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The dispersion of powders in gas flows is relevant in some powder processing techniques, in dry powder inhalers
and in particle size analysers, among others. When using small particle sizes, the powder tends to form stronger
aggregates and the dispersion becomes more difficult. There are many approaches to the dispersion process but
most include collisions as one of the possible agglomerate break-upmechanisms. This is not always a satisfactory
solution as particles may get contaminated or reduced. In the present work we explore the dispersion of powder
aggregates in an accelerating flowwith no particle-wall collisions.We built a fluid-dynamic device with a simple
geometry consisting of a sharp slit, producing a rapidly converging flow at the entrance and a planar jet at the
exit. A powder feeder exitedwith an ultrasonic actuatorwas used to generate single powder aggregates. The sta-
tionary flow field was calculated numerically and the velocity and degree of aggregate dispersion were assessed
based on imaging results. In all the cases tested, erosion of the aggregates could be observed. In the case with the
highest suction pressure, a different mechanism arises, which leads to the disintegration of the aggregate and a
significantly better dispersion of the powder.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Many processes involving powders require them to be suspended in
a gas stream. The behaviour of the powder suspension and the outcome
of the process depend on whether the particles are well dispersed or if
they are part of larger aggregates. A dispersed powder suspension will
have a more consistent fluid-dynamic behaviour, will stay suspended
for a longer period of time and will have increased mass, heat and mo-
mentum transfer.

The dispersion process consists basically in the separation of the par-
ticles that are held together by different inter-particle forces. In general
this means the application of mechanical energy to overcome these
forces. There are different approaches to achieve this, depending on
the powder to be dispersed and on the application constrains, a good re-
view can be found in the work of Calvert et al. [1].

The problem of dispersing powders in gas streams is common to
various applications. Industrial processes like blown powder-based de-
position systems [2,3] and thermal powder processing such as the
manufacturing of micro-spheres or micro-balloons require powders to
be well dispersed to achieve satisfactory results [4–7]. There are even
cases where a perfect dispersion is required while attrition of the
.tarrio@cab.cnea.gov.ar
particles is unacceptable, like in the seeding for particle image
velocimetry [8] or in powder size analysers [9,1]. Lately the use of equip-
ment capable of sizing powders in dry suspensions is becoming more
common, withmanufacturers such asMalvern, Horiba orMicrotrack of-
fering such devices. These devices present advantages when the pow-
ders to be measured are fragile, soluble, or reactive, but they usually
require a careful adjustment of the operation parameters to achieve a
good dispersion while keeping particle attrition at acceptable levels.

In recent years Dry Powder Inhalers (DPIs) have gathered attention
as a non-invasive administration method, not only for lung specific
treatments (local) but also for systemic treatments (via alveolar absorp-
tion) [10]. For the powders to reach the lungs of the patient, the dimen-
sions of the particles have to be in the order of 3 μm or less [11,12], and
have to be well diseprsed. Most DPIs rely on the patient suction power
rather than using a propellant, the pressure difference and volumetric
flow rate that are available to produce aggregate breakup are therefore
limited. There have been numerous efforts to improve the dispersion
characteristics of the powder formulations but also to assess and im-
prove the design of the dispersers, being a very active field of research.
There are many DPI devices on the market, with the majority using
either turbulence or particle impaction to disperse the active pharma-
ceutical ingredient. However, only a few research works have focused
on isolating the mechanisms of particle de-agglomeration in these de-
vices. Most works evaluate the device efficiency, for example the fine
particle dose values, for different operating conditions [13,14]. Recently,
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Kou et al. [15] performed a microscale particle image velocimetry (PIV)
study on an experimental device simulating a Rotahaler® DIP. In their
study they follow the aggregates as they are dispersed by drag force,
particle-particle of particle-obstacle impactions. Their study is an inter-
esting antecedent to the present work in the sense that it aims at direct-
ly observing the mechanism of destruction of the aggregates.

Dry powder inhalers achieve dispersion mainly by promoting
particle-particle or particle-wall collisions, while turbulence and other
purely fluid-dynamic stresses have a minor contribution. Wong et al.
[16] analysed entrainment tubes with a combined approach where
computer fluid dynamics simulations were combined with experimen-
tal measurements of the output product of the device. Their results sug-
gest that the collision of aggregates with the walls play a dominant role
in the dispersion process while naturally occurring pipe turbulence had
a negligible effect, apart from increasing the number of wall collisions.

