papers [2,3], whose common goal was to
identify a suitable method for studying the fluid dynamics of a dust
cloud within standard ignition test equipment such as the modified
Hartmann tube [4] and describe the dust concentration distribution and
turbulent cloud structure. This characterization is crucial for ignition
test reliability [5,6], as “optimal conditions” must be reproduced inside
standard equipment to detect the MIE accurately. In the framework of an
explosion risk assessment, the adjective “optimal” can refer to the actual
conditions of a potential explosion event in work ambiances (i.e., the
“most likely case™) or conditions leading to the lowest MIE (i.e., namely,
the “worst conditions possible”).

Several factors influence the ignition likelihood of a combustible
dust cloud, especially:

1. The dust cloud concentration and its homogeneity,
2. The cloud turbulence at ignition,
3. The ignition energy.

The theoretical optimal conditions for an explosion ignition are met
for an almost stoichiometric dust cloud concentration and the lowest
turbulence intensity at the ignition location. Depending on powder size,
volatility, and initial oxygen content, the air/fuel ratio is sometimes a
long way from theoretical stoichiometry, but optimum conditions are
always achievable for a fuel equivalence ratio greater than unity. Then,
MIE measurement should be carried out when the cloud is in such sit-
uations. Due to the transient behavior of the dust cloud in the modified
Hartmann tube, it is essential to study aerodynamics at the ignition
location to ensure optimal conditions are realized at ignition. Eventu-
ally, ignition delay time (also called t,) may be adjusted to meet such
requirements. In this light, it is necessary to provide detailed informa-
tion on the dust cloud turbulence and concentration distribution in the
test chamber. Since conventional MIE setups do not allow in-situ mea-
surements, and their viewing area is limited, a reliable method to
measure the latter two parameters is essential.

The investigation performed in this work is focused on the “early
dispersion” stage, i.e., it is centered on the dust cloud dynamics before
ignition. The standard procedures for MIE measurement [7] imply the
ignition source is triggered after a specific delay from the air blast valve
opening, which may be customized (usually 60, 120, or 180 ms after
onset of dispersion). For this reason, this work investigates the dust
cloud concentration distribution and the turbulence intensity, i.e., the
intrinsic dust cloud dynamics in the modified Hartman tube, without
considering the ignition interference.

Previous work by Danzi et al. [2,3], Pan et al. [8], and Puttinger et al.
[9], has demonstrated the transient behavior of the cloud structure
during the earliest dispersion stage. The cloud structure is influenced by
dust concentration, characteristics (i.e., nature, shape, particle size
distribution - PSD), and blast pressure, affecting the cloud’s turbulence.
As a consequence, these variables affect the ignition effectiveness. This
paper focuses on the impact of some of these variables on dust cloud
turbulence, which is described by the turbulence intensity and kinetic

energy at the ignition location and during cloud dispersion.
2. Experiments

High-speed videos (2000 fps acquisition rate) of a dust cloud
dispersion in a cylindrical modified Hartmann tube were acquired under
various experimental conditions. Different powders were used to study
the effect of the PSD and density on the cloud behavior: iron powder,
maize starch, and silica, although the latter powder is not flammable.
Silica and iron powders were available in two different PSDs (coarse and
fine). Powder characteristics are listed in Table 1.

2.1. Optical setup configuration

This work adopted the same video acquisition method and data post-
treatment technique used by Danzi et al. [2,3]. A simplified diagram of
the experimental setup is provided in Fig. 1. Dust dispersion tests were
conducted in a modified Hartmann tube (MIKE3). The vessel consists of
a 1.2 L cylindrical glass tube (68 mm internal diameter and 300 mm
height) closed at its lower part by a dispersion cup equipped with a
mushroom-shaped nozzle. The powder is placed in the cup and is then
dispersed by an air blast at different pressures. Two electrodes were
placed at 100 mm from the bottom of the tube to accurately reproduce
the standard [4] MIE measurement test environment.

This paper presents further elaborations on the high-speed videos
presented by Danzi et al. [3]. The dispersion tests are #1 to #14, as
summarized in Table 1. It should be noted that the actual concentration
of powder at ignition cannot be determined in advance, as it depends on
the expansion of the dust cloud, which in turn depends on the dispersion
dynamics and the ignition delay time. However, in the context of this
study and for the conditions considered, the mass concentrations ranged
from 300 to 1100 g.m°.

