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different phases of the discharge. The discharge mass flow, belt speed and wind tunnel air velocity were varied.
Systematic differences were found between the two size fractions. The dust release of the fine material mainly
takes place during the fall, while the dust release of the coarse material is dominated by the impact on the bulk
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literature can be used as an explanatory approach. A different explanatory approach is required to describe the
release of dust from the fine material.
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1. Introduction

Airborne particles in the form of dust pose multiple risks. These
affect areas such as human health, environmental safety, occupational
safety and the longevity of machinery. Managing dust is therefore a goal
which is in the self-interest of anyone handling bulk material, and is
often obligatory due to laws and regulations. Understanding the origins
of dust can help to minimize dust emissions.

Gaining a theoretical understanding of dust generation is a research
field with an ongoing debate. Chakravarty et al. (2019) provided an
overview of the field summarizing different test methods, release
mechanisms, modelling approaches and relevant parameters. Affecting
parameters are, among others, particle size and size distribution
(Chakravarty et al., 2017; Teipel et al., 2023), moisture content (Lon-
dershausen, 2018; Wypych & Mar, 2013), particle density (Saleh et al.,
2014), material composition (Saleh et al., 2014), the type of stress put on
the material (Bach, 2013), e.g., particle movement by vibration (Kah-
rizsangi et al., 2015) and fluidization (Saleh et al., 2014).

The dust liberation upon conveyor belt discharge was modeled by
Derakhshani et al. (Derakhshani, 2016; Derakhshani et al., 2013) for
quartz grains with a mass median of 600 pm. It was shown, that particles
can be released during the fall of the bulk and upon impact. Also, the
fluid dynamic simulation shows that a turbulent regime with eddies is
induced by the fall and impact of bulk material. Roberts et al. (2021)
employed a CFD-DEM approach to study the propagation of dust clouds
when loading a bulk carrier ship. They concluded that crosswinds and
loading behavior can cause dust to exit the ship's cargo hold during
loading.

Turkevich et al. (2025) studied a bulk material splash falling onto a
plate. A dense dust phase of falling material which is surrounded by a
loose dust phase is described. By modeling the movement of the
resulting dust cloud expansion over time as well as single particle tra-
jectories, they could show, that the resuspension of particles from the
ground by aerodynamic lift forces can be a secondary source of dust. The
combination of dense and loose dust phases was also observed by
Rheina-Wolbeck (2006) who observed it during the fall of bulk material
in a rectangular tube using a camera. He also recognized that the loose
dust phase is accompanied by additional airflow and slight pressure
changes, which can be manipulated by air extraction. Ansart et al.
(2009) studied the combination of a dense phase surrounded by a loose
dust phase using particle image velocimetry. They found that the cone of
the loose phase widened as the material fell, resulting in additional air
being entrapped in the dust phase and particles becoming segregated.
Almeida Leao et al. (de Almeida et al., 2020) performed additional
modeling of the movement of airborne dust around a falling bulk ma-
terial stream and identified four zones that contribute differently to dust
spreading.

The previous two paragraphs provided an introduction to the
macroscopic propagation of dust and dust clouds during bulk material
handling. The next two paragraphs present two mechanistic models that
offer explanations of dust release on a microscopic scale.

Antonyuk et al. (2006) described a primary dust release mechanism
from granular material. By experiment and DEM simulation it was
shown, that smaller particles, which can become airborne, can form by
shattering of granules upon impact on a surface. The breakage proba-
bility of a granule increases with increasing impact speed and that the
resulting particle size of the fragments decreases with impact speed.
Olaleye et al. (2019) experimentally studied the breakage behavior of
tablets, which can be seen as dense agglomerates of the primary powder
from which they are pressed. Milling tablets of different porosity showed
that the amount of resulting fine material increases with porosity. This
finding was confirmed by Weidemann et al. (2023) using inline particle
size measurement in dry granulation.

A different microscopic dust release mechanism is suggested by
Schulz et al. (2019, 2022) and Woschny et al. (Woschny, 2025; Woschny
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et al., 2021, 2025). In their model a coarse carrier particle which is
coated with fine material is modeled by DEM and experimentally veri-
fied. It was shown, that the dust emitted is the fine material which is
released upon impact of the coarse particle onto the ground surface or by
coarse particle-particle impact. This model limits the maximum dust
emission from a single particle to the mass of fine material it carried
before the impact. The released dust mass first increases sharply with
impact speed, then only increases slightly and, depending on the exact
model setup, stagnates at medium impact speed before it further in-
creases sharply at higher impact speeds and then slowly determines to
100 % fine material being released.

The objective of this study is to experimentally investigate the
macroscopic dust release during conveyor belt discharge of different
limestone qualities. The model approaches from Atonyuk, Schulz and
Woschny will be used to explain the macroscopic observations and the
differences that results from using different limestone qualities.

