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We investigate the flow patterns of irregular sand particles under avalanching mode in a rotating drum by using the
spatial filtering velocimetry technique. By exploring the variations of velocity distribution of granular flow, we find a type
of avalanching pattern of irregular sand particles which is similar to that of spherical particles flow. Due to the fact that
the initial position of avalanche in this pattern locates at the middle of the drum and the avalanche propagates toward the
edge area gradually, we named it as mid-to-edge avalanching pattern. Furthermore, we find another avalanching pattern
which slumps from the edge and propagates toward the opposite edge of the flow surface, named as edge-to-edge pattern.
By analyzing the temporal and spatial characteristics of these two types of avalanching patterns, we discover that these
two types of avalanche patterns are caused by that the avalanching particles constantly perturb the axial adjacent particles.
Thus, the particles on the flow surface are involved in avalanching sequentially in order of the axial distance from the initial

position.

Keywords: spatial filtering velocimetry (SFV) method, avalanching pattern, velocity distribution, irregular

particles
PACS: 45.70.Ht, 45.70.Mg, 43.58.Fm

1. Introduction

Dynamic characteristics of granular materials in rotating
drum is an attractive topic, and avalanche, as a distinct dy-
namic behavior of granular material, captures much attention
among the researchers.!'~#! Understanding avalanche of gran-
ular material is beneficial to the prevention of natural disasters,
such as mudslides or landslides. On the other hand, research
achievements on avalanche can be widely used in chemical,
mineral, ceramic, pharmaceutical, and food processing fields.
In addition, as the particle shape has a significant influence
on granular dynamics, the avalanches for irregular particles
have more complex and unique characteristics compared to the
spherical particles.’~'* Adrian e al.!' investigated single
avalanches created by perturbing a static layer of glass beads
on a rough inclined plane. The authors observed two types of
avalanching behavior with the increasing of the inclined angle.
The difference between the two types mainly is whether there
exits a uphill propagation of the avalanche. Jean!!'® investi-
gated the nucleation and the growth of avalanches in a rotat-
ing drum and further analyzed the propagating velocity of the
avalanche in the radial direction. Yang er al.!'”-1®! studied the
velocity distribution of the glass sand in the rotating drum. The
authors declared that there exits particle accumulation in the
central position of the avalanche surface and no similar phe-
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nomenon is observed for regular particles. The irregular par-
ticle accumulation clearly affects the dynamic characteristics
of the particulate flow in both axial and radial directions. Al-
though there have been some achievements in the study of the
avalanching of irregular particles, the scope is still relatively
limited. Therefore, this paper further explores the avalanch-
ing pattern of irregular particles along the axial direction in
rotating drum based on the work mentioned above.

Spatial filtering velocimetry (SFV) method is an effec-
tive velocity measurement method which shows advantages in
precision, stability, and usability compared to other common
methods. Gong et al.!'! first applied SFV method to mea-
sure velocity of particles flow in the rotating drum and proved
that the method is suitable for this application. Lin er al.!*]
used the SFV method to measure the velocity of particles in
the rolling regime. The authors found that there exist two
peak velocities for irregular particles in the case of low ro-
tating speed and the two peak velocities gradually merge into
one peak velocity with the increasing of rotating speed which
is significantly different from always one peak velocity for the
regular particles. But the work mainly concentrated on the
center region of particle surface in the drum, and the veloc-
ity distributions over entire particle surface are expected to be
explored.

*Project supported by the National Natural Science Foundation of China (Grant Nos. 11572201, 91634202, and 11902190).
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In this paper, the avalanching characteristics of the irreg-
ular sand particles flow in rotating drum is further studied by
SFV method. After a section on the experimental setup and
method, we first analyze in the results and discussion section
the variations of velocity distribution of granular flow and then
present two types of avalanche patterns which named as mid-
to-edge pattern and edge-to-edge pattern respectively. More-
over, the temporal and spatial characteristics of these two types
of avalanching patterns are explored in the results and discus-
sion section.