Operating conditions were varied to investigate their effect on the
dust cloud dynamics. The basic test conditions were those suggested by
standards for MIE measurement, however some changes to air pulse
pressure were done to detect possible improvements:

Air pulse pressure (3.5 or 7 bary),

Mass dispersed (300 or 600 mg),

Dust PSD (fine and coarse, depending on the sample - Table 1),
Dust nature (here, mostly related to density changes).

A high-speed video camera (MotionBlitz EoSens mini2) recorded
dust cloud dispersion at 2000 fps. A black screen was placed behind the
Hartmann tube to limit light reflections, while a halogen lamp provided
a light source to limit light intensity oscillations.

2.2. Video elaboration — image subtraction method (ISM)

ISM is adopted to elaborate the video frames [2,3]; the information
collected from the post-treatment data allowed us to estimate the dust
cloud motion and dust concentration gradients in time and space.

The method consists of three steps: video filtering, detection of light
brightness induced by the dust in each row of the video frames, and
finalization of brightness data outcomes.

The video filtering algorithm used here is called “initial difference”. It
is a background brightness subtraction that produces clear, non-
differential images of the cloud. The drawback consists of the genera-
tion of dark spots and artefacts in the areas where the background is
brightest. A single bright object in the background or a reflection of the
lights on the tube glass is eliminated. This calculation mode requires a
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specific experimental setup (with careful light and background control).
It allows the cancellation of the background without losing information
on the dust clusters’ movement and distribution [3].

The algorithm subtracts the brightness of the background and pro-
duces clear, defined images of the cloud. It eliminates a single bright
object in the background or a reflection of lights on the glass tube. The
algorithm does not alter the light signal produced by the particles. It
contains no parameters subject to tuning, so it does not pose measure-
ment sensitivity problems.

Fig. 2 presents an example of the original and elaborated videos.

2.3. Video elaboration — particles’ optical flow

Optical flow is defined as the distribution of apparent velocities of a
bright pattern moving in an image. It relies on the relative motion of
objects and an observer. In our case, the apparent velocities are those
related to a particle cluster in the dispersion tube. The particle’s velocity
field was calculated using the Horn and Schunck method [10]. It is an
iterative implementation of an algorithm that assumes smoothness in
the dust flow (represented by its global energy E) over the whole image,
i.e., it minimizes distortions in flow and favors solutions that show an
increased smoothness.

E ://[(Ixuﬂyvﬂr)z +a* o (||Vul® +|Vv|* ) | dxdy M

where I, I, and I; are the image intensity derivatives, u and v are x- and
y-axis velocities and « is a constant. An alternative to the Horn and
Schunck method is the Lucas-Kanade method, which was not adopted
since it requires small motions per frame for best results, even less than
one pixel per frame. In fact, tentative attempts using the Lucas-Kanade
method resulted in a very noisy speed field detection, almost unusable
with the available video data.

The algorithm (Eq. 1) is implemented in LabVIEW®, whose devel-
opment environment natively includes complete optical flow function
libraries within the IMAQ package (Image Acquisition). The analyzed
image area is located in the space surrounding the electrodes, its center
corresponding to the midpoint between the electrode’s tips. The
analyzed area was 90 by 90 pixels wide, and the horizontal and vertical
velocity components were calculated at each pixel in that area. The final
traces representing the velocity evolution over time consist of the single
center pixel only, which is located between the electrodes. The Horn and
Schunck method is of the iterative type, and several convergence and
stopping parameters can be set in the adopted function. The “smooth-
ness” parameter was particularly useful in compensating for excessive
noisiness in the calculation results, and it was set to a value of 10 pixels,
empirically stated as the lowest value, giving optimal convergence re-
sults, meaning that a further increase of the parameter’s value did not
bring advantages in the convergence.

Table 1
Parameters of the dispersion tests.
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Fig. 1. Scheme of the experimental setup, where 1 stands for the illumination
setup, 2 is the high-speed camera, 3 is a modified Hartman tube, and 4 is the air
pulse system.

Fig. 2. Test# 10 performed on silica: InitialDifference, 80 msec (left), original
video (right).