2. Material and methods
2.1. Bulk material

Limestone (>99 % CaCOs3) Ulmer Weify (UW) from Eduard Merkle in
the variants UW XMF (XMF) and UW 0.5-1.2 (0.5-1.2) was used as a test
bulk material. The particle size distribution by dry dispersed laser
diffraction is Xgp,3 = 5.49 pm, X503 = 3.6 pm and x10,3 = 1.94 pm for XMF
and Xgp,3 = 1470 pm, X503 = 981 pm and x93 = 648 pm with 1.35 %wt
being in a secondary mode at Xpoda; = 2.6 pm for 0.5-1.2. Conditioned for
24 h at 25 °C and 30 %rH, 50 %rH, 70 %rH, the DustView dust release
number, as a measure of dustiness, is 19.3, 24.1 and 21.2 respectively for
0.5-1.2 and 14.4, 13.4 and 11.3 for XMF.

2.2. Experimental setup

A wind tunnel with a length of 23 m is used (see Fig. 1). The square
cross-section has an edge length of between 1 m at the inlet and at the
measuring point and 1.7 m at the discharge point. The entire tunnel is
made of sheet metal and is grounded.

The tunnel consists of five segments (see Fig. 2). The inlet, including
the transition piece, is 2.5 m long. The second segment contains the
discharge point (as well as four spray nozzles which are not used for this
study). It is 8.2 m long including the transition. The third segment
contains nine dust probe collection covers. The fourth segment consists
of a lamella separator to remove droplets and larger particles. The fifth
segment consists of an extraction unit, including a filter for safe particle
separation.

A Grimm 1.109 optical particle counter (OPC) with isokinetic sam-
pling is used at the measuring point. The measuring point is located in
the center of the 1 m x 1 m square sampling cross-section, 8.5 m
downstream from the belt discharge point. This position was chosen in
order to measure dust emissions that can be transported over long dis-
tances and are environmentally relevant. A conveyor belt (length
140 cm, width 11.5 cm, speed 0.01 to 0.3 m s™}) is positioned on top of
the tunnel at the belt discharge point. Its end is positioned over a rect-
angular long hole in the tunnel ceiling. The parts of the hole that are not
needed are closed with sheet metal covers. The conveyor belt is fed with
a constantly adjustable bulk material mass flow by a Brabender DDW-M-
FWB80 screw feeder. A tub with overflow protection is positioned under
the wind tunnel. It can be moved with a pallet truck. The tub can be
filled with water. In addition, a water nozzle is installed, to flush away
any bulk cones in the water before they form. If not used the tub is
covered with sheet metal covers.

Depending on the type of stress investigated, different setups are
used to release dust in the tunnel. These are shown in Fig. 3. To measure
the dust release from a bulk material at rest (“Bulk™), a bulk cone is
placed on a plate with a diameter of 20 cm on a 13 cm high table in the
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Fig. 1. Overview of the wind tunnel test facility.
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Fig. 2. Schematic view of the wind tunnel.
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Fig. 3. Variations of the test setups at the belt discharge point (screw feeder for filling the conveyor belt not shown).

tub. To measure the dust release during the belt discharge of bulk ma-
terial, material is continuously dropped onto the plate using the
conveyor belt (“Plate”). This way a constant bulk cone is produced.
Excess material falls into the water tub, ensuring a constant pile height
and constant resulting drop height. A pipe with a diameter of 140 mm is
installed between the tunnel roof and the bulk cone in order to isolate
the dust release upon impact (“Pipe”). In order to isolate the dust release
during the free fall (“Tub”), the material is dropped directly into the
water tub.
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2.3. Experimental method

The mean flow velocity at the discharge point is set to 0.72, 0.39,
0.23 or 0.14 m s~.. The resulting mean velocities at the measuring
section and the corresponding air volume flows are listed in Table 1. The
flow velocity at the discharge point (va;,) is varied by setting a manual
throttle valve (positioned between lamella separator and extract unit)
and the frequency inverter of the extract unit to predefined values.

Within a single measuring run, the discharge mass flow and flow
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Table 1
Set flow velocity at OPC measuring point with corresponding mean flow velocity
at discharge point and the resulting volume flow rate.

OPC Discharge Volume flow
210ms} 0.72ms ! 7320 m® h™!
1.14ms™! 0.39ms! 3973 m®h!
0.67 ms ! 0.23ms ! 2335 m*>h!

velocity are varied according to the test matrix given in Table 2. For each
test setting, the dust number concentration per size class is measured for
2 min, mean values are taken every 6 s. The measurement order in each
run is randomly determined, only the measurement point “0.39 m s,
medium” is always used as an anchor point and carried out as the first
and last measurement as well as after the first and second third of the
measuring run. The discharge quantity (myw) is set on the screw feeder
via a PID controller. Due to the different bulk material flow properties of
the two materials, different mass flow settings had to be selected.

