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Under the strong pressure pulse induced by a shock wave, powders exhibit specific instability and
dispersion patterns that develop into jets over time. We experimentally investigate how the physical
properties of particles affect the dispersion of powders in both the compaction and subsequent
expansion phases. Our investigation uses a laboratory-scale Hele—Shaw cell device and nano-energetic
materials to generate the pressure pulse. Depending on the initial radius of the powder, distinct jetting
patterns are initiated by instability in either the inner or outer boundary of the powder. The degree of
particle cohesion also influences the instability, and its relationship with the morphology of the finger
structure at the inner boundary is quantitatively assessed. The permeability of the powder, which
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Accepted 9th April 2025 during the compaction phase and its inward flow in the expansion phase. Based on the experimental
results, a scaling analysis is performed to identify the characteristic time scale of temporal changes in
the outer boundary of the powder. The findings presented in this paper offer novel insights for improved

predictions of shock-induced particle dispersion in industrial processes.
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1 Introduction

Powders are highly susceptible to external forces due to the small
size and mass of their constituent particles. This often results in
pressure-induced flow, as observed in various natural
phenomena.’™ When subjected to a pressure pulse generated
by a shock wave propagating radially from a central point,
powders exhibit outward dispersion. Investigations into the
high-speed dispersion characteristics of particles under shock-
induced pressure have typically followed one of two primary
experimental methods. The first method involves large-scale,
open-field experiments using highly explosive materials. In these
experiments, the jet formation process is identified conceptually,
and several key aspects can be analyzed, including the jet
structure, particle terminal velocity, and pressure mitigation
effect induced by particles.®* This approach is a straightfor-
ward and reliable means of demonstrating the rapid dispersion
of a substance, but has the disadvantage that processes involving
explosives happen very fast and do not allow for accurate
observation of the internal dispersion process, such as shock
wave propagation in the early stage of dispersion. The use of
explosives also requires a relatively large space.
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The second method, which allows for relatively accurate
analysis at the laboratory scale, was devised to resolve the
issues arising from the use of explosives. By simplifying the
experimental conditions to be semi-two-dimensional with a
transparent Hele-Shaw cell, particle clusters can be observed,
enabling real-time measurements of the particles’ behavior in
the very early stage of dispersion. In this setup, pressure is
usually applied using compressed gas,'®™'® or generated by the
detonation of hydrogen and oxygen to mimic the effect of
explosives."”

To explain the cause of specific dispersion patterns, pre-
vious studies have employed some form of flow instability that
occurs at the interface between two fluids with a density
difference, such as the Rayleigh-Taylor instability or
Richtmyer-Meshkov instability.'®*?' This approach is prefer-
able to particle-based methods because the instability observed
in fluids resembles that observed in powder. In a dilute powder
system, instability phenomena can be successfully explained
using fluid dynamics approaches. However, recent studies have
shown that the dispersion of powder, particularly dense ones,
does not exhibit characteristics associated with fluid flow
instabilities, and the application of traditional instability
models has often yielded inconsistent results.”'® To address
this problem, several approaches have been explored with the
aim of identifying the unique instabilities that arise in granular
materials. Instead of relying on conventional instability
models, a continuum theory based on shock tube experimental
results has been used to analyze particle behaviors.??
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Additionally, particle dynamics have been examined through
highly detailed particle-based analyses within confined
regions.”® The instability dynamics have also been investigated
by employing a coarse-grained compressible computational
fluid dynamics-discrete parcel method to capture the interac-
tions between particles and a surrounding fluid.>**’

Previous studies have focused on explaining the specific jet
formation processes'**® and developing general models for the
dispersion behavior of granular media.”>**>® However, they
have not fully incorporated potentially critical factors such as
the intrinsic material properties of granular particles and the
initial conditions of the system. Hence, the effects of such
factors remain unclear. Although certain instability phenom-
ena and patterns have been observed alongside dispersion,
further analysis is required to understand the complex interac-
tions between individual particles and shock waves, especially
considering multiple variables. Many studies have relied on
numerical simulations that simplify the dispersion scenarios to
reduce computational load.?””*® Thus, there is a pressing need
for foundational particle-based experimental research that
comprehensively examines the intrinsic properties of powder
and elucidates the granular instability mechanism.

This paper describes experiments focusing on three key
variables: the initial radius, cohesion, and individual particle
size of the powder. The aim is to determine how the dispersion
characteristics of the powder are affected by these variables.
A Hele-Shaw cell system is used along with nano-energetic
materials (nEMs) as a pressure source to simulate explosive
dispersion at the laboratory scale. For experiments involving
cohesion as a variable, particles coated with nano-sized fumed
silica are adopted, allowing the cohesion to be modified while
maintaining other particle properties. To vary the particle size,
the particles are sorted using standard sieves for a powder
material with low cohesion. Qualitative and quantitative ana-
lyses regarding differences in dispersion patterns, with respect
to the variables, reveal dispersion mechanisms that could not
be easily identified in previous studies.

In Section 2, the fabrication process and characterization
methods of the nEMs and powder are explained, and the
experimental powder dispersion apparatus is described. Section
3.1 presents the characterization results of the prepared materi-
als. The effects of three powder variables, namely the radius of
the powder, cohesion, and particle size, on both the dispersion
patterns and underlying dispersion mechanisms are examined
in Sections 3.2-3.4. Section 3.5 explains a scaling analysis in
which we generalize temporal changes in dispersion radius for
different powder conditions. Finally, a summary of this study
and suggestions for future research are provided in Section 4.