Test Dust Mass dispersed [mg] P [bar] PSD [pm] Particle size classes Density (particle) [g/cms]
dio dso doo

1 Maize starch 300 3.5 12.9 28.1 58.2 Medium 0.54
2 Maize starch 300 7 12.9 28.1 58.2 Medium 0.54
3 Maize starch 600 3.5 12.9 28.1 58.2 Medium 0.54
4 Maize starch 600 7 12.9 28.1 58.2 Medium 0.54
5 Iron 600 3.5 22.1 39.2 65.3 Coarse 7.8
6 Iron 600 7 221 39.2 65.3 Coarse 7.8
7 Iron 600 3.5 0.8 1.9 4.3 Fine 7.8
8 Iron 600 7 0.8 1.9 4.3 Fine 7.8
9 Silica 300 3.5 62.2 72.8 84.8 Coarse 2.19
10 Silica 300 3.5 325 41.4 51.9 Fine 2.19
11 Silica 300 7 62.2 72.8 84.8 Coarse 2.19
12 Silica 300 7 325 41.4 51.9 Fine 2.19
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3. Results and discussion

The image processing developed here allows for extracting a wide
range of information useful in defining cloud dynamics. This paper will
focus mainly on the motion field of the cloud in the area between the
electrodes because it is a key parameter for assessing the behavior of a
flame kernel in the initial stages of propagation (stretching, quench-
ing...). More generally, a better understanding of cloud dynamics is
essential when determining explosion parameters because, in addition
to affecting the initial step of the flame propagation, as mentioned
above, it modifies the local concentration of the cloud as well as the
particle size distribution.

3.1. Cloud dynamics

Fig. 3 and Fig. 4 clearly illustrate how the standard MIE measure-
ment procedure [4,7] may be further optimized, as dust cloud ignition
“optimal” conditions may vary according to different parameters (e.g.,
dispersion pressure, ignition delay time). Since light intensity is directly
correlated to the dust cloud concentration, it can be seen from Fig. 1 that
dust concentration is not steady after 60 ms from the air blast. Maximum
dust concentration peaks repeatedly from the early dispersion phase up
to about 170 ms, finally stabilizing from 200 ms on when a “steady” state
is reached.

Dust concentration and turbulence intensity are relevant parameters
of ignition likelihood. If cloud lift only is considered (Fig. 4), it is worth
noting that, at the ignition time, the cloud front has already risen above
the electrodes. Still, no other information is displayed about the dust
cloud distribution and turbulence at that time. Only average and
maximum intensity values could be estimated and reported to indicate
the variation of this parameter at ignition time.

Powder Technology 457 (2025) 120871
3.2. Velocity of particles and flow dynamics

Instantaneous dust cluster velocity is estimated through the algo-
rithm presented in section 1.3. Fig. 5 shows the vertical v(t) and hori-
zontal velocity u(t) components in the area between the two electrodes.
As expected, the horizontal component has significant turbulent oscil-
lations around an average value of almost zero in any time interval. The
vertical velocity component has much more marked oscillations than the
horizontal component, around average values that are positive in the
first phase and become negative in the second phase of dispersion. This
trend is consistent with the dynamics of the cloud, which has a first
ascending phase followed by a phase during which the particles move
substantially in free fall.

The results obtained by ISM are generally consistent with those in the
literature. For example, using Particle Image Velocimetry (PIV) on
starch particles with a mean diameter of 25 pm, Cuervo [6] observed
vertical velocities v(t) between —0.5 m.s ! and 1.5 rn.s‘l, and hori-
zontal components u(t) varying between —0.5 m.s ' and 0.5 m.s~ .. The
same author determined that for coarse glass beads (dso = 86 pm),
horizontal components u(t) fluctuate around 0 + 0.7 m.s’l, while ver-
tical velocities range from —0.5 to 3.5 m.s L. It should be noted that if u
(t) values are in line with the results shown in Fig. 5, v(t) values reported
for glass beads are higher than those obtained in test 11, i.e. a maximum
of 1.5 m.s 1. Schweitzer et al. [11] used Digital In-line Holography
(DIH) combined with PIV to determine velocity fields of fine aluminum
particles (dsp < 30 pm) in a MIKE3 tube. They recorded instantaneous
velocities in the vertical direction ranging from 0 to 1 m.s~%, and planar
velocities (in the laser sheet observation plane) ranging from O to 2 m.
s~L. Finally, average velocities varying between 0 and 3 m.s! were
determined by Hosseinzadeh et al. [12] using PIV on fine TiO, powders.
Although based on different techniques and powders, these results from
the literature confirm the orders of magnitude obtained by ISM.