The test matrix is repeated five times for each parameter set. The
material, the test setups for the respective type of stress and conveyor
belt speed is varied as shown in Fig. 4. The “Bulk” setup variant is not
taken into account because the amount of dust released cannot be
detected within the scope of the measurement accuracy.

2.4. Data preparation

From the number concentrations per particle size class recorded with
the Grimm 1.109 optical particle counter, number-related distribution
sums and distribution densities were calculated. The number-related
distribution was converted into the volume-related distribution using
the moment method (Schmidt, 2001). The upper decile, lower decile and
median were calculated for both cases by linear interpolation from the
distribution sum. To determine the dust mass concentration from the
number concentration, ideal spheres with the diameter of the respective
measurement interval center and the solid density of limestone
(2680 kg m3 (Londershausen, 2018)) were assumed. The total dust
concentration in pg m~> was calculated by summing. The resulting
calculated total dust concentration is consistently 19 % higher than the
total dust concentration calculated by the Grimm 1.109 default setting.
This difference can be attributed to the density of limestone being used
for the calculation instead of a density for an unspecified typical particle,
which is assumed by the optical particle counter.

The dust load was determined by multiplying the total dust con-
centration by the set air volume flow. The set air volume flow is the
product of the set flow velocity at the measuring point and the cross-

Table 2
Text matrix for a single measuring run.
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sectional area of 0.968 m2.

The release rate relates the measured dust load to the discharged
bulk mass in the corresponding time period. The retention time shift
between the OPC measuring point and the discharge point due to the
retention time in the tunnel section was taken into account for the
specific flow.

For dust concentration, dust load, release rate and mass median size
the mean values of the fivefold measurement were given, including the
single standard deviation.

2.5. Statistical analysis

To estimate statistical significance, a multivariate regression analysis
was carried out using the Excel Data Analysis add-on. To include the
non-numerical variables of the trial setup, numerical values were
assigned to them: plate 0, pipe 1, and tub 2. Individual variables with p-
values >0.05 are deemed insignificant; those with p-values <0.05 are
significant; those with p-values <0.01 are very significant; and those
with p-values <0.001 are highly significant.

3. Results and discussion
3.1. Preliminary consideration of the particle movement in wind tunnel

For the calculation of the particle trajectory, a drop height of 1.7 m
(channel height) was assumed, with a constant horizontal flow velocity
of 0.4 m s~ ! (corresponding to 1.2 m s~ ! at the measurement point) and
no eddy formation. Taking into account gravity, inertia, lift and flow
resistance, and assuming laminar flow, the position of a particle over
time can be determined using equations (1) and (2), Using the particle
diameter d, the particle bulk density p,(UW, XMF) = 2680 kg m*3, the
gravitational acceleration g, time t, and the viscosity #7ai(20 °C,
1 bar) = 1.821 x 107° Pa s (VDI-Gesellschaft et al., 2013).

dp dp, [ B
t)=h unne'ip t £ e -1 1
zp(t) =hr ]18ng +18ﬂ et @
dZ 91
n

Particles of different sizes thus follow different trajectories, as shown
in Fig. 5. At a distance of 8.5 m from the release point, particles smaller

Tgw Vair = 0.14m s (1394 m* h ™) Vair = 0.23m s (2335 m*h ™) Vair = 0.39m s (3973 m®* h™) Vair = 0.72m s (7320 m* h ™)
Low 2 min 2 min 2 min 2 min
Medium 2 min 2 min 4 x 2 min 2 min
High 2 min 2 min 2 min 2 min
Material Discharge mass Trial setup Belt speed
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Fig. 4. Overview of the performed test program.
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Fig. 5. Calculated particle trajectory for particles of different sizes, starting
from the release point.

than 10 pm reach the measuring point almost entirely, while particles
larger than 32 pm settle and deposit in the wind tunnel.

3.2. Bulk setup dust emissions

Due to the low dust emission from the "Bulk" setup, the dust release
cannot be distinguished from the background concentration for either
material. This is likely because the air velocities at the discharge point
are too low, ranging from 0.14 to 0.72 m s~', to generate enough lift
forces to detach dust particles from the bulk.

3.3. Dust emission from belt discharge for XMF

The results for XMF are presented by first demonstrating the
connection between dust concentration, dust load and release rate. The
influences of the individual test parameters on the dusting are then
discussed using the release rate. Finally, the particle size is addressed.
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Fig. 6. Measured dust concentration as a function of air velocity for different
stress types and discharge mass flows for XMF.