2. Experimental setup and method
2.1. Experimental setup

As shown in Fig. 1, the experimental system mainly con-
sists of a rotating drum, an LED light, and a CCD camera.
The rotating drum is made of transparent plexiglas with a di-
ameter and length of 150 mm and 200 mm respectively. A
high-precision DC motor is used to control the rotating speed
of the drum which is set to 3.5 RPM in this experiment. The
irregular granular materials filled in the drum are glass sand
particles with effective particle size in the range of 1 mm—
1.5 mm, which are classified as sub-angular particles. The
irregular glass sand is characterized with equivalent projected
area diameter of 1.30 +0.17 mm, the corresponding spheric-
ity is around 0.87, the aspect ratio is 0.69, and the convexity
is 0.96. In this experiment, the filling degree of glass sand
particles is set to 40% in the drum.

The experimental system employs a light source (white
LED) and detector (linear CCD camera) for collecting ex-
perimental data. As shown in Fig. 1(b), the CCD camera is
mounted on a metal bracket and its shooting angle is adjusted
to be perpendicular to the surface of particulate flow which is
the rectangular area surrounded by red lines. In order to facili-
tate the data analysis, we use X and Y to indicate the axial and
radial directions on the surface of particulate flow respectively.
Due to the particularity of the irregular particle shape, the sur-
face of the particulate flow in our experiment is not completely
flat. Meanwhile, the inclination of the surface particle flow is
always changing during the avalanche. If the surface of the
detector is not absolutely parallel to the particulate flow and
we assume that the error angle between them is 0, there must
be a difference between the velocity directions of the surface
of the particulate flow V and linear CCD pixels array, and the
velocity measured by the experiment is V/ =V - cos 6. There-
fore, the measurement error is AV =V - (1 —cos6). In this
case, the angular difference is controlled within 10°. Conse-
quently, the systematic error of the measurement result is less
than 1.5% which is acceptable in the measurement as the val-
idation study with conveyor belt has error within 3% (average

I'.[19

1.5%) in our previous paper.['”) The sampling frequency of

linear CCD camera is set to 1000 Hz, and the experimental
data are transported to the host computer through the Ethernet
interface.

linear CCD (a)

LED optical lens

drums

rotary table

(b)
linear CCD

optical lens

Fig. 1. Particle velocity measurement system based on SFV method. (a)
Schematic diagram and (b) image of experimental setup.

2.2. The SFV method

SFV is an effective method for measuring the veloc-
ity of moving object based on analyzing the images of the
object when going through a parallel slit or a transmission
grating.[>!-23] When the light source irradiates the surface of
the moving object with speed v, the rough surface of the ob-
ject leads to a light scattering phenomenon. A part of scat-
tering light passes through the objective lens and images on
the spatial filter composed of the grating, then the light pass-
ing through the grating is focused by the lens and received
by the photoelectric sensor. Due to the narrow bandpass fil-
tering characteristics of the spatial slit, the scattered light sig-
nal containing the velocity information of the moving object
can be received by the photoelectric sensor through the spa-
tial slit, and the photoelectric sensor outputs the varying sinu-
soidal signals.?*-33] Since the measured object has a sustained
velocity v and the grating has a spatial period length p, the out-
put signal of photoelectric sensor can achieve a stable period
To=p/v.
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According to the relationship between the period of the
signal and the frequency fo = 1/Tp, the velocity of the mea-
sured object can be calculated by the following equation:[3!]
_pho

M
where M is the magnification of the optical system.

Vo

2.3. Avalanching pattern for spherical particles

The avalanching pattern of spherical particles is an attrac-
tive topic and often studied by using the inclined plane and
the rotating drum. In order to explore the avalanching pattern
of spherical particles on the inclined plane, we pour spherical
particles abundantly at the top of the plane by setting a suit-
able angle. The moving particles leave behind a static layer
of uniform thickness. An initial position of the avalanche
will occur onto this layer if we add some extra beads. Then
the avalanche propagates to the surroundings until the edges
of the layer which is also mentioned by Adrian.!">! In addi-
tion, the avalanching pattern of spherical particles in rotating
drum also satisfies this rule and the upper front is shown to
propagate upwards with a velocity which is equal to the aver-
aged velocity of the flowing grains, whereas the velocity of the
downslope propagating front is approximately equal to twice
the avalanche velocity which is also concluded by Jean.!'°!