The comparison between the tests presented in Fig. 5 allows some
interesting considerations. Dotted lines were added to highlight the
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Fig. 3. Test #10 (silica): evolution of the light intensity of the dust cloud dispersion and maximum height of powder cloud, based on the algorithm developed by

Danzi et al. [3].
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Fig. 4. Test #10 (silica) shows the evolution of the dust cloud in the tube at 60, 90, 150, and 210 ms after the sample’s dispersion.

variation range of the ignition delay time, as defined by EN ISO/IEC
80079-20-2 standard [4], i.e., between 60 and 180 ms. Obviously, as the
dispersion pressure increases, the velocity value and the root mean
square U increase. This effect testifies to the increased turbulence that
occurs during high-pressure dispersions. However, high-pressure blasts
cause dust dispersion to happen faster and speed fluctuations to decay
faster (compare tests #1 and 2, 3 and #4, 9 and 11, 10 and 12). Further
discussion will follow in the next paragraph. It is very interesting to
compare tests carried out at the same pressure using powder of different
sizes. In this case, the smaller the size of the dust, the wider the initial
speed fluctuations (compare tests # 9 and 10, 11 and 12). In the case of
fine dust, speed fluctuations decay faster than with coarse dust. Exper-
iments with iron powders produced low-contrast films because of the
powder’s color. For this reason, the information obtained by processing
the videos is more difficult to analyze.

Video analysis and determination of velocity components as a
function of time provide a better understanding of particle distribution
in the flow. Considering the Hartmann tube diameter as the character-
istic flow dimension L, it is possible to calculate the Stokes number for
the entire particle size distribution of a powder:

pp-d2.1g

PP
© 18, L, 2)

Stk
where p, is the particle density, dp, the diameter (which will be varied
to cover the whole PSD), u; and p, the gas velocity and dynamic vis-
cosity, respectively. For Stokes numbers greater than unity, the particles
will be detached from the gas streamlines and can be considered inertial
particles, whereas, for Stokes lower than 0.1, the particles will follow the
gas flow accurately (tracer accuracy error lower than 1 %). It should be
noted that such analysis is valid for a single particle and does not
consider the influence of dust concentration. However, the effect of the
presence of other particles on the terminal velocity of powder was
quantified using Richardson-Zaki relationship [13]; at the concentra-
tions considered, deviations are less than 1 %. Moreover, physical in-
teractions between particles of different sizes during dispersion/settling,
although existing [14], will not be considered here.

In the case of coarse iron (#5 and 6, Fig. 6), it is clear that for gas
velocities of 0.3 m.s™}, the fraction with a size below 30.8 pm can be
considered as flow tracers, while a Stokes number of 1 is not achievable
on the PSD under consideration. For example, the air injection pressure
would have to be increased until gas velocities of 1.5 m.s~* were ob-
tained for particles larger than 44.2 pm to be equivalent to inertial
particles. ISM analyses (tests #5 and 6, Fig. 5) show that these condi-
tions are not achievable over the pressure range considered.

A similar analysis can be performed for each powder and, for
instance, for coarse silica (Fig. 7). For the different tests carried out with
this powder, the maximum vertical velocity ranges from 1.2 to 1.7 m.s ™!
after 60 ms to approximately 0.1-0.3 m.s ™! at 180 ms (tests #9 and 11,
Fig. 5). For ignition delay time t, equal to 60 ms, only particles with a
smaller diameter than 25 pm (a negligible part) will behave as pure flow-
tracers. In contrast, particles with a diameter greater than 79.2 pm will
be considered inertial particles, detaching from the streamline. At 180
ms, the same analysis leads to the following conclusion: coarse silica
particles will never be detached clearly from the flow (which now
mostly flows downwards), and particles with diameters lower than 59.5
pm will be considered perfect tracers of the gas flow. This analysis, albeit
theoretical since silica is not combustible, shows that choosing an
ignition delay time has clear consequences on the behavior of the par-
ticles in the particle-laden flow. Indeed, in addition to modifying the
cloud’s initial turbulence, the choice of t, can increase or smooth out
powder segregation phenomena as a function of their diameter within
the tube. Due to the strong influence of particle diameter on MIE [15],
such local PSD variations can lead to ignition sensitivity changes.