Shear stress and turbulence are often mentioned as important dis-
persion mechanisms [1]. These mechanisms have been studied in the
context of aggregation and break-up in liquid suspensions [17–19].
Saha et al. [20] used water as fluid and generated the aggregates in a
simple shear flow. These aggregates were then introduced in a turbu-
lent flow field and followed as they broke-up. Simple shear flows and
turbulence are of interest for suspensions in liquids with high viscosity
and density. In gasflows, on the other hand, the flow is strongly affected
by the presence of the particles, which normally have a much higher
density than the gas. As a result theflowfield becomesmuchmore com-
plex, generating shear forces by the high relative velocity between the
aggregate and the gas, as can also be appreciated in the results of the
present work.

Dispersion devices which promote aggregate collisions, while prov-
en effective for medical applications, may cause the attrition of fragile
particles and contamination with thematerial of the device walls, mak-
ing them less desirable for applications such as particle size analysers, or
in the processing of high purity materials. In those cases dispersers
based on flow acceleration or shear forces alone would be preferred.
When evaluating presently used aerodynamic dispersion devices, all
of them present impaction as a possible dispersion mechanism [1]. A
good candidate for dispersion without impaction in gases would
Fig. 1. Scheme of the experimental device. The light pipe bet
therefore be a fluid dynamic device capable of producing a rapid accel-
eration of the flow, as proposed by Sosnowski et al. [21] or by Gerde
[22].

Lately the availability of very high power light emitting diodes
(LEDs) and high power, high speed electronics made it possible to
achieve inexpensive but high performance illumination systems. Pulsed
LED illumination has been used for particle image velocimetry [23,24]
and is particularly well suited for high speed shadowgraphy [25]. The
availability of this technology enables us to obtain photographs of
fluid-dynamic processes that occur in extremely short periods of time,
as is the case of the dispersion of powder aggregates. Furthermore by
using colour LEDs we can colour-code two images in a single RGB
(red-green-blue) image, making velocity estimations also possible [26].

The present study is therefore aimed at improving the understand-
ing of the mechanisms of particle de-agglomeration produced by flow
acceleration alone. We expect the acceleration of the flow to produce
normal and shear stresses on the aggregate that will eventually erode
or break-up into smaller aggregates or individual particles. In the pres-
ent study the dispersion devicewas designed in such a way that impac-
tion with the device walls is eliminated as a possible dispersion
mechanism and turbulence is absent in the region of interest. The flow
was alsomodelled numerically to obtain the velocity field. This imposed
the requirement of having a flow that was well suited for numerical
modelling. For this purpose we have chosen a suction slit formed be-
tween two sharp edges. High speed photography based on pulsed LED
illumination was used to obtain images of the agglomerates and to esti-
mate their velocities and sizes at different positions in thefluid-dynamic
device. These measurements allow estimating the type of dispersion
mechanism that is involved, either erosionor break-up in smaller aggre-
gates, and the conditions at which these occur.

2. Experimental method

The objective of the experimental device is to capture two successive
images of a single breaking aggregate. The overall scheme of the mea-
surement system is shown in Fig. 1. The powder aggregate is produced
by the powder feeder and falls into the fluid-dynamic device that will
ween LED and the frosted glass was omitted for clarity.



Fig. 2. Dimensions of the fluid dynamic device and powder feeder.
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cause the dispersion. A colour CCD camera is used to capture the shad-
ow image of the aggregate, which is illuminated from the back by a fast
pulsed LED lighting system. There are two illumination pulses, a green
pulse followed by a blue pulse, thus producing two images per event,
one in the green field and one in the blue field of the colour image. To
capture the precise moment where the particle is in transit, a barrier
type switch, made with a continuous laser diode and a photo-detector,
is used to trigger the LED illumination.

The fluid-dynamic device is a horizontal slit with suction on the
lower side. The purpose of this device is to generate a 2D flow with a
central regionwhere high acceleration is produced. Theflow can be sep-
arated in two zones, a flow intake into the slit and a planar exit jet. The
intake presents strong favourable pressure gradients and behaves as a
potential flow with negligible boundary layers, as will be discussed
later. Planar jets, on the other hand, have been thoroughly studied for
their implications in flow stability and for their technological interest
and are very well characterized [27–30]. This planar set-up is also con-
venient for visualization as it presents good optical access.