206

Particuology 115 (2026) 202-213

Fig. 6 shows the measured dust concentration during the conveyor
belt discharge of XMF as a function of the air velocity (p = 3.0 x 10_14).
The graphs for the discharge quantities 100, 65 and 30 kg h™* are shown
for the drop including impact (“Plate”), the drop isolated from air cur-
rent (“Pipe”) and for the in-current drop without impact (“Tub”) at a belt
speed of 0.3 m s~ L. It can be seen that the dust concentrations sort by
discharge rate (p = 4.0 x 10723), high dust concentration with high
discharge rate, low concentration with low discharge rate. Yet the
measured values show a high standard deviation. On the one hand, this
can be explained by the turbulent flow. In order to reach the inlet of the
isokinetic sampling, the particles released at a specific location must
move with the streamline that reaches the inlet of the isokinetic sample
inlet. Thereby, a measurement variance caused by the turbulent flow
occurs during transmission from the point of emission to the sampling
point. In addition, the dust can be emitted both in free fall and upon
impact with bulk pile. This emission-related variance is, for small par-
ticles moving with the flow, resolved by the turbulent mixing in the
further wind tunnel. Furthermore, it can be seen that the dust concen-
tration is qualitatively similar regardless of the type of stress (p = 0.18).

It is noticeable that the overall dust concentration decreases with the
flow velocity. This can be explained by a dilution effect with increasing
air volume flow. If the dust load is considered, this dilution effect can be
eliminated. Fig. 7 shows the dust load as a function of the flow velocity
for the discharge of XMF onto the plate at different air currents. It can be
seen that the dilution effect disappears completely. Within the mea-
surement uncertainty, the dust load for the in-current drop including
impact is independent of the air velocity (p = 0.14). It can still be seen
that the dust load increase with the discharge rate is highly significant
(p=1.9x107).

In the next step, the dust load is related to the discharge quantity in
order to determine the release rate as a principally dimensionless
emission measure. The release rate is represented as dust mass in mg per
kg of bulk material discharged.

Fig. 8 shows the release rate as a function of the air velocity for the
three stress types at a constant discharge rate of 65 kg h™L. It can be seen
that the release rate increases with air velocity. Although this increase is
within the measurement variance and therefore cannot be definitively
verified (p = 0.10). Overall, the release rates are at a similar level
regardless of the stress type and increase slightly linearly with the flow
(p = 1.9 x 107>), whereby the graphs partially cross each other. The
finding that the dust release is largely independent of the stress type is
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Fig. 7. Total dust load as a function of air velocity for different discharge rates
for in-current drop onto the bulk pile “Plate” for XMF.
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Fig. 8. Influence of stress type on release rate for XMF.

remarkable. The test setup should isolate the different release mecha-
nisms in free fall and upon impact. When dropping into the water tub,
dust emissions due to impact on the bulk pile can be reliably prevented,
particularly as the surface tension of the water was diminished by
adding detergent to prevent particles from bouncing off the water sur-
face. Although the horizontal air flow can be prevented when dis-
charging through the 140 mm diameter pipe it could not be prevented,
that air is being sucked through the pipe resulting in a vertical in pipe air
flow. Complementary flow measurement in the pipe showed that the
total air velocity cannot be reduced. The only difference is that the main
flow direction changes from horizontal in the wind tunnel to vertical in
the pipe. Therefore, interaction between the loose XMF agglomerates
during the fall cannot be prevented or reduced by the pipe.

The relative indifference among the three stress types indicates that
the primary source of particle emissions must be common to all stress
types. This suggests that the dust release for the fine-grained XMF is
dominated by a release mechanism during the fall and that the dust
release on impact plays no or only a minor role.

As "pipe" is the only stress type for which there is a steady upward
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Fig. 9. Influence of the discharge quantity on the release rate for XMF.
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trend, Fig. 9 shows the release rate for all discharge quantities at a
constant belt speed of 0.3 m s™L. It can be seen that the release rate
increases highly significantly (p = 1.9 x 107'%) with increasing air ve-
locity. But the differences between the release rates are within the
measurement variance. This may be due to the fact that as the tunnel
flow increases, the air flow drawn through the pipe also increases. This
can lead to greater dispersion of the agglomerates within the pipe.
Though the standard deviation increases significantly, especially at
higher flow velocities. It is therefore not possible to conclusively assess
whether the upward trend will continue or whether it will begin to
stagnate, similar to the stress types “Tub” and “Plate”. Looking at the
graphs for 65 and 100 kg h™! individually, the increase flattens out at
flow velocities above 0.4 m s~!. Only the 30 kg h™! graph shows a
constant increase, whereby the value at 0.72 m s~ shows a high stan-
dard deviation, which can be explained by a single high measurement
outlier.