2 Experimental setup
2.1 Preparation of nEMs, flour, and silica sand

We conducted experiments in which nEMs were employed to
induce pressure within a Hele-Shaw cell apparatus. These
nEMs are composites consisting of a metal (fuel) and a metal
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oxide (oxidizer), and are characterized by high reactivity. For
the fabrication of the nEMs in the present study, micro-sized
aluminum powder, nano-sized copper oxide (CuO), and Viton B
were used as the fuel, oxidizer, and binder, respectively. The
characterization of the nEMs was performed using a scanning
electron microscope (SEM). Detailed fabrication and character-
ization procedures were reported in our previous study.”®

Commercially available soft wheat flour was used to examine
cohesion as a variable. Because of the broad range of particle
sizes in this flour, it was necessary to limit the particle size to a
specific value. For this purpose, a 75-yum sieve (ASTM no. 200)
and a sieve shaker (Ro-Tap sieve shaker, JISCO Inc.) were
employed. The particles filtered through the sieve served as
the basic experimental flour. Nano-sized hydrophobic silica
(K-T30, OCI Co., Ltd) was prepared for subsequent coating
(0.2 wt%, 0.67 wt%, 1 wt%, 1.5 wt%) of the flour particles. An
acoustic mixer (LabRAM II, Resodyn Acoustic Mixers, Inc.) was
used for the physical mixing necessary in the coating process;
the mixing conditions were 60 g with a mixing time of 3 min.

For the experiments involving silica sand, in which the
particle size was considered as a variable, the sand was cate-
gorized into three main particle sizes based on the mesh table
of ASTM standard sieves (Table 1). The smallest group con-
sisted of particle diameters of 45-53 um, the medium-sized
particles measured 125-150 um, and the largest ones ranged
from 250-300 pm. Each powder was sieved for 30 min using the
sieve shaker employed for flour preparation.

To examine the microstructure, composition, and size of
the flour sample, a SEM-energy dispersive X-ray spectroscopy
(SEM-EDX, Quanta 650 FEG, FEI Co.), a particle size analyzer
(PSA, Mastersizer 3000, Malvern Panalytical, Ltd), and a morpho-
logical analyzer (Morphologi 4, Malvern Panalytical, Ltd) were
employed. The flowability of the flour powder was characterized
with a powder rheometer (FT4, Freemantechnology, Ltd).

2.2 Hele-Shaw cell apparatus and data analysis

A Hele-Shaw cell apparatus with the nEMs as the pressure-
generating matter was constructed as shown in Fig. 1(a). The
apparatus was mainly divided into three sections covering
pressure generation, shock wave propagation, and material
dispersion. The nEMs were placed in the pressure-generation
section, with a tungsten-based heating wire positioned to insti-
gate the reaction of the nEMs. The wire was heated using a DC
power supply, with a voltage of 20 V and a current of 8 A applied
to the heating coil. Shock-induced pressure was generated when
the nEMs reacted under the heating of the coil. A small chamber
made of steel (thickness: 10 mm) was designed for the pressure-
generation section, and a closure was made with O-rings and
flanges to prevent pressure leakage. The shock wave propagation
section consisted of a tube with inner diameter 10 mm and
length 250 mm. The pressure propagated upwards to the

Table 1 ASTM standard sieve sizes and mesh information

Size (um) 300 250 212 180 150 125 106 90 75 63 53 45
Mesh 50 60 70 80 100 120 140 170 200 230 270 325

This journal is © The Royal Society of Chemistry 2025
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Fig. 1

material dispersion section, which was made of black anodized
aluminum. A donut-shaped region of powder was placed in this
section, with an initial outer radius R,y ranging from 22.5-
45 mm and an initial inner radius R;,, of 10 mm. To enable
observation, a transparent acrylic plate of diameter 500 mm was
mounted 4 mm above the material dispersion section.

A high-speed camera (Phantom V2640, Vision Research Inc.)
was installed facing downwards at the transparent plate to capture
the particle dispersion process at 0.1-ms intervals. Five pressure
sensors (113B26, PCB Electronics Inc.) were attached to the tube
and transparent plate to measure the pressure at corresponding
positions [Fig. 1(a)]. The pressure data were acquired by a DAQ
device (DEWE-2600, DEWETRON GmbH.). The pressure measure-
ments from the five sensors are presented in Fig. 1(b). In our
experiments, the amount of nano-energetic material was deliber-
ately adjusted to achieve gauge pressures between approximately
50 kPa and 250 kPa. However, because the pressure was generated
dynamically by the reaction, actual pressure varied to some extent
among experimental trials. Nevertheless, the main phenomena
presented in this study can be generalized for each experimental
condition. The pressures in this range correspond to conditions
that induce shock waves. After high pressure propagates to the
material dispersion section and is applied to the compacted
powder particles, the pressure gradually decreases as the inner
particle region expands. Eventually, the pressure on the material
dispersion section drops below atmospheric pressure, generating
a rarefaction wave that moves towards the center.

This journal is © The Royal Society of Chemistry 2025

Time (ms)

(a) Hele—Shaw cell apparatus and (b) time-series of gauge pressure measured by five pressure sensors.

Powder was first sieved to obtain a desired range of particle
size. A guide plate with a height of 4.5 mm to produce an annular
powder layer was placed on the lower plate of the Hele-Shaw cell
apparatus and carefully aligned. In addition, a small inner ring
that defines R;,  was plugged to prevent powder accumulation at
the center. Next, the sieved powder was evenly sprinkled over the
annular region, and a leveling tool was used to level the powder
so that it filled the space up to the height of the guide plate,
4.5 mm. Although the target filling height was 4 mm, a 0.5 mm
buffer was provided to compensate for any slight underfilling.
Once the powder was uniformly distributed, the guide plate was
removed, and the upper plate of the Hele-Shaw cell apparatus
was secured with screws to complete the setup.

Temporal changes in the outer and inner radii of the powder
boundaries were estimated from the images captured by the
high-speed camera. Typically, boundary extraction methods such
as the Canny edge detector®® are used for this purpose. However,
these methods were insufficient for accurate recognition of the
internal and external dispersion of the powder under instability.
Additionally, while the deep learning-based holistically-nested
edge detection technique® effectively detects changes in the
outer diameter, it cannot successfully recognize irregular inter-
nal shapes of the powder. To address these boundary detection
challenges, we employed a semi-automatic boundary extraction
procedure using CVAT.>” Each frame of the high-speed video was
annotated with OpenCV’s intelligent scissors tool, which deter-
mines an optimal path around irregular shapes based on local

Soft Matter, 2025, 21, 3789-3802 | 3791
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image gradients and a cost function.*® This semi-automatic
boundary extraction method has been widely used in the image
segmentation field,>* ¢ which offers a reliable balance between
automated processing and human supervision for complex
image analysis. This procedure yielded polygonal outlines of
irregular internal shapes, ensuring consistent and reliable detec-
tion of their boundaries across different experimental trials.