The depth of field of the imaging system is in the order of 0.5mm. To
obtain clear images of the aggregates they have to be introduced indi-
vidually and at the same position every time. This is rather difficult
with pre-formed spherical aggregates as they tend to break when ma-
nipulated.We opted to produce the aggregates in-situ bymeans of a vi-
brating capillary tube. Lu et al. [31] studied different powder feeders and
found that under certain conditions; cohesive powders in a capillary
tube exited with ultrasonic vibrations tend to flow discontinuously,
forming cylindrical aggregates. Here we have taken advantage of this
behaviour to produce a regular supply of cylindrical aggregates. The di-
ameter of the aggregates is determined by the internal diameter of the
Table 1
Test conditions.

Atmospheric pressure (kPa) Suction side pressure (kPa) Pressu

Case 1 92.06 ± 0.02 91.25 ± 0.03 0.81 ±
Case 2 92.06 ± 0.02 90.33 ± 0.10 1.73 ±
Case 3 92.04 ± 0.02 88.04 ± 0.3 4.0 ± 0
Case 4 92.03 ± 0.02 82.33 ± 0.5 9.7 ± 0
capillary tube, which is (670 ± 15) μm. The length of the aggregate de-
pends on the cohesiveness of the powder [31], but in our case it was be-
tween 0.5 and 1 mm long. To produce the ultrasonic vibration of the
capillary tube we used a piezoelectric actuator directly attached to the
glass capillary tube, as shown in Fig. 1. The piezoelectric actuator was
driven by a 300 V (peak to peak) oscillator based on the IR2153 self-
oscillating half-bridge driver. The frequency was tuned to one of the
natural frequencies of the capillary tube, approximately 31 kHz.

The scheme and dimensions of the device are shown in Fig. 2. The
device has two parallel acrylic blocks 10 mm apart, and two glass
walls at the front and at the back, forming a rectangular channel. The
distance between the glass walls is (20± 0.5)mm. On top of the acrylic
blocks there are two 18mmsnap-off blades, cut in length tofit snugly in
the space between the glass walls. The (2 ± 0.05) mm separation be-
tween the blades forms the slit. The glass walls at the front and at the
back of the device continue upwards to obtain an almost two dimen-
sional flow field. The capillary tube that supplies the powder aggregates
is placed (15 ± 0.5) mm above the slit and is tapered to minimize the
wake that is introduced in the flow. At 5 mm below the slit, on the de-
pression side of the device, there is a pressure tap that is used to mea-
sure the working depression which in turn is used to calculate the
reference air velocity.

2.1. Test conditions

The test conditions are detailed in Table 1. In all conditions the atmo-
spheric pressure stayed approximately constant and we increased the
suction depression by approximately double each time. The reference
velocity Vref is the maximum possible velocity in the fluid-dynamic de-
vice and is calculated based on the atmospheric pressure P0, tempera-
ture T0 and suction pressure Psuc, and applying the compressible flow
relations for subsonic conditions [32]:

Maref ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
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Vref ¼ Maref
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kRTref ;

q
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where k is the specific heat ratio, R is the air gas constant, Maref the ref-
erence Mach number and Tref the reference temperature.

2.2. Imaging setup

The imaging system is composed of a colour CCD camera connected
to a PC, and an RGB LEDmodule that produces two light pulses, a green
pulse followed by a blue pulse. The pulse separationwas varied for each
case in order to obtain a satisfactory estimation of the aggregate speed.
The production of powder aggregates is a very stochastic process and
the wait time between successive occurrences is variable. On the other
hand this wait time is several orders of magnitude longer than the char-
acteristic time of the dispersion process. It was therefore necessary to
use a detector to trigger the image capture, but also to avoid two
re difference (kPa) Reference velocity Vref (m/s) Pulse separation τp (μs)