In addition, the influence of the belts discharge velocity was inves-
tigated. This is shown in Fig. 10. All test settings were carried out at 0.15
and 0.3 m s! belt speed, see Fig. 4. Over all test settings and experi-
ments the trends at 0.15 m s~! are qualitatively the same as those at
0.3 m s~ 1. But the overall release rate is slightly lower. In most cases no
completely clean trend was measured, in which all release rates at
0.15 m s~! are lower than those at 0.3 m s~ . This is due to the small
difference compared to the measurement variance. For the stress type
“Pipe”, a consistently lower release rate is shown at 100 kg h™'. Looking
at the error indicators (single standard deviation from fivefold mea-
surement), it can even be seen for this selected sample that the differ-
ences due to the release rate are comparatively small, resulting in a p-
value of 0.10. The slight increase of the release rate with discharge ve-
locity indicates a minor additional dispersion of the XMF agglomerates
due to an increased entry velocity into the ambient air.

Using a laser diffractor with compressed air dispersion, a mass me-
dian of 3.6 pm was measured for the bulk material XMF. The airborne
particles released during bulk material discharge, measured with the
OPC, have an almost identical particle size distribution as the bulk XMF.
Fig. 11 shows the measured mass median of the dust over the flow ve-
locity for the three stress types. It can be seen that the dust particle size
during the discharge of XMF is independent of stress type and flow ve-
locity. The discharge quantity and velocity also have no influence. This
shows that the proportion of the bulk material that passes into the air as
dust and remains there is not present as an agglomerate but is fully
dispersed particles. A possible mechanism of dispersion is discussed
further below. Larger XMF agglomerates that detach from the dropping
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Fig. 10. Influence of belt discharge speed (0.3 and 0.15 m s !) on the release
rate for XMF.
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Fig. 11. Influence of the type of stress on the particle size of airborne dust
for XMF.

bulk material strand and which are not completely dispersed sink to the
ground close to the pile due to their larger diameter.

3.4. Dust emission from belt discharge for 0.5-1.2

The dusting behavior of the Ulmer Weif 0.5-1.2 bulk material is
illustrated using the release rate. Fig. 12 shows the release rate of 0.5-1.2
as a function of the air velocity at a belt discharge speed of 0.3 m s™! for
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Fig. 12. Influence of discharge quantity and stress type on the release rate for
0.5-1.2.
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all stress types at low (120 kg h™!) and high (400 kg h™!) discharge mass
flow.

A comparison of the stress types shows clear qualitative and quan-
titative differences. If the impact on the bulk pile (“Plate”, “Pipe”) is
taken into account, the release rate is significantly higher than without
impact (“Tub”). This shows that for the coarser bulk material, the release
of dust due to the impact on the bulk pile plays a dominant role
compared to the release during free fall. But the dynamics of the release
rate with the flow velocity are clearly different with and without impact.
With impact, the release rate rises sharply in the range from 0.14 to
0.39 m s’l; with a further increase in flow velocity, the release rate
increases only slightly. In the case of in-current drop with impact
(“Plate”) for 120 kg h™!, it decreases slightly, whereby stagnation within
the measurement variance can also be assumed here. It is noticeable that
the release converges to the same value for the “Pipe” and “Plate” cases
regardless of the mass flow. This suggests that a plateau has been
reached. For the inflow drop without impact (“Tub”), there is an expo-
nential increase in the release rate with the flow velocity. This can be
seen more clearly in Fig. 15 due to the logarithmic scaling of the axes.
Extrapolation of the exponential curve without impact, whilst assuming
further stagnation for the stress types with impact, indicates that the
release with and without impact are at the same level from a flow ve-
locity of around 1.33 m s~ * at the discharge point. Furthermore, it can be
seen that a low discharge mass flow rate favors a high dust release,
regardless of the type of stress. Only for the flow velocity of 0.72 m s~!
does the effect of the discharge mass flow disappear for the load types
with impact.

The influence of the discharge velocity is shown in Fig. 13. For the
stress types with impact, the release rate decreases with decreasing
discharge velocity. In contrast, the release rate without impact (“Tub”) is
higher at a discharge velocity of 0.15 m s™! than at 0.3 m s™'. This
further indicates that the mechanism of dust release in free fall differs
from that of impact on the bulk material. It is noticeable that the value to
which the release rate determines also decreases with decreasing
discharge velocity. This behavior also occurs for the values not shown at
0.3 m s~ for 120 and 400 kg h™1.