3 Results and discussion
3.1 Characterization results of powder

SEM and EDX were used to analyze whether the hydrophobic
nano silica particles were effectively coated on the surface of the
flour. The SEM image in Fig. 2 demonstrates that the surface of
the flour powder particles was indeed coated with the silica
particles, and the EDX analysis confirms the presence of silicon
across the entire area. Thus, the powder prepared by the
acoustic mixer was uniformly coated with the silica particles.
From the PSA data, the particle size distribution and
volume-based median particle size (Ds,) were obtained. As
shown in Fig. 3, the median particle sizes of the flour samples

Silica coated

Uncoated

Fig. 2 SEM-EDX images of uncoated (left) and silica coated (right) flour
powder.
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Fig. 3 Particle size distribution and median particle size (Dsq) of (a) flour
samples and (b) silica sand samples.
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Table 2 FFC and estimated Bond number Bog of flour samples

Sample FFC Estimated Bog
Flour (without coating) 2 3910
Flour (0.2 wt% silica coating) 3 1180
Flour (0.67 wt% silica coating) 6 178
Flour (1.0 wt% silica coating) 14 31
Flour (1.5 wt% silica coating) 11 54

do not differ significantly between the silica-coated and
uncoated samples, both having Ds, in the range 27-30 pm.
Moreover, the silica sand samples are clearly categorized into
three groups of particle sizes under the use of specific sieves.

The cohesion of the powder samples was evaluated by
measuring a flow function coefficient (FFC) with a powder
rheometer (FT4, Freeman technology, Ltd) (Table 2). An FFC
value greater than 10 signifies high flowability, whereas a value
less than 2 signifies that the powder is cohesive.’” According to
this categorization, both the non-coated and 0.2 wt% coated
flour samples exhibit cohesive behavior. As the amount of coat-
ing material increases, the flowability improves, with the FFC
value eventually reaching a plateau; this trend has previously
been observed in pharmaceutical research.?® As a dimensionless
parameter for cohesion, we consider the Bond number Bo,
which is defined as the ratio of the sample’s cohesive force to
its weight. This parameter has been widely used to assess
cohesion in studies of granular materials.** *' The Bond number
was estimated from the measured FFC (Table 2) using the fitting
equation proposed by Siliveru et al.:**

FFC = o(Bog) ” (o 53.7, : 0.4) (1)

Additionally, the flowability of silica sand with medium
fraction (Dso = 135 um) was measured, yielding an FFC value
of 119. which is far above the threshold value of 10 to indicate
good flowability. This result confirms that the silica sand used
in our experiments exhibits excellent flow characteristics.

Previous studies showed that improving particle sphericity
could reduce inter-grain friction and interlocking, producing
more homogeneous velocity fields under divergent loadings.*>**
In our study, however, nano-scale silica coating minimally affects
particle shape, so changes in flow dynamics by silica coating are
primarily due to cohesion rather than sphericity or friction. To
quantitatively evaluate the effect of the coating on particle spheri-
city, we measured HS (high sensitivity) circularity for flour and
coated flour samples. HS circularity is defined as the ratio of the
circumference of a perfect circle having the same projected area to
the actual perimeter of the particle and was determined using a
morphological analyzer. Our measurements yielded mean values
of 0.78, 0.75, and 0.70 for uncoated, 1 wt% coated, and 1.5 wt%
coated flours, respectively, indicating that the nano-scale coating
leads only to a minor decrease in HS circularity instead of
significantly affecting overall particle sphericity.

3.2 Dispersion patterns by radius ratio

The dispersion type or characteristics of powder vary according
to its overall size or amount. The initial outer radius Ryyco

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Sequential snapshots of powder dispersion for flour with R* = 2.25,
3.0, and 4.5; see ESL{ Only one quarter of the powder is presented to
clearly show the details of morphology.

determines the overall size directly related to the total mass of
the sample, while the initial inner radius Ry, is set to create a
central void that enables pressure loading on the powder ring
from the center and resultant instability at the inner boundary of
the power. Accordingly, the radius ratio R* = Ry o/Rin o indicates
the degree of resistance or inertial effect experienced when
pressure is applied from the central void. In our study, R* is
2.25, 3.0, and 4.5. Sequential snapshots of dispersion are shown
in Fig. 4 under the different R* conditions with respect to
dimensionless time t*. Here, t* is the ratio of physical time to
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the time at which a rarefaction wave starts to propagate (fshoci)-
The rarefaction wave is first observed when high-speed imaging
captures the initial disruption (fracturing) of the compacted
powder layer at its outer boundary. This visible disruption serves
as a clear indicator of the transition from compaction (densifica-
tion under shock loading) to expansion (dilation with increased
volume and decreased density) of the bulk powder, providing a
more direct physical reference than the pressure sensor readings
taken further inside. The dimensionless pressure p* represents
the ratio of the maximum gauge pressure pn.., measured at
pressure sensor #5 [Fig. 1(a)], to the reference atmospheric
pressure. The dimensionless variables are expressed as

Rouo = t « _ Pmax (2)
Rino 7 [shock7 Po

R =

In addition to these dimensionless variables, the packing
fraction ¢, which is defined as the ratio of the bulk density to
the particle density, is evaluated at the initial state to represent
how densely the powder is initially loaded.

In Fig. 4, three distinct dispersion patterns of the powder
can be observed. To distinguish the difference in the three
patterns, the schematics of powder dispersion with respect to
time, corresponding to Fig. 4, are illustrated in Fig. 5; the
arrows in this figure represent the jet directions. For R* =
2.25, instability first occurs at the inner boundary of the powder
because of the inhomogeneous distribution of particles. This
instability causes variations in the pressure difference (Ap)
between the inner and outer boundaries of the compacted

Expansion
(Rarefaction wave)

Fig. 5 Simplified schematics of three particle dispersion types for different R* conditions: (a) R* = 2.25, (b) R* = 3.0, and (c) R* = 4.5.