However, particle size is not the only criterion to consider: particle
density also has a leading role, as Portarapillo et al. [16] highlighted
when studying particle sedimentation in the 20-L explosion vessel. It
should be noted that the density of starch is much lower than that of
silica or iron (Table 1). For starch (Fig. 8), at gas velocities equal to those
previously considered, the flow properties do not allow a Stokes number
of 1 to be reached; this is also true at gas velocities as high as 3 m.s ™.
Moreover, particles smaller than 35 pm (limit set at 46.2 pm when ug =
2 m.s!) can all be considered tracer-particles. This is in line with the
findings of Portarapillo et al. [16]: the flow behavior of powders with a
density of less than 1000 kg.m™> is unaffected by their size. However,
our analysis shows that, contrary to the limit set at 100 pm by previous
authors, the value below which the effects of density can be neglected
can be as low as 30 to 40 pm as a function of the gas velocity. Never-
theless, it should be kept in mind that their analysis was done for the 20-
L explosion vessel, for which dispersion conditions are more severe,
even leading to the fragmentation of agglomerates and brittle particles
[17].

The previous analysis of Stokes numbers shows the influence of
particle size distribution on whether or not the powders studied can be
considered as flow tracers. It therefore shows whether the characteristics
observed are those of the fluid as well as those of the gas (in the case of a
low Stokes number) or are attributable solely to the particles (if the
powders are not flow tracers). As with the PIV technique, whose results
are strongly dependent on the powder’s representative Stokes number
distribution, ISM is also dependent on the span of the distribution. The
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use of fine powders, with a Stokes number of less than 0.1 or even 1, and
with a small span, is therefore recommended when using ISM. However,
it should also be kept in mind that, in the specific case of dust explosion,
the velocity-components of the particles are also of interest, even if they
cannot be considered as flow tracers.

3.3. Instantaneous kinetic energy

The speed fluctuations shown in Fig. 5 characterized the cloud’s
turbulence. As is known, the speed fluctuations are used in a stationary

motion field to represent the turbulence intensity I according to the
following equation:

I=u Yool 3

where u’ is the root mean square (or standard deviation) of the velocity
fluctuations at a particular location during a specified time interval,
while U is the average velocity in the same location calculated over the
same time interval.

In the case of dust dispersion in the modified Hartmann tube, the
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cloud motion is strongly non-stationary, which makes the estimate of U
unreliable. Particularly in the horizontal plane, the mean velocity fluc-
tuates around zero, as demonstrated by Cuervo [6] and Schweitzer et al.
[11]. Indeed, the latter authors have shown that in the MIKE3 tube, the
average x-component velocity was 0.05 + 0.05 m.s~!, whereas the
average z-component velocity (still in the horizontal plane) was —0.07

+ 0.16 m.s~!, which shows that these values are difficult to distinguish

from zero. Therefore, the turbulence intensity cannot be estimated
appropriately in our case, but u’ can still be determined.

On the contrary, it is possible to estimate the instantaneous turbulent
kinetic energy (IKE) in the observation plane using the equation shown
below, where only the two components of the velocity vector appear
that the experimentation allows to determine (horizontal and vertical).
(u?+v?) )

Y 2

1
IKE= o (2+a2)
where o is the standard deviation along the different spatial coordinates,
and each turbulent velocity component (i/, V) is the difference between
the instantaneous (u) and the average velocity (u):

’

u=u—u

)

Fig. 9 shows the time course of IKE in the various tests. The IKE is
calculated at a point on the diameter of the modified Hartmann tube, at
the height of the electrodes, so that it represents turbulence at the point
where the electric arc is generated.

The IKE trend is very interesting: as expected, there is a clear
maximum when the cloud reaches the point of interest. Then, the IKE
decreases to almost negligible values. It is especially worth comparing
IKE values calculated in different test conditions.

3.3.1. The effect of the blast pressure

By comparing tests at different pressures, it is evident that the
dispersion pressure generates turbulence (compare tests #1 and 2, #3
and 4, #9 and 11, #10 and 12, Fig. 9). Therefore, high-pressure tests
have higher IKE at the early phase of dispersion. IKE maximum more
than doubles, passing from 3.5 bar to 7 bar dispersion pressure.