The resulting dust particle size is shown in Fig. 14. No influence of
the air velocity can be seen for the cases “Plate” and “Pipe”. The median
mass-based particle size is 3.6 pm and 3.8 pm respectively, which
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Fig. 13. Influence of belt speed on the release rate for 0.5-1.2.
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Fig. 15. Influence of air velocity on release rate for different materials and
stress types.

corresponds to the fine mode in the particle size distribution of the 0.5-
1.2 bulk material. This suggests that the released dust is the fine fraction
of the bulk material. For the case without impact (“Tub”), the average
dust particle size increases significantly for air flows larger 0.4 m s °.
Assuming that this is also material from the fine fraction of the bulk
material, there are two possible explanations for this. On the one hand, it
is possible that the release of dust during free fall primarily releases

larger particles or agglomerates from the bulk material. Another

209

Particuology 115 (2026) 202-213

possible explanation is the influence of sedimentation in the wind tun-
nel. The calculated sedimentation height of a 10 um particle between the
discharge and sampling point for the given wind tunnel setting at
0.4 m s~ is around 10 cm. With a channel height of 1.7 m, the influence
of sedimentation can therefore be estimated to be low. This strengthens
the assumption of a selective detachment of coarser particles or ag-
glomerates from the falling bulk material.

3.5. Bulk material comparison

A direct comparison of the two chemically identical limestones
Ulmer Weify XMF and Ulmer Weip 0.5-1.2 allows conclusions about the
influence of the particle size of a bulk material on the dusting behavior.
The release rate is particularly suitable for this, as it normalizes the in-
fluence of the discharge quantity. In order to further reduce the influ-
ence of side effect, the highest release rate of 100 kg h™! for XMF and the
lowest release rate of 120 kg h™! for 0.5-1.2 are compared in Fig. 15.
Furthermore, a logarithmic scaling was selected in order to be able to
represent the dynamics of the increase in XMF for the “Tub”. The result
shows a significant deviation between the two materials. For 0.5-1.2, the
clear difference between the load types with impact on the bulk pile
(“Plate”, “Pipe”) and the load type without impact (“Tub”) shows that
the dust release for the coarse material is mainly dominated by the dust
release upon impact. Here an exponentially increasing dust release can
be seen for “Tub”, whereby the dominance of the impact could poten-
tially disappear for higher airflow velocities. For XMF, it can be seen that
the differences between the stress types are significantly smaller, which
shows that the release mainly takes place during the fall. The influence
of the air velocity is also significantly lower for XMF. The release rate is
constant for the stress types “Plate” and “Tub”. An increase is not clearly
detectable due to the measurement variance. An increase is only visible
when falling through the pipe. For 0.5-1.2, an initial increase followed
by stagnation can be seen for “Plate” and “Pipe”, although this effect is
much more pronounced for the case protected by the pipe.

3.6. Comparison to literature models

The qualitatively and quantitatively different behavior of the coarse
and fine limestone suggest different dust release mechanisms. For 0.5-
1.2, a model by Schulz et al. for determining dust release (Schulz
et al.,, 2022) can be used as an explanatory approach. A separate
explanation model is developed for XMF, as the model mentioned does
not provide a satisfactory explanation.

Schulz et al. (2022) analyze dust detachment upon impact of a single
coarse particle covered in fine material, shown here schematically in
Fig. 16. With the help of a DEM model, a prediction function of the
dispersion rate is calculated. It is further validated by experimental data.
The dispersion rate describes the ratio of the released fine particles to the
fine particles adhering to the coarse material particle before the impact.
A coarse particle loaded with fine material corresponds to a bi-modal
particle size distribution, with a fine and a coarse mode, which makes
the Schulz model a close approximation a single 0.5-1.2 particle, see also
Fig. 18.

Fig. 17 left (Schulz et al., 2022) shows the change in the dispersion
rate over the impact velocity on different plate materials. In addition to
the DEM model, the results of a simplified model function are also
shown. Initially, the dust release increases rapidly with increasing
impact velocity, whereby this increase is significantly steeper for the
impact on the harder metal plate compared to the POM plate. As the
impact speed increases further, an intermediate plateau is reached, at
which point all the fine particles adhering to the southern hemisphere
have fallen off. Subsequently, the dust release continues to increase and
determines towards 100 %, which corresponds to a dust release from the
northern hemisphere.

Fig. 17 right shows that the bulk material 0.5-1.2 releases dust pri-
marily upon impact on the pile. This effect is characterized by a plateau
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Fig. 16. Scheme of impact for material 0.5-1.2. Dust loaden particles detach fine material upon impact on the floor.
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Fig. 17. left: Prediction function for dust release during single particle impact according to Schulz et al. (2022), right: Dust release during belt discharge of 0.5-1.2

bulk material into the wind tunnel.

before drop

after drop

Fig. 18. Microscopy of an Ulmer Weif 0.5-1.2 particle with adhering dust before and after individual dropping onto a metal plate from a height of 2 m.