This journal is © The Royal Society of Chemistry 2025
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powder layer. These variations emerge along the circumferen-
tial direction of the inner boundary due to different radial
distances of points on the inner boundary from the center.
Furthermore, uneven radial distances between the inner and
outer boundaries of the powder result in the particles having
different radial accelerations along the circumferential direc-
tion, exacerbating the existing Ap and strengthening the
instability. In addition to the variations in Ap along the
circumferential direction, a rarefaction wave can further
amplify heterogeneities in local velocity within force chains,
thereby intensifying the instability, according to Xue et al.>®

The instability does not develop into distinct fingers, which
are typically observed as intermediate structures for R* = 3.0.
Instead, the instability directly develops into outward-facing jets
from the inner boundary, depicted as the arrows in Fig. 5(a-i).
These jets sequentially affect the outer boundary of particles,
and the jetting pattern of the inner boundary quickly turns into
the pattern of the entire region in the rarefaction wave phase
(#* > 1.0). During this stage, the compacted layer no longer
maintains its geometry because the rarefaction wave disrupts its
integrity, allowing localized penetration of the outward jets from
the inner boundary. This phenomenon is driven by circumfer-
ential variations in Ap [Fig. 5(a-ii)].

When R* = 3.0, distinct jets are generated from the unstable
inner boundary of the layer. Particles near the inner boundary
form discrete inner fingers in the radial direction, and a
significantly compacted layer appears between adjacent figures
[Fig. 5(b-i)]. Thereafter, the rarefaction wave causes the com-
pacted layer to lose its compaction, and the outer boundary
continues to grow while the inner boundary becomes station-
ary. The compacted layer structure is eventually disrupted.
However, the fingers, which do not belong to the compacted
layer, are less affected by the rarefaction wave. Thus, the fingers
maintain their outward momentum and eventually penetrate
the compacted layer, as depicted in Fig. 5(b-ii), forming the
outward jets of the inner boundary. These jets become pre-
valent in the entire powder domain, and similar patterns can be
observed at the outer boundary. Chestnut burr-like patterns
finally appear [Fig. 5(b-iii)].

In the case of R* = 4.5, the dispersion pattern differs from
those of R* = 2.25 and 3.0. The relatively thick samples (i.e.,
greater R*) mean that the initial instability leads to the for-
mation of negligible inner fingers [Fig. 5(c-i)]. The thick com-
pacted layer reduces the pressure differences along the inner
boundary, despite the presence of the initial instability. Con-
sequently, outward jets do not develop at the inner boundary.
Instead, outward jets occur at the outer boundary; these are
relatively small, regular in shape, and form in large numbers, in
contrast to the jets at the inner boundary for R* = 2.25 and 3.0
[Fig. 5(c-ii)]. Furthermore, the increase in the total mass of
powder in the large-R* condition yields a lower dispersion
velocity, causing the dispersion process to terminate with the
powder occupying a relatively small area within the Hele-Shaw
cell, instead of fully spreading out. These observations are
consistent with the recent findings of Miao et al,* which
indicate that the case of large R* often exhibits subdued
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instabilities at the inner boundary but more complex patterns
along the outer boundary, highlighting how R* can redistribute
the dominant instability modes.

After qualitatively identifying the differences in dispersion
patterns, we now analyze the temporal changes in the dimen-
sionless outer radius Ryui/Routo and inner radius R;,/Ri, o of the
powder over dimensionless time t* (Fig. 6); the subscript 0
indicates a value at ¢* = 0. The inner and outer radii were
determined by measuring the distance from the center to the
inner and outer boundaries of the powder in an image, and
then averaged along the circumference to obtain a representa-
tive value at each time frame. R, /Routo iNcreases monotoni-
cally for all cases, but the rate of increase differs by a factor of 5
between the smallest and largest values of R*.

In contrast, Riy/Rin €xhibits a similar rate of increase up to
t* = 1.0, regardless of the total mass or radius of the powder
region. Before ¢* = 1.0, the compaction of the particles is
dominated by a shock wave from the center; note that ¢* = 1.0

4
®) ,
8_ _
7_ _
o6t i
£
=5t -
=
S4t |
A
3_ .
2_ m
1_ 4
4

Fig. 6 Time histories of (a) powder outer radius Roui/Routo and (b) powder
inner radius Ri./Rino for different R* conditions.

This journal is © The Royal Society of Chemistry 2025
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is equivalent to t=tgpoci, the time at which the rarefaction wave
starts following the shock wave. For t* < 1.0, the particles are
displaced by a similar amount after they are exposed to the
shock wave at the inner boundary of the powder, resulting in
similar R;./Rin o values despite the steep growth in R;,/R;, o from
1.0 at t* = 0 to 4.0-6.0 at ¢* = 1.0. However, after t* > 1.0, the
behavior of Rj,/Ri,, depends on R*. For R* = 2.25 and 3.0, the
expansion of the inner boundary ceases, leading to a stationary
boundary profile. For R* = 4.5, the inner boundary exhibits an
inward flow towards the center (local movement of fluid and
particles toward the center), indicating a center-directed
motion driven by the rarefaction wave. With the higher mass,
the displacement of the inner boundary up to ¢* = 1.0 remains
relatively small. Thus, the influence of negative pressure pro-
pagating towards the center during * > 1.0 is amplified,
producing a notable decline in R;,/Rj, 0. To find a dimension-
less parameter that better describes the trends of the outer
radius, a scaling analysis that accounts for the effects of the
input conditions on the force balance of the particles is
necessary; this is discussed in Section 3.5.

3.3 Dispersion patterns by cohesion

We now explore the dispersion patterns produced at various levels
of cohesion, one of the major properties of powder. Three distinct
dispersion patterns can be identified in uncoated and coated
flours for R* = 3.0 (Fig. 7; see Table 2 for details of the flours and
Bond number Bog). For R* = 2.25 and 4.5, the fingers at the inner
boundary of the powder do not form or are very weak, as
discussed in the previous section. Because changes in cohesion
primarily affect the characteristics of the fingers, the results for
these two R* conditions are not considered in this section.