0.04 39 ± 2 300
0.10 56 ± 2 200
.3 86 ± 3 100
.5 136 ± 4 70



Fig. 4. Particle size distribution of used powder.
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separate occurrences to be recorded on the same image. The trigger is
an inexpensive laser pointer focused on the plane that crosses the ag-
gregate trajectory, at approximately 5 mm over the slit (see Fig. 1).
The laser light is then detected by a photo-transistor and the signal am-
plified by an operational amplifier. When the laser beam is interrupted
the operational amplifier outputs a step signal. This signal is locked by a
retention circuit that prescribes the occurrence of a second trigger and
disconnects the piezoelectric driver to avoid wasting powder. The trig-
ger signal starts a function generator (Siglent SDG1050) where pulse
duration, separation between pulses and pulse delay with respect to
the trigger signal are set. These signals control the drivers for the
green and blue LEDs. The details of the driver design are explained in
the work of Willert et al. [33]. In the present case we have replaced
the MOSFET transistor by the CSD18542KTT and the driver by the
UCC27511DBVR, both manufactured by Texas Instruments. These re-
placements provide faster response than the original components and
allow shorter illumination pulses. Illumination pulses used in the pres-
ent study have duration of approximately 600 ns for each colour,
green and blue respectively, and a pulse separation that was varied ac-
cording to the phenomenon velocity.

The light emitted by the RGB LED is too uneven to be suited for shad-
owphotography and the use of a simple light diffusermadewith a frost-
ed glass did not provide a satisfactory illumination. This problem was
previously discussed by Susa [34]. In the present set-up we introduced
a light pipe between the LED and the light diffuser. The light pipe used
was built with four front surface mirrors, making it 25 mm high,
25 mm wide and 90 mm long. It was noticed that the use of the light
pipe also reduced the image noise as compared to the light diffuser
alone. To verify the performance of the illumination system we mea-
sured the light pulse output with a sensor based on an avalanche photo-
diode. The sensor output is shown in Fig. 3, where the pulse separation
was reduced to fit both pulses in the same image. The duration of the
pulses results from a compromise between illumination energy per
pulse and the blur produced by particles moving during each illumina-
tion pulse.
2.3. Characterization of the powder and powder aggregates

To produce the aggregates we looked for a powder that, while being
cohesive, had a simple chemical composition and could be readily pur-
chased.We chose irregularly shaped aluminium oxide powder supplied
by Sigma Aldrich. We have measured the particle size distribution with
a Microplus Mastersizer particle size analyser. The results are shown in
Fig. 4 and show themeasured powder size range is from 4 μm to 20 μm.
Fig. 3. Illumination pulses as measured by a fast avalanche photodiode sensor.
The particle morphology can be observed in the micrograph shown in
Fig. 5 (Scanning ElectronMicroscope). The aerated density was estimat-
ed by sieving the powder trough a 75 μm mesh and pouring it into a
graduated cylinder to measure the volume. Then the cylinder was
taped in a taping device and finally the powder was weighed. The
aerated density resulted (1.08 ± 0.05) g/ml and the tapped density
(1.69 ± 0.03) g/ml, giving a Carr index of 36.

To produce the aggregates the powder is fed by a vibrating capillary
tube. This produces the compaction of the powder, resulting in certain
strength of the agglomerate. It is not possible to estimate the strength
of the agglomerate from the bulk properties of the powder alone. In
general themechanical resistance of a powder is dependent on its stress
and strain history [35]. In the present casewe developed a simple device
to measure the force necessary to produce the failure of the aggregate.
In this device the cylindrical aggregate is tugged laterally by means of
a fine stainless steel wire, (0.10 ± 0.01) mm in diameter and approxi-
mately 15 cm long (Fig. 5). The elastic constant of the wire was first cal-
ibrated by hanging small aluminium foil pieces of known weight from
the wire tip and measuring the displacement. A series of agglomerates
were deposited on a flat glass by means of the vibrated capillary tube.
Then, using a micrometric screw and watching through a magnifying
glass, the wire tip was laterally approximated to one aggregate. By fur-
ther advancing the micrometric screw the wire was bent elastically by
Fig. 5. Scanning electronmicrographs of the powder. The lower scale bar is 10 μmand the
upper one in the zooming picture is 4 μm.



Fig. 6. Aggregate resistance tester: a) Top view scheme of the device, b) Photograph of aggregate being tested.
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forcing it against the cylindrical aggregate until it failed. The force
exerted was estimated from the micrometric screw displacement from
the contact point up to the aggregate failure. In Fig. 6 we show several
powder aggregates and the wire in contact with one of them during a
test.

The result from this test is shown in Fig. 7. The radial failure shear
stress σe is calculated as:

σ e ¼ Fe
π
4
d2Agg

; ð4Þ

where Fe is the radial failure shear force measured and dAgg is the
aggregate diameter. The results show the radial failure shear stress
has a median value of 12 Pa and a standard deviation of 6 Pa.