at higher flow velocities. The lower dust release during falling, on the
other hand, increases strongly with the flow velocity. The drop height is
1.7 m, a complete conversion of the potential into kinetic energy results
in a theoretical impact velocity of 5.77 m s %, which is plausible as the
material falls in a bulk strand. In contrast to the individual particle
sedimentation the air friction can be neglected without generating a
significant error. The dispersion rate predicted by the model stagnates at
5.77 m s~ In order to calculate the impact velocity of a single particle,
the horizontal air velocity at the drop point must be added using vector
addition to the theoretical vertical sinking velocity. This results in
impact velocities of 5.78 to 5.81 m s~ depending on the wind tunnel
speed. The dispersion rate of a single particle should remain approxi-
mately constant in this range. Though the measured release rate for the
drop onto the plate increases significantly from 22 to 64 mg kg!, and
stagnation can only be seen in the range of flow velocities higher than
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0.4 m s~ 1. This can be explained by the fact that sedimentation of the
dust particles plays a greater role at low flow velocities, which reduces
the release rate measured downstream. Due to the near-ground release
of dust upon impact with the bulk pile, the sedimentation distance to be
covered is shorter for released particles. On the other hand, for particles
released during the 1.7 m fall sedimentation is less relevant. In addition
to sedimentation, in the case of continuous conveyor belt discharge onto
a bulk pile, it should be noted that particles that have already been
released can potentially be deposited on the following falling bulk ma-
terial particles, which means that the release rate should be lower than
predicted by the single particle discharge. For the 0.5-1.2 bulk material,
there is 1.34 % of the mass in the fine fraction mode which corresponds
to 13,400 mg kg~ '. A dispersion rate of 50 % would therefore corre-
spond to 6700 mg kg™ ! and is thus three orders of magnitude higher
than the measured values. This shows that additional effects must be
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taken into account when releasing dust from the bulk material compared
to single particle discharge literature model. These include the potential
separation of upwardly released fine particles by following falling coarse
particles as well as the deposition of downward released fine particles in
the bulk pile. Especially due to the separation by following particles, it
would follow that the net dust release from the bulk material takes place
at the boundary areas between the bulk material phase and the sur-
rounding fluid. In the center of the falling bulk material flow, release and
separation potentially balance each other out. One indication in favor of
this hypothesis is that a lower belt discharge velocity reduces the release
rate. Due to the lower discharge velocity, the bulk material mass flow is
expanded less during discharge, the diameter of the falling bulk material
strand remains smaller, which reduces its surface area and thus the
phase boundary between the bulk material and the fluid phase. As a
result, it can be explained why the dust release decreases with
decreasing belt speed.

For 0.5-1.2, the case without impact (“Tub”) must be considered
separately. Here, the dust release can be explained by particle-particle
collisions, not by particle-ground collisions. What is striking here is
the strong dependence on the flow velocity. The particle-particle colli-
sion was also modeled by Saleh et al. (2014). The course of the disper-
sion rate here is similar to that of the particle-plate collision. Steep
increase up to 50 % dispersion rate, intermediate plateau, determines
towards 100 %. For particle-particle contact the intermediate plateau
extends over a wider impact velocity range. The steep increase in the
dispersion rate at low collision velocity in the model explains the steep
increase in the release rate with increasing flow velocity. The air flow
induces particle-particle collisions. The air flow at the discharge point is
in the range 0.1 and 0.7 m s~ . This range is characterized in the model
by a steep increase in the dispersion rate, which is reflected in the
measured release rate. Fig. 13 shows that, in contrast to the stress types
with impact, for the drop without impact (“Tub”) the dust increases at a
lower belt discharge velocity. This can be explained by more frequent
particle-particle collisions in a narrower bulk material strand.

Overall, it was shown that the model developed by Schulz et al.
(2022) is suitable for explaining the mechanisms of dust dispersion at
the individual particle level for Ulmer Weip 0.5-1.2. For a complete
description of the dusting behavior during belt discharge of 0.5-1.2 as
bulk material, further mechanisms of re-attachment, deposition, sedi-
mentation and transmission must be considered.

The model of Schulz is not applicable for the material XMF due to its
fine monodisperse particle size distribution. Here, the measurement
results show that the dust release is dominated by the release during the
free fall, whereby the release rate increases moderately with the wind

Fig. 19. Microscopy of a loose Ulmer Weip XMF agglomerate.
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tunnel air flow, but is superimposed by a high measurement variance,
which makes detailed statements difficult. The dust release mechanism
assumed here is that XMF agglomerates, see Fig. 19, collide with each
other in the air and are completely or partially dispersed in the process,
see Fig. 20. The approach is more similar to the model proposed by
Antonyuk et al. (2006). This is due to the macroscopic structure of the
source material which is fine primary particles which tend to agglom-
erate. If the material would be fully dispersed directly upon belt
discharge, a sedimentation distance of about 1 km would be expected
due to the fine particle size of x50.3 = 3.6 pm, which would result in a
release rate of 100 % (10° mg kg’l). The measured release rate is in the
range of 10 to 40 mg kg~ ! and thus lower than 0.5-1.2.