In Fig. 7, the condition of Bog = 3910 is equivalent to R* = 3.0
in Fig. 4. Fingers are initially generated by the instability at the
inner boundary. As a rarefaction wave propagates, these fingers
evolve into outward jets (movement of jets away from the
center), influencing the outer boundary of the powder and

Bo,=3910
p=15
@,=0.35
Bo,= 1180
p'=28
®,=035
Bo =178
p'=20
®,=0.39
Bo,= 54
p=22
D, =0.44

Fig. 7 Sequential snapshots of powder dispersion for flour with Bog =
3910, 1180, 178, and 54 (R* = 3.0); see ESL¥
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resulting in the formation of chestnut burr-like patterns. The
conditions of Bo; = 1180 and 178 under the same R* = 3.0
exhibit weaker finger formation at the inner boundary than
Bo, = 3910, and Bo, = 178 demonstrates a more stable dispersion
pattern than Bo, = 1180. This result is because of the mechanism
similar to Saffman-Taylor instability, in which cohesion provides
a viscosity-like effect; as Bo, becomes smaller, cohesive forces
decrease, and the instability at the inner boundary is mitigated.
Consequently, after ¢* = 1.0, the instability at the inner boundary
under low Bo, conditions is too weak to influence the outer
boundary, yielding a more circular dispersion pattern of the
outer boundary compared to Bo, = 3910.

In contrast to the previous conditions, the dispersion pat-
tern is irregular for Bo, = 54. Although distinct fingers are
formed, their morphology differs from that of Bo, = 3910, where
the fingers are uniformly distributed along the circumferential
direction and their shapes are consistently rectangular. For
Bo, = 54, the arrangement of the fingers becomes irregular in

(a) .

6 I i T T T |
I A
s| : P8 ]
| JNAN
= |
4 ! “
R : O Bo,=3910
)
&5 A Bo,=1180
2t  Bo,=178 -
< | Bo,=54
p B O Bog=31 1
0 1 2 3 4 5
)
8 .
7 )
=6 ]
8 |
oSS
= )
2 , i
2 =)
1 .
0

Fig. 8 Time histories of (a) powder outer radius Rout/Routo and (b) powder
inner radius Rin/Rino for different Bog conditions (R* = 3.0).
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the circumferential direction, and their shapes and sizes vary
significantly. Moreover, powder at the inner boundary tends to
flow towards the center due to the rarefaction wave, disrupting
the boundary of the compacted powder layer and filling the
inner blank area of the powder.

The temporal changes in the powder outer radius Roy¢/Routo for
all Bog values are similar before the formation of the rarefaction
wave at t* = 1.0 (Fig. 8). However, after t* = 1.0, the rate of increase
in Rou/Routo depends on Bog. For the low-Bo, condition, the
outward propagation speed of particles at the outer boundary
gradually decreases over time because the outward particle
momentum is hindered by the inner flow towards the center.
The powder inner radius R;,/Ri,o shows more pronounced varia-
tions in the rarefaction wave phase. With Bog = 3910, the inner
radius remains almost constant over time, whereas the inner
radius decreases over time with the lower values of Bo, due to
the strong inner flow towards the center. The inward movement of
the inner boundary (R;/Rin o) does not follow a strictly monotonic
trend with respect to Bo, at a certain time after ¥ = 1.0. When
cohesion becomes weaker (when Bo, decreases from 3910), nega-
tive pressure by the rarefaction wave can temporarily overcome the
cohesive forces, driving the powder towards the center and produ-
cing a notable inward shift of the inner boundary and smaller R;,/
Rino. However, under conditions of significantly weaker cohesion
(Bog =54 and 31), surface roughness and instability effects become
more pronounced at the inner boundary, which eventually disrupt
the inward flow. The overall inward movement of the powder is
attenuated or masked by the development of strong instability
patterns, having the greater Ri,/Ri,, than Bog = 178.

The schematics in Fig. 9 distinguish the initial types of fingers
between the high Bo, of 3910 and low Bo, of 54. Fingers form at
the inner boundary in both conditions, but the causes of finger
formation are different. For the high Bo,, certain pores are formed
among grouped particles due to agglomeration. As the particles
begin to disperse under pressure, the pressure difference Ap

single
°

High Bo,
D

agglomerated

Low Bog

View Article Online
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between the inner and outer boundaries varies along the circum-
ferential direction of the inner boundary, depending on the level
of agglomeration, and fingers eventually form with relatively
regular intervals and shapes.’®"” However, under the low-Boy
condition, the influence of gravity is relatively strong because of
the reduced cohesive forces, and finger formation originates from
the irregular initial arrangement of particles under gravity. In the
initial particle configuration, weak cohesive forces allow gravity to
disturb the powder layer. This creates a bumpy surface and results
in increased surface roughness within the powder layer, as
exemplified within the red circle in Fig. 9.

To quantify the geometry of the fingers, we define the
intensity x, complexity &, and area difference :

(Z l[) /n > complexity;
i=1 i=1
K= b 6 = )
o " ®
2 n—1 n |A1 7A|
W=— = A
022

The time frame for the quantification of these parameters is
set at t* = 1.0 for each condition. Based on the parameters
described in Fig. 10(a), the intensity « is the ratio between the

average length of the fingers, (Z l,«> / n, and the average
i=1

thickness of the compacted powder layer, %,,. Complexity ¢
represents the ratio of the total complexity of polygons forming
the fingers and the total number of the fingers, n. Complexity is
determined by first approximating each finger as a polygon via
the boundary extraction procedure; see Fig. 17 in Appendix for
a sample image of the extracted finger polygons. Here, complex-
ity; denotes the number of vertices in the i-th polygon (finger),
such that higher vertex counts indicate more intricate and
irregular shapes. Averaging these values over all n fingers

Fig. 9 Simplified schematics illustrating differences in finger morphology at the inner boundary between high- and low-Bog4 conditions.
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Intensity ratio (k)

Bo, 31/54 178/1180 3910
c d
© Complexity (&) (d) Area difference ()
40 1.5
301
7 1.04
¢ 204 {1y
7 7
‘/ / 0.5
104
Bo, 31/54 178/1180 3910 Bo,
Fig. 10 (a) Definitions of [, h, complexity;, and A; in egn (3). (b) Intensity «,

(c) complexity &, (d) area difference y for different Bog conditions. The
error bars indicate the standard deviation.

provides a quantitative measure of the overall irregularity of the
inner boundary.