Regarding the same tests, the IKE decays faster when the jet is carried
out at high pressure. These results are consistent with the maximum
values of turbulent kinetic energy determined by Murillo [18] on wheat
starch, although the decay observed here is faster. Indeed, IKE of up to
30 m2.s~2 have been reported by Murillo [18], with specific IKE values
varying from 20 m2s2 to 10 m%s~2 at electrode height for a decay
period of 35 ms. At typical MIE determination time (e.g., 90-180 ms
delay time), IKE has significantly decayed in all runs at 3.5 and 7 bar. As
IKE decays quickly at higher pressure blasts, after 60 ms, runs performed
at 7 bar apparently exhibit a lower IKE than runs at 3.5 bar.

3.3.2. The effect of dust properties

Dust PSD significantly affects the IKE. Comparing tests conducted
with “fine” and “coarse” dust (#9 and 10, 11 and 12), it is clear that tests
carried out with “fine” dust show IKE much greater than tests carried out
with “coarse” dust. Also, the decay of IKE is slower in the case of “fine”
dust. As a result, after 60 ms (but also after 180 ms) from the jet, the IKE
value is much higher in the case of “fine” dust. This may be because
smaller particles have less inertia and, therefore, shorter characteristic
time and low Stokes number, as described in section 2.2. Thus, smaller
particles can better follow turbulent gas fluctuations than larger ones,
meaning they perceive the lower-scale turbulence of the gas phase and
follow fluid streamlines. The same phenomenon is observed in tests
carried out at low or high pressure (3.5 or 7 bar) jet pressure. The effect
of density is also noticeable: as particle density increases, IKE tends to
decrease due to a larger Stokes number (Eq. 2).

3.4. Optimal conditions for MIE measurement

As previously noted, the optimal conditions for measuring the MIE
include homogeneous concentration and turbulence as low as possible to
improve the stability of the flame kernel and its propagation. Due to the
transient nature of the cloud in the modified Hartmann tube, these
conditions are only met over a limited period.

During the initial phase, the cloud is very heterogeneous, with high
turbulence. In the final stages, the cloud has very low turbulence
because, basically, the particles fall in free fall. The concentration at the
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Fig. 9. Turbulent kinetic energy (IKE) calculated at different dispersion conditions.
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Fig. 9. (continued).

electrode level decreases, and the cloud becomes heterogeneous again.
There is an intermediate phase during which turbulence (IKE) is
significantly reduced, and the cloud is practically homogeneous. This is
the optimal phase for measuring the MIE. However, numerous opera-
tional variables influence the duration of this phase. Some are already
defined by current standards (blast pressure); others, such as PSD, are
not controllable a priori. Since the decay rate of the IKE depends on the
particle’s properties, the optimal delay time for measuring MIE should
likely be adjusted according to their PSD, particle shape, and density. It
should be noted, however, that for samples consisting either of pure
powder with a wide particle size distribution or of multiple compounds
of varying density and PSD, it is unlikely to combine homogeneity and
low turbulence in this type of device. Finally, another parameter, the
irregular or smooth surface of powders, has a marked impact on tur-
bulence and concentration distribution in the cloud [19]. This aspect,
which has not been considered here, can also be addressed using ISM.

4. Conclusion

This work presented a post-treatment method for high-speed films of
Hartmann tube dust clouds. The developed algorithm extracts infor-
mation about the local components of the instantaneous dust velocity,
from which turbulent speed fluctuations and turbulent kinetic energy
(IKE) can be traced. This method offers an accessible alternative to op-
tical methods such as particle image velocimetry (PIV) without
achieving the same definition but with a lower cost.

A comparison of tests carried out at different blast pressures, con-
centrations, and types of solid showed the effects of the main variables
on cloud dynamics. The blast pressure increases the initial turbulence,
but it decays faster than at low blast pressures. Fine dust leads to more
turbulence, which decays more slowly.

These preliminary indications require cross-confirmation by

11

comparison with other methods of measuring cloud turbulence. In any
case, these results provide useful indications to optimize the measure-
ment procedure of the MIE. This work confirms that it is imperative to
vary ignition delay times over wide turbulence ranges during MIE tests
to increase the chances of testing the dust under “optimal” conditions. A
good indicator for defining such conditions for determining the MIE may
be the Stokes number, or more likely the Stokes numbers associated with
the particle size distribution of the sample.
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