The presented model approaches on the microscopic particle release
scale can in part explain the measured behavior of the macroscopic
release rates. Especially the difference between the fine XMF and the
coarse 0.5-1.2 can be explained by the discussed models. Measured
release rates were shown to be multiple orders of magnitude lower than
predicted by microscopic release mechanisms alone. This requires a
discussion of the potential effects causing this.

Firstly, the particles or respective agglomerates released from the
bulk on a microscopic scale have a particle size distribution that is
influenced by the kinetics of the impact. For fine materials that fall in
agglomerated structures, such as XMF, the particle size of the de-
tachments decreases with impact velocity, compare Fig. 21. With
increasing impact velocity, the resulting fractures reduce in size, while
the agglomerates eventually stay intact at low impact velocities. Addi-
tionaly, for fine particles adhering to larger particles, such as 0.5-1.2,
Schulz et al. (2022), described the effect of saltation, where individual
particles of the fines fraction collide and agglomerate with other parti-
cles of the fines fraction during the process of detachment from the large
carrier particle. Therefore, for both material types, mechanisms are
present that increase the size of the detaching particle agglomerates.

Secondly, most of the bulk material falls in a dense phase (Derakh-
shani, 2016; Rheina-Wolbeck, 2006; Turkevich et al., 2025). The
microscopic particle detachment must therefore be seen in this context.
While falling, small particles detaching from an agglomerate or larger
particle will be in close proximity to the next agglomerate or large
particle, to which they may be reattached or re-agglomerated. When
falling on the ground, or more likely onto the bulk pile, a large fraction
of the detached particles will be released downwards onto the pile and
settle there instead of being emitted into the surrounding air. The
fraction that is released upwards is likely to interact, therefore reattach
or re-agglomerate, with the following falling bulk material. Therefore,
only a small part of the dust that was at some point microscopically
detached from the agglomerate or carrier particle will eventually leave
the dense phase.

Thirdly, the loose dust phase surrounding the falling dense phase
(Derakhshani, 2016; Rheina-Wolbeck, 2006; Turkevich et al., 2025) is
influenced by the dense phase (de Almeida et al., 2020; Derakhshani,
2016), inducing an air flow. The looser phase can include eddies and
follows the falling dense bulk phase, falling towards the ground. The
resulting dust cloud is therefore likely to move towards the ground and
be spread in the proximity of the area where the falling bulk material
hits the bulk pile. These literature model predictions are backed by vi-
sual observations of dust cloud movement during the experiments.

Fourthly, sedimentation will reduce the amount of dust reaching the
sampling point. This is especially true for particles or agglomerates
larger than approximately 10 pm. As discussed above, the material
detaching on a microscopic level is likely to consist of a mixture of
primary particles and agglomerates. The agglomerates are likely to be
susceptible to sedimentation, which can be confirmed by the observa-
tion of limestone sedimentations, which were not quantified, being
present in the wind tunnel after the trials.

Taking into account these four points, the material reaching the
sampling point, reflects the part of the macroscopic dust emissions that
are small enough to stay airborne for a long time. Thus making this
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Fig. 20. Schematic collision of XMF agglomerates and subsequent dispersion in the air.

Fig. 21. Fractured specimens of agglomerates collided at different impact velocities according to Antonyuk et al. (2006): left low velocity, middle medium velocity

and right high velocity.

fraction particularly interesting regarding workers health and environ-
mental safety.

4. Conclusion

Even though the two bulk materials tested are chemically identical
and differ only in their particle size distribution, their behavior with
regard to dust emission during discharge of a conveyor belt is funda-
mentally different. The coarser 0.5-1.2 material primarily emits dust
upon impact, whereas the XMF material primarily emits dust during the
falling period.

At the tested low wind speeds, the coarser 0.5-1.2 is more susceptible
to the surrounding air current. This may seem counterintuitive at first,
but it can be explained by comparing the results to modelling ap-
proaches from the literature (Schulz et al., 2022).

The finer XMF dust emission is comparatively indifferent to changes
in wind speed, within the low speed range tested. Nevertheless, the
nature of this fine material gives a much larger potential for dust to
potentially be emitted. This can lead to much larger emissions if the
wind or other forces are strong enough to disperse the loose agglomerate
structure of the XMF during belt discharge.

Comparing the results of the measurement campaign with models in
the literature shows that, even though there are good models available
to describe individual aspects of dust emission during conveyor belt
discharge, there are currently no models that fully describe all aspects of
the process.

Understanding the origins of dust can help with handling bulk ma-
terials. For 0.5-1.2, this would mean either suppressing the dust release
mechanism (fine material being detached from coarse grains) or
addressing the main emission location: the impact zone on the bulk
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material pile. For XMF this would mean to suppress or tread the midair
particle-agglomerate to particle-agglomerate interaction.

Further investigations are needed to study possible emission control
measures in bulk material discharge from a belt conveyor.
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