As an order ofmagnitude verification of these resultswe propose the
cylindrical aggregate breaks away from the powder feeder when the
weight of the hanging cylinder divided by the traverse area SAgg reaches
the detachment stress σd,

σd ¼ ρAgggVolAgg
SAgg

¼
ρAggg

π
4
d2Aggh

π
4
d2Agg

¼ ρAgggh; ð5Þ

where ρAgg is the aggregate density, g the acceleration of gravity, VolAgg
the volume of the aggregate, and h the aggregate length. For an aggre-
gate length of 1 mm we get a detachment stress value of 16.6 Pa
Fig. 7. Radial failure shear stress of individual agglomerates.
which is in good agreement with the radial failure shear stress test
results.

These values should be regarded as approximate and give anorder of
magnitude estimation of the aggregate resistance. Also the failure shear
stress along other planes will differ, as the powder is compressed radi-
ally and stretched axially in the capillary tube, making the aggregate
anisotropic.

2.4. Image processing

With the present approach two consecutive instants can be captured
separately in the green and blue channels of the camera. Because of the
great number of available images, automated methods where devel-
oped for processing the images and inferring the characteristics of the
powder, in particular two measures were of interest: front position
and powder cloud dimensions. The image processing pipeline is divided
in three stages: image pre-processing, front position measurement and
cloud size estimation.

2.4.1. Image pre-processing
In this stage the channels are split and inverted, in order to show the

powder cloud in brighter intensity. Then a background image is
subtracted to clear lighting artefacts and the slit image.

Because of the overlapped spectral response of the different colour
filters, inter-channel interference appears in the two channels. If this
process ismodelled to be additive, the effect can be reduced by applying
a pixel-wise linear transformation to the green and blue channels as
discussed in thework ofMcPhail et al. [36]. The parameters of this linear
transformation where manually tuned to accomplish the desired
demuxing. Fig. 8 shows the original image and the pre-processing out-
put at different steps, for a typical picture.

2.4.2. Front position estimation
In order to estimate front position, in each of the channels, we calcu-

late the sum of the pixels over each row of the image:

S yð Þ ¼ ∑
x

I x; yð Þ ð6Þ

where I(x,y) is the image intensity field. Fig. 9 shows S(y) and it's
smoothed numerical derivative. The front position is estimated by
looking at the peak in the derivative function and then refined by
searching back until a certain percent of the peak amplitude is reached.
We chose a value of 10% for the present image series.

It is important to note that this algorithmproved independent of the
powder cloud shape, which changes substantially from picture to



Fig. 8. Image pre-processing: Channel separation, background subtraction and channel demuxing.
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picture. Its integral characteristic makes it robust against noisy and
cloudy situations, like the one show in Fig. 10b).

2.4.3. Cloud size estimation
In order to estimate cloud size an integral robust measure was re-

quired, in particular we chose the intensity weighted second moment
of area in both vertical and horizontal axes. In order to increase preci-
sion, the imageswere pre-masked by comparing their localmean inten-
sity with the mode of the intensity of the whole image, determined by
calculating an intensity histogram. This mode intensity is also
subtracted from the selected regions, in order to reduce the effect of
noisy local zones whose mean intensity is close to the mode but still
within the mask.

In Fig. 10 we present the output of the image processing for two
cases, the “easy” case showed in a), where the shape is well defined,
and a “hard” case in b), where the powder is very cloudy and undefined.
Fig. 9. Image processing to obtain the cloud front position.
The calculated sizes are represented by ellipses with the corresponding
horizontal and vertical sizes. It can be seen how in both cases the algo-
rithms yield satisfactory results.

3. Numerical simulation of the flow field

The flow in the experimental devicewasmodelled using Fluent sim-
ulation software. For the simulations we considered a 2D section of the
fluid-dynamic device and we applied symmetry conditions along the
vertical symmetry plane to model one half of the flow field. We used
Fig. 10. Examples of front position and size estimation results. a) Agglomerate with no
degradation b) Disintegrated agglomerate.



Table 2
Mesh parameters and resulting mass flow rate.