3. Results and discussion
3.1. Mid-to-edge pattern

Mid-to-edge pattern is an interesting type of avalanching
pattern similar to the spherical particles. By means of mea-
suring the velocity distribution of the surface particulate flow,
we observe the propagation process of the avalanche in mid-
to-edge pattern. In order to elaborate the avalanching pattern,
we use the term high-speed area to indicate the region where
there are the highest velocities of surface particulate flow and
labeled as H1, H2, and H3 respectively in Fig. 2. That is the
avalanche in high-speed area is most intense. As shown in
Fig. 2(a), the initial position occurs at the center of the drum,
and expand toward the edge area gradually in the middle stage
(as shown in Fig. 2(b)). Finally, the high-speed area arrives
at the edges of the drum which indicates that the avalanche is
about to end (shown in Fig. 2(c)). What the high-speed area
continuously expands toward both sides of the drum indicates
the propagation of the avalanche along the axial direction. An
interpretation for the phenomena is that the particles in the
high-speed area repeatedly perturb the surrounding particles
and especially make the axially adjacent particles in avalanche
sequentially.

In order to describe the mid-to-edge pattern in a more fur-
ther detail, we make quantitative studies on spatial and tempo-
ral distributions of the velocity of the surface particulate flow
respectively. Firstly, the temporal distribution of the veloc-
ity is considered. As shown in Fig. 3, a banded area marked

by black dotted line is selected and five sampling areas are
set up which are labeled as A1-AS5 in the banded area. The
size of all the sampling areas in this paper is uniformly set to
22 mmx 16 mm. Meanwhile, the avalanche period is divided
into 10 slices and the velocities of surface particulate flow in
A1-AS for each of these slices are measured by using SFV
method.

X/cm

0 4 8 12 16 20
X/cm

Fig. 2. The velocity distribution of the surface particulate flow in mid-to-
edge pattern. (a) The velocity distribution at the initial stage, (b) the velocity
distribution at the middle stage, and (c) the velocity distribution at the end
stage of the avalanche.

8 12 16
X/cm

20

Fig. 3. The schematic diagram of sampling area.
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According to the mid-to-edge pattern shown in Fig. 2, the
avalanche propagates from the central region to both sides of
the drum, so we choose the central region (A3) and edge re-
gions (A1l and A5) to explore the variation of the velocity of
the surface particulate during the avalanche procedure. We
achieve the temporal distribution of the velocity in the mid-to-
edge pattern which is displayed in Fig. 4.

As shown in Fig. 4, the velocity of surface particulate
flow in all sampling areas are accelerated first from stationary
stat, then gradually decelerate after reaching their peaks which
indicates that the entire surface particle flow experiences the
complete avalanche process. The time of peak velocity at each
sampling area is differen. The surface particulate flow at A3
reaches its peak velocity firstly at the forth slice (signed as P1
in Fig. 4), and the flows at A1 and A5 regions arrive at their
peak velocities at the seventh slice (signed as P2 in Fig. 4),
which is significantly lagging behind P1. The hysteresis can
be interpreted that because Al and A5 are located at the edge
of the drum that is far from the initial position, the particles
at the two regions avalanche later than those at other regions.
There is also an interesting fact that during the avalanche, par-
ticulate velocities at Al and AS show similar trends and reach
their peak at the same tim, which indicates that the propaga-
tion of the avalanche in mid-to-edge pattern represent distinct
symmetry. In addition, we observed that the peak velocity of
the surface particulate flow at A3 is lower than its counterpart
at Al and A5 regions, the possible cause is that the drum is
constantly rotating during the avalanche and leads to the in-
creasing trend of the inclined angle of the surface particulate
flow. The velocity of surface particle flow will increase when

the inclined angle enlarged.[!>!3]
T1 P1 P2
oLl L1 T2 P2 T3
o Al
15p ‘A3
7 v A5
@
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=
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Fig. 4. The temporal distribution of velocity in mid-to-edge pattern.