Similarly,  represents relative area difference,
n—=1 n |Ai_A/" . .
> 5> ———, averaged over all pairs of the fingers,
izt it Aave
n(n—1)

7 According to Fig. 10(b)-(d), the highest Bo, (= 3910)

exhibits the highest mean intensity x, which is correlated with
strong finger formation. The lowest values of Bo, (= 31, 54)
produce the highest mean values for complexity { and area
difference v, which correspond to irregular finger shapes.

We next examine the fundamental reasons for the variations
in finger shapes and their contribution to the overall dispersion
characteristics in each condition. The powder properties are
quantified in terms of the agglomeration ratio AR and rough-
ness CV (Fig. 11), defined as

AR = Dagl)glomcratcd’ CV = O-R“,O. (4)
single HRinO

Here, AR is an experimentally quantified measure of the
extent to which the particles agglomerate, and its definition
is taken from a previous study.*® To obtain AR, the diameters
of agglomerated and single particles should be measured;
Daggiomerated aNd Dgingle are depicted in Fig. 9. To measure a
single particle diameter, laser diffraction analysis was per-
formed (Fig. 3). Because laser diffraction cannot be applied to
agglomerated particles, an optical-based device, BeVision D2
(Bettersize Instrument Ltd), was used to capture each agglom-
erated particle freely falling under gravity. Although the powder
was sieved at 75 pm, the particle size was distributed in a
certain range, causing some variations in both single-particle
and agglomerate measurements. CV represents the degree of
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Fig. 11 Agglomeration ratio AR and roughness CV with respect to Bog
(logarithmic scale).

powder surface irregularity, and its definition is adopted from
an earlier study.*" The inner radii of the powder in all radial
directions were extracted from an image of the initial state, as
explained in Section 2.2. The standard deviation of the inner
radii, og,_ , was then divided by the average of the inner radii,
Iz, ,» tO Obtain CV.

The agglomeration ratio AR and roughness CV are plotted
with respect to Bo, in Fig. 11. With increasing Bog, AR tends to
increase while CV tends to decrease. These opposite trends
indicate that distinct patterns are formed when Bo, is either
low or high. However, the shapes of these patterns differ
between the two extreme values of Bo, (see the upper images
in Fig. 11). A high value of AR leads to the formation of
intensive and regular fingers, while a high value of CV indicates
that the fingers have an enhanced degree of irregularity. Under
moderate values of Bo,, both CV and AR are relatively low,
reducing the strength of the fingers. Thus, the outward jets at
the inner boundary, which evolve from the fingers, are weak
and do not distinctly impact the overall pattern, as depicted in
Fig. 7.

3.4 Dispersion patterns by particle size

To investigate how particle size affects the dispersion pattern,
silica sand is selected to minimize the interference of cohesion
on the results. Three different particle size distributions, char-
acterized by Ds, (as described in Section 2.1), is considered. The
low cohesion of the silica sand prevents the powder from
maintaining its original vertical boundaries, leading to collapse
in the initial state. With a relatively small initial powder radius,
this collapse becomes more prominent, making it difficult to
determine the boundaries accurately; thus, the condition of
R* = 2.25 is not considered in this section. Fig. 12 shows the
differences in the dispersion patterns between the lowest and

Soft Matter, 2025, 21, 3789-3802 | 3797


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sm01541j

Open Access Article. Published on 17 April 2025. Downloaded on 4/5/2026 10:13:37 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

50 mm

Fig. 12 Sequential snapshots of powder dispersion for silica sand with
Dso = 51 and 237 um (R* = 3.0); see ESL{

highest D5, cases for R* = 3.0. For the lowest Ds, (= 51 pm), the
initial instability leads to the formation of weak fingers at the inner
boundary, indicating the weak individual strength of the instabil-
ity. After ¢* = 1.0, the fingers generate small outward jets at the
inner boundary, but the inner boundary eventually stagnates due
to a reversal in the pressure direction. These outward jets do not
dominate the patterns of the outer boundary, resulting in distin-
guishable dispersion patterns between the inner and outer bound-
aries. For Ds, = 237 pm, the dispersion pattern is markedly
different. The fingers at the inner boundary, which are typically
observed for R* = 3.0, are largely absent, and the outward jets at the
inner boundary do not form. Additionally, even after the pressure
reversal at ¢* = 1.0, the compacted particle cluster retains its initial
momentum and continues to disperse outwards. For the condition
of R* = 4.5 (not shown in Fig. 12), unstable patterns barely form in
the inner region, regardless of particle size. Following the propaga-
tion of the rarefaction wave, flow towards the center is observed
along the inner boundary.

Regarding the temporal changes in the powder outer radius
Rout/Rout o, the rate of increase for R* = 4.5 is much lower than
for R* = 3.0 [Fig. 13(a)]. This is consistent with the behavior of
flour in Fig. 6(a), despite the different degrees of cohesion. The
trend of Ryue/Routo does not show significant differences across
the three Ds, conditions. The effects of particle size are more
pronounced for the powder inner radius Rj,/R;, 0. For R* = 3.0,
although R;,/Rin0 increases monotonically, its rate of change
becomes greater at higher values of Ds, after the formation of a
rarefaction wave [Fig. 13(b)]. Under R* = 4.5, the inner boundary
stagnates due to the influence of the rarefaction wave just after
t* = 1.0. Thereafter, flow towards the center gradually develops
on the inner boundary.