Mesh 1 2 3 4

Number of elements 4750 19,000 76,000 304,000
Max. aspect ratio 2.54 2.49 2.53 2.55
Min. orthogonal quality 0.79 0.79 0.79 0.79
Mass flow rate (case 4) [kg/(s m)] 0.08609 0.08672 0.08717 0.08767

Fig. 12. Contours of vorticity magnitude for Case 4 as calculated by Fluent. Vorticity values
are presented in 1/s.
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the pressure-based solver and we obtained the steady state solution.
The simulation domainwas extended 15mmupstream from the slit po-
sition to reach the position where the powder feeder is located. We
chose pressure boundary conditions for both inlet and outlet. Turbu-
lence was introduced by the Spalart-Almaras model, but it is negligible
in the imaging region. Air properties were taken as constant:
28.97 g/mol for molecular mass, 1.7894 e-5 kg/(m s) for viscosity,
1006.43 J/(kg K) for specific heat (Cp) and 0.0242W/(m K) for thermal
conductivity.

The mesh was refined in the neighbourhood of the slit edges,
resulting in an initialmesh of 4750 quadrilaterals. Thismeshwas subse-
quently refined dividing each quadrilateral into four new quadrilaterals,
to ensure numerical convergence. Theminimumorthogonal quality and
themaximum aspect ratio of themeshes are also shown in Table 2. The
largest effect of increasing the mesh resolution is a reduction in the
thickness of the boundary layers, the profiles of pressure and velocity
in the symmetry axis showed acceptable convergence already in the
second refinement.

The velocity magnitude field for Case 4 is shown in Fig. 11. It can be
noted that at 15 mm above the slit the air velocity is negligible. It can
also be observed that if the aggregate falls within a range of 0.5 mm
from the vertical symmetry line it will experience very small lateral ve-
locity gradients. Vertical velocity gradients are concentrated in the
neighbourhood of the slit, as expected.

In Fig. 12 we show the vorticity magnitude for the mean velocity
flow field for Case 4. Here the vorticity magnitude is calculated as:

ωj j ¼ dVy=dx−dVx=dy
�� �� ð7Þ
Fig. 11. Contours of velocity magnitude (left), pathlines (centre) and a detail of the imagi
where Vy is themean velocity component in the y direction and Vx is the
mean velocity component in the x direction of the flow. It is clear that
the flow area traversed by the aggregate is approximately irrotational
while the vorticity is concentrated in the boundary layers and in the pe-
riphery of the area of interest.

In Fig. 13we can see the velocity along the vertical symmetry line for
each of the cases. The velocities are presented in non-dimensional form
scaled by the reference velocity Vref. It can be seen that all the velocity
profiles are similar and scale very well with Vref.
ng section (right) for Case 4 as calculated by Fluent. Velocities are presented in m/s.



Fig. 13. Velocity profiles along the vertical symmetry line. Values are presented non
dimensionalized by the reference velocity.
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In Fig. 14 we show the pressure profile along the vertical symmetry
line. The pressure falls as the flow accelerates with the highest pressure
gradients at the slit. There is also a small pressure recovery downstream
because of the jet expansion. It is worth noting that we are not interest-
ed in aggregates that transit the slit too close to the edges and we will
limit the study to particles that are well centred respect to the slit.
Fig. 14. Pressure profiles along the vertical symmetry line.

Fig. 15. Photographs of agglomerates for Case 1: a)
4. Results

The generation of the aggregates is a very variable process, the peri-
odicity, the length of the aggregates as well as the precise falling posi-
tion may vary between events. In Figs. 15 and 16 we present a
selection of images of aggregates at different positions: at approximate-
ly 2 mm above the slit, at the slit and below the slit. For this purposewe
have taken the blue colour field alone and pre-processed the images as
described above. The two wedges indicate the position of the slit for
reference.

In Fig. 15 we see images corresponding to Case 1. We can observe
that the size of the incoming aggregate can be very variable. We can
observe some chipping of the aggregates in Fig. 15a) followed by an ero-
sion process in b) and c), but in most of the cases the aggregates reach
the lower end of the window with their original diameter or a signifi-
cant fraction still agglomerated.

In Fig. 16 we present a selection of images for Case 4. In this case
larger agglomerates tend to break before arriving to the slit and all of
the cases show total disintegration after crossing the slit. It is also inter-
esting to note that all of the agglomerates show break-up and that the
process is not limited to erosion.

We have observed that the behaviour of the aggregates has a large
dispersion; we have therefore collected approximately 200 images per
case and calculated the position of the centre of mass, the front vertical
speed, and the vertical and horizontal sizes of the powder clouds. In
Fig. 17 we see the agglomerates front vertical speed V, non-
dimensionalized by the reference speed Vref. It is interesting to note
that when scaling the results by means of Vref we obtain very good
grouping of the lowest velocities for the different cases.

We can see that the velocity of the aggregates is much smaller than
the airflowvelocity calculated numerically (Fig. 17). The contribution of
gravity is only significant for Case 1, causing a maximum velocity in-
crease in the order of 20%, while it is negligible for the other cases.

For Case 1 all the events are grouped around the line of lowest veloc-
ities. The other cases show a similar behaviour except for Case 4, which
has a significantly larger velocity scatter. It is also interesting to note
that for the furthest downstream positions measured (x N 2.5 mm),
the scaled velocities for Case 4 are higher than for the other cases.

In Fig. 18 we see the results for the horizontal size of the powder
cloud Ly as a function of vertical position of the centre of mass of the
image. In the figure we have indicated the size of the powder feeder
hole, i.e. 670 μm, and the position of the slit, x = 0. For Case 1 to 3
there are many measurements on the 670 μm line. Because of the flow
contraction above the slit, there are slightly less large powder clouds
close to the slit position. Downstream from the slit, aggregates tend to
erode and expand laterally, but still for Case 1 and Case 2 there is a
large number of powder clouds with small sizes for the furthest posi-
tions. This is in contrast with Case 3 and Case 4 that show almost
above the slit, b) at the slit, c) passed the slit.



Fig. 16. Photographs of agglomerates for Case 4: a) above the slit, b) at the slit, c) passed the slit.
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exclusively larger sizes. Case 4 has a different behaviour from the other
cases, with lateral sizes increasing sooner, before arriving to the slit.

When the aggregates suffer erosion they produce a long tail that re-
sembles a comet, as shown in Fig. 15 andmore dramatically in Fig. 16. To
have a measure of the erosion damage on the aggregate we calculated
the vertical size of the powder cloud. The results are presented in
Fig. 19. It should be noted here that the finite size of the images that
are being processed limit the size of the observed powder clouds as
they move further downstream. This causes the measured sizes to fall
to zero at x ~ 4 mm. For Case 1 to 3 the vertical size increases only mod-
erately upstream from the slit and more pronouncedly downstream. In
comparison, Case 4 shows a much earlier increase in size. Overall it can
be said that all cases show erosion of the aggregates with very few cases
remaining within the minimum diameter.
5. Discussion

From Fig. 17 we see that the velocity of the aggregates is, in most of
the cases, negligible respect to the velocity of the air flow. The events
with lower velocities are well grouped, while the occurrence of higher
velocity events increases significantly for Case 4. An aggregate that is
more dispersed will have a higher area exposed to the flow being sub-
ject to higher overall drag forces. Dispersed aggregates will therefore
suffer a higher acceleration and, with time, reach higher velocities. The
higher velocity events of Case 4 indicate not only better dispersion but
also sooner dispersion of the aggregates. If we focus at the furthest
downstream positions, for Case 4 there are almost no events along the
Fig. 17. Aggregate upper edge velocity as function of position. Lines show the air velocity
as calculated by numerical simulation without powder. For reference see Fig. 13.
minimum velocity line, while for Case 1 and Case 2 most of the events
are grouped at the lowest velocities.

If we observe the vertical size, i.e. the streamwise size of the powder
clouds in Fig. 19, it is clear that only a few events showa size comparable
with the original aggregate size, most observations show an increased
size. This correlates with the observation of aggregate erosion in almost
all the images obtained. Erosion is related to the shear tensions generat-
ed on the external layers of the aggregate by the velocity differencewith
the flow. In Fig. 20 we present a histogram of the vertical sizes of all
events grouped by case and normalized by the total number of mea-
surements.While fromCase 1 to Case 3 they show a similar distribution,
Case 4 shows a qualitative difference, with predominance of larger sizes.
This change of behaviour is due to the disintegration of the aggregates
before they arrive to the slit, as can be observed in Fig. 16a).

The aggregates that disintegrate show a larger horizontal size. To
compare the phenomenon of aggregate disintegration for the different
cases we present in Fig. 21 the histogram of horizontal sizes for all
events with centre of mass upstream of the slit. In this figure also Case
4 shows a differentiated behaviour respect to the other cases, with a
Fig. 18. Horizontal size of the powder cloud as a function of the position of the centre of
mass.