The underlying mechanisms for the sensitivity of the inner
boundary pattern to the particle size are detailed in Fig. 14,
which corresponds to R* = 3.0. In this figure, the dashed red
arrows indicate the direction and amount of gas infiltration,
while the solid arrows represent the direction of dispersion.
Initially, the particles of the low-Ds, condition occupy the space
densely, having a greater number of small voids, while the
particles of the high-Ds, condition create larger and more
interconnected voids. When pressure is applied to disperse
the particles, a substantial force acts on the particles, leading to
similar dispersion behavior for both the low- and high-Ds,
conditions because of the high degree of compaction. However,
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Fig. 13 Time histories of (a) powder outer radius Rout/Routo and (b)
powder inner radius Ri./Rino for different Dso conditions of silica sand
(R* = 3.0 and 4.5).

during the transition to a rarefaction wave, the high-Ds, parti-
cles tend to maintain the compacted powder layer, with their
larger voids allowing smoother gas flow. In contrast, the low-
Ds, particles create significant flow resistance, which limits gas
movement between particles. This restricted gas flow reduces
the rate of expansion of the inner boundary under the influence
of the inward-propagating rarefaction wave, while facilitating
outward particle dispersion from the outer boundary. These
different responses in the two boundaries gradually loosen the
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compacted layer, ultimately leading to the breakdown of its
compressed structure. A similar phenomenon occurs when R* =
4.5. In this case, gas permeability is reduced by the larger
powder radius, and the inner boundary is influenced by the
rarefaction wave for all particle sizes.

The abovementioned phenomenon is related to the perme-
ability of the voids. The permeability across the powder is
obtained from the Kozeny-Karman equation:*®

k= a2 P

TR0(1 - o G)

where k denotes the permeability of the porous medium, &y is
the particle shape factor, ¢ is the porosity of the medium, and
D5, is the median particle diameter. For Dsjow = 51 pm and
D50 nhigh = 237 pm, the ratios of ¢ and k are approximated as

Khigh
klow

Dso high

high
~ 4.6, 28
DSO,]OW

~ 0.7, ~ 5.4, (6)

Elow

The permeability of the larger particle size is notably greater.
This increase in permeability creates additional pathways for
gas to permeate through the powder. As a result, Ap between
the inner and outer boundaries decreases, reducing the influ-
ence of pressure on the particles. That is, the change in
permeability associated with particle size is a critical factor in
determining the interaction with the gas during the dispersion
process. Miao et al.*® also discussed how variations in particle
diameter influence compacted powder dispersal through inter-
stitial gas infiltration. In line with the previous study, our
Kozeny-Karman approach [eqn (5)] shows that the increase in
Ds, enlarges gas pathways and modifies local pressure distribu-
tions, providing a complementary perspective on how particle
size affects the behavior of the compacted powder. In addition
to the permeability-based mechanism, we recognize that gravity
and friction become more influential as particle diameter
increases. Since particles move considerably during dispersion,
inertia also affects the dynamics in large-particle cases. In this
work, we focused on the Kozeny-Karman approach to simply
highlight the influence of permeability, but the roles of gravity,
friction, and inertia should be examined in future studies,
particularly for large particles.

Low Dy,

Compression
(Shock wave)

Expansion
(Rarefaction wave)

Fig. 14 Simplified schematics illustrating the effects of particle size on
powder permeability between low- and high-Dsg conditions (R* = 3.0).
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3.5 Scaling analysis for powder outer boundary

The specific time ts0cc defined in eqn (2) represents the instant
at which significant changes in particle dynamics begin to
occur, marking the transition from compaction to expansion
of the bulk powder; this time can be obtained from experi-
ments. The changes in the outer and inner radii with respect to
the dimensionless time t* = t/tshocc dO Not exhibit consistent
trends across different conditions, indicating that ¢* does not
sufficiently characterize the dispersion process (Fig. 6, 8 and
13). In this section, to establish a universal dimensionless time
that accounts for properties such as the initial powder radius,
particle density, and applied pressure, a simple scaling analysis
is performed for the outer boundary R, of the powder. Note
that only the outer boundary is considered because the inner
boundary undergoes complicated interactions, including the
formation of fingers, jets, and inward flow. The initial instabil-
ity at the inner boundary eventually affects the outer boundary,
and R,,: predominantly dictates the degree of large-scale pow-
der dispersion, which mean the governing influence of R, on
the overall dispersion performance.

In previous shock tube experiments,*® > scaling analysis
was conducted for a vertically falling particle curtain dispersed
by a shock wave. Given that powder dispersion induced by a
shock wave in a Hele-Shaw cell resembles that in a shock tube,
the pressure-based scaling relationship proposed for the shock
tube®® is adopted because of its relevance to the pressure
measurements in our experiments. This relationship is then
modified to account for the radial conditions specific to the
Hele-Shaw cell experiments. Accordingly, a simplified force
balance equation for our model can be written as

d?Rout
de -

55

7)

Pmax - 2 Rinoh = q’pPpr(Routoz - Rinoz)h

Here, pmax is the maximum pressure, which is identical to
the variable used in eqn (2), 2 is the height of the powder, ¢,, is the
volume fraction, and p,, is the particle density. The area of the
inner boundary, where the applied pressure is distributed, is
incorporated in the left-hand side of the equation. The dynamic
behavior of the powder is described in terms of its mass and the
acceleration of the outer radius. When eqn (7) is reformulated
into the dimensionless form of d*(Rou/Routo)/d(t/z)* = 2, the
dimensionless time is expressed as

1/2
i — Pmax P (8)
Tt (Pppp(RoutO2 - RinOZ)(R*)

Here, 7. is the theoretical characteristic time derived from
the simplified force balance.

If eqn (8) is used without modification, temporal changes in
Rout/Rout o With respect to /7, exhibit inconsistent results, simi-
lar to those observed with #/tg,0c in the previous sections. This
is primarily due to variations in the mass or radius of the
powder bed. While eqn (7) accounts for the balance of the
dominant forces acting on particles, the different configura-
tions between the shock tube and Hele-Shaw cell experiments
lead to divergent outcomes in the trends of Roy¢/Routo- In shock
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Fig. 15 Schematics comparing the compaction and expansion of powder
between low- and high-R* conditions.

tube experiments,”" particles can initially form a dense configu-
ration, but a compaction phase does not occur because the
domain is not confined by external forces. Thus, particles at the
outer boundary move immediately as the shock wave propa-
gates through the particle bed. Furthermore, because the shock
tube has a constant cross-sectional area along the propagation
direction, the variations in pressure applied on the surface area
of the particle bend are negligible.

By contrast, in our Hele-Shaw cell experiments, particles can
be in a compacted phase. Therefore, changes in the outer
boundary do not occur immediately upon the imposition of
pressure. Instead, the particles undergo a compaction phase in
which only the inner boundary changes, while the particles
near the outer boundary remain almost stationary. Once the
maximum compaction condition is achieved, the pressure
affects the outer particles, causing them to disperse outwards
[Fig. 15]. As a shock wave propagates outwards, its strength
decreases radially with increasing distance from the center and
weakens due to energy dissipation caused by interactions with
the particles. Energy dissipation in this type of powder system
is primarily driven by particle collisions, frictional sliding, and
plastic deformation at contact points during compaction.’®”
In addition, as gas penetrates through the porous medium, the
pressure decreases significantly due to the infiltrating gas
absorbing energy.’® As the initial outer radius of the powder
becomes larger, these effects create a greater attenuation of
pressure while passing through the powder, leading to a
lower pressure at the outer boundary (¢; frame in Fig. 15).
Consequently, the degree of outward dispersion (i.e., the out-
ward displacement of the outer boundary, ;) becomes weaker
(¢, frame in Fig. 15).

Under the processes described above, the instant at
which the outer boundary begins to expand depends on R*.
To reflect this dependency in eqn (8), a decay factor propor-
tional to 1/(R*)* is introduced into the pressure term [eqn (9)].
The decay factor accounts for the radial expansion-induced
energy dissipation and pressure attenuation. Because our
experiments were conducted in a quasi-two-dimensional
environment, a term proportional to the square of the radial
distance (R*)* is considered for the decay factor. With this
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correction, a new dimensionless time #(= t/ty,) is defined as
follows:

E:_: pmaX

1/2
2 2 3 £ )
Tm Qoppp(RoutO — Rino )(R*)

1.5 2.0

Silica sand Flour

Dy =51 um, R*=3.0
Dyy=135um, R*=3.0
Dy =237 um, R*=3.0
Dyy=51um, R*=45
Dyy=135um, R* =45
Dy =237 um, R*=45

Bo,=3910,R"=225
Bo,=3910,R"=30
Bo,=1180,R"=3.0
Bo,=178,R"=30
Bo,=54,R"=3.0
Bo,=31,R"=30
Bo,=3910,R"=45

v >3O0
VARTYAD®

Fig. 16 Time histories of powder outer radius Rout/Routo With respect to
modified dimensionless time: (a) t/t; in egn (8) and (b) t in egn (9), for all
experimental conditions.
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Compared with t*(= t/tshock) in previous sections, the curves
of Rout/Routo exhibit consistent trends versus 7 across all experi-
mental conditions considered in this study (Fig. 16). In addition
to the plot with respect to £ in Fig. 16(b), the plot with respect to ¢/
7. from eqn (8) is also presented in Fig. 16(a). In Fig. 16(a), an
increase in R* leads to a reduction in the slope of the scaled data,
suggesting that the radial expansion and associated energy dis-
sipation are not fully captured by eqn (8); for example, under the
conditions of Bog = 3910, the slope becomes notably smaller as R*
increases from 2.25 to 4.5. By contrast, Fig. 16(b) reveals improved
collapse across different R* values, emphasizing the importance
of including R* for time scaling. Some discrepancies, which
appear in the later phase, are likely due to factors such as
cohesion and particle size. These factors are not included in the
current scaling analysis because they are difficult to apply directly
to the above force balance equation. Nevertheless, the discrepan-
cies do not significantly affect the overall consistency. In particu-
lar, conditions with the same material properties but varying R*
exhibit more consistent trends. Incorporating the factors identi-
fied as potential sources of these discrepancies to improve the
scaling relationship remains a subject of future work.

4 Concluding remarks

In this study, the dispersion characteristics of densely packed
powder have been examined experimentally using a Hele-Shaw
cell with nEMs as the pressure-generating source. By varying
three primary parameters (initial powder radius, cohesion, and
particle size), distinct dispersion patterns were identified. A low
initial radius of the powder leads to instability, inducing out-
ward jets at the inner and outer boundaries. Under an inter-
mediate initial radius, finger-like structures emerge at the inner
boundary and dominate the dispersion patterns of the powder.
In contrast, a high initial radius creates weak instability at the
inner boundary, which fades quickly, resulting in the outward
jets forming primarily from the outer boundary. Low cohesion
induces instability from the roughness of the inner boundary,
while high cohesion causes instability through particle agglom-
eration and pore formation at the inner boundary, producing
either irregular or regular jet patterns. Larger particle sizes
retain the compacted layer formation without instability at the
inner boundary during dispersion. A scaling analysis imple-
menting both the force balance equation and the pressure
decay factor revealed that the proposed time scale successfully
characterizes temporal variations in the outer boundary of the
powder.

Although some novel dispersion mechanisms have been
revealed, the two-dimensional experimental setup limits the
applicability of our results to actual dispersion phenomena in
three-dimensional space. To better simulate natural dispersion
scenarios, future research should be extended to experiments
under various open-field conditions. Particle-based numerical
models based on our experimental data will deepen the under-
standing of the complex dispersion process and particle inter-
actions. These efforts will improve control strategies for powder
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dispersion, which hold substantial potential in industrial
applications such as optimizing fire suppression systems.
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Appendix
A Appendix

Fig. 17 is a sample image of the extracted finger polygons
described in Section 3.3, which demonstrates the application
of the boundary extraction procedure for measuring complexity.

Fig. 17 Sample image of polygon extraction using the intelligent scissors
tool in CVAT.
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