Fig. 19.Vertical size of the powder cloud as a function of the position of the centre ofmass.

Fig. 21. Horizontal size distribution for powder clouds with the centre of mass upstream
from the slit.
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clear increase of the horizontal aggregate size. It is interesting to note
that Case 3 has a narrower size distribution with a significant number
of events that have a smaller horizontal size.

It can be concluded that Case 4 shows a distinct behaviour from the
other cases, which cannot be regarded as an incremental change but
rather the triggering of a different process that occurs in the flow con-
traction upstream from the slit. This is in qualitative agreement with
the observations of Calvert et al. [37], for spherical aggregates accelerat-
ed in a uniform flow field. Calvert et al. applied the distinct element
method coupledwith a continuummodel for the fluid phase to simulate
fluid–solid interaction. He observed two dispersion modes. The first
mode was observed in an aggregate exposed to high air velocities,
showing rapid disintegration into individual particles. The second
mode, observed in larger aggregates exposed to lower air velocities,
was erosion of the external layers. In the present study the aggregates
are composed of a large number of particles and therefore we observe
erosion in all the cases. In Case 4, with the highest driving pressure
Fig. 20. Vertical size distribution of all the observed powder clouds.
difference, we reach a condition in which the aggregate disintegrates.
It seems that larger drag forces are required to achieve complete aggre-
gate disintegration. On the other hand sudden depressurization of the
aggregate could also work as a mechanism of instantaneous disintegra-
tion. This would also be a realistic case for the instantaneous disintegra-
tion hypothesis used by Weiler et al. [38]. As the aggregate transits
through the slit, it sees its surrounding pressure drop rapidly from at-
mospheric down to the suction pressure. Even for Case 1 the pressure
drop is 810 Pa, much larger than the failure shear stress, approximately
12 Pa. If we think about the air contained in the spaces between the par-
ticles of the aggregate, it will escape between the particles, but it will
also generate a tensile stress on the agglomerate. The fact that for Case
1 some aggregates of significant size make it through the fluid-
dynamic device is remarkable and deserves further study.

During the development of the experimental work, and later during
the analysis of the images obtained, it became clear that having cylindri-
cal aggregates makes the interpretation of the results more difficult, as
they tend to depart from the perfectly vertical position, acquiring differ-
ent yaw angles. Also, while the powder feeder designed for the present
study has proven effective in producing adequate agglomerates and in-
troducing them conveniently in the flow, the lack of control over the
length of the agglomerates and the agglomerate cylindrical shape,
proved to be a disadvantage. It is likely that to obtain higher quality ex-
perimental data a set-up capable of supplying spherical aggregates
would be needed.
6. Conclusions

To the best of our knowledge, the dispersion of loose powder aggre-
gates by an accelerating flow without particle-obstacle collisions was
observed directly for the first time. The loose aggregates were produced
by a vibrating glass capillary tube directly above the fluid-dynamic de-
vice that produces the flow acceleration.

The powder used is high purity Aluminawith a size range of 5 μm to
20 μm. As the strength of the aggregates is likely to depend on its stress
and deformation history, we decided to carry out an approximate mea-
surement by means of an ad hock shear test. The results show an aggre-
gate radial failure shear stress with a median value of (12 ± 6) Pa. It is
remarkable that even for the study Case 1 a significant portion of the ag-
glomerates made it through the fluid-dynamic device without disinte-
gration. In this case the flow driving pressure difference is 810 Pa,
approximately 40 times the failure shear stress of the aggregate. This
also implies that this type of flow is only capable of dispersing loose ag-
gregates, while for stronger aggregates a different dispersion mecha-
nism would probably be required.
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We found that there are two distinct dispersion processes, that
where already reported in previous works [37]. For Cases 1, 2 and 3
themain dispersionmechanism is erosion, possibly followed by disinte-
gration. Yet for Case 4 it has been observed that large part of the aggre-
gates disintegrate before arriving to the slit. This happens at a position
where the aggregate finds high velocities but also very high flow strain
rates and pressure gradients. These observations are in agreement with
the conclusions of the work of Calbert et al. [39] but demonstrate that
disintegration is still possible for an aggregate with a large particle
count if the generated forces are further increased.
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