To further explore that particles in the high-speed area
perturb the neighboring particles along the axial direction in
mid-to-edge pattern, we investigate the spatial distribution of
the velocity of the surface particulate flow. In the center of the
high speed are, a band region is chosen as 22 mm and 200 mm
in radial and axial directions respectively. We divide this re-
gion into 12 sampling areas equally along the axial directio.As
shown in Fig. 4, the whole avalanche period is divided into
three segments T1, T2, and T3 respectively in accordance with

P1 and P2 as dividing point. The three photographs in Fig. 2
illustrate propagation process of the avalanche in T1, T2, and
T3 segments respectively. By measuring the velocity of the
surface particulate flow in the sampling areas within each pe-
riodic segment, figure 5 represents the spatial distribution of
the velocity of the surface particulate flow in mid-to-edge pat-
tern. As shown in Fig. 5, the high-speed area in T1 locates
at the middle of the observation area and the particle veloc-
ity is at low level due to the avalanche is in its initial stag. In
T2, the high-speed area gradually moves toward the edges of
the drum by constantly perturbing the adjacent particles in the
axial direction. However, the particle velocities in the edge
position are still low which indicates that the edge positions
have not been greatly affected. The high-speed area divided
into two parts and gradually move to the edges of the drum
in T3 because the velocity of particles in the middle area is
tend to be zero. The changes of the particle velocity clearly
reveal that the high-speed area moves from the middle area to
both edges of the drum, which support our previous discus-
sion. Moreover, we focus on the propagating velocity of the
avalanche in mid-to-edge pattern. By carrying the differential
on the spatial distribution of the velocity of surface particulate
flow and selecting the maximum and minimum of the differen-
tial values respectively, we determine the axial boundary of the
high-speed region which indicates the propagation edge of the
avalanche marked by the dotted line in Fig. 2. The propagat-
ing velocity of the avalanche can be indicated by the moving
velocity of the propagating front of the avalanche. In addi-
tion, the T3 segment is excluded in consideration because at
that time the propagating front of the avalanche has arrived at
both boundaries of the observation area and its location cannot
achieved accurately. As can be seen from Fig. 5, the propa-
gating fronts of avalanche are approximately at locations 5 cm
and 11.5 cm in the axial direction in the T1 segment. When the
avalanche continues to T2 segment, the two propagating fronts
of avalanche move to the locations 3.3 cm and 16.7 cm in
the axial direction respectively. The duration of the avalanche
from T1 to T2 is about 0.4 s. Thus, we can achieve the veloc-
ities of the avalanche spreads to the left and right sides in the
observation area which are 4.25 cm/s and 13 cm/s respectively.
We consider that the clustering of particles occurs randomly on
the surface of the particle flow during the avalanche because
of the particularity of the irregular particle shape, which hin-
ders the propagation of avalanche and causes unevenness in

velocity distribution.
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Fig. 5. The spatial distribution of velocity in mid-to-edge pattern.

3.2. Edge-to-edge pattern

Edge-to-edge pattern is another type of avalanching pat-
tern which is different from the spherical particle. In this pat-
tern, the avalanche is triggered at any edge areas of the drum
and gradually propagates to the opposite edge along the axial
direction. In the experiment, we observed that the uniform uni-
directional propagating characteristics whatever the avalanche
There-
fore, we analyze dynamical characteristics of the avalanches

propagates from left to right or from right to left.

in edge-to-edge pattern by taking avalanche propagating from
left to right as the case. By measuring the velocity distribution
of the surface particulate flow in the observation area, we can
obtain the propagation process of the edge—edge avalanching
pattern as shown in Fig. 6. The high-speed area constantly per-
turbs the neighboring particles which result in the movement
of the high-speed area. That is the avalanche keeps propagat-
ing from the left edge toward the right edge in the observation
area and the particles start avalanching in order by the distance
from the location of the region and the initial position. Eventu-
ally, the propagation front of the avalanche moves to the right
edge of the observation area which indicates the avalanche is
about to end.

We still choose 5 sampling areas marked as A1-AS
shown in Fig. 3 and divide the avalanche into 10 periodic slices
to investigate the edge-to-edge pattern. By measuring the ve-
locity of the surface particulate flow of the 5 sampling areas in
each periodic slice, we obtain the temporal distribution of the
edge-to-edge pattern as shown in Fig. 7. The surface partic-
ulate flows in the A1-AS5 sampling areas reach their peak ve-
locities in order by the left to right during an avalanche period,
which indicates that the propagating direction of the avalanche
is from the left edge to the right edge in the observation area.
The velocity of surface particulate flow in each sampling area
overall increases gradually. However, the velocities at A2 and
A4 regions have a downward trend, the possible reason for
which is the formation of the mound on the surface particulate
flow and delay the propagation of the avalanche.!!>! To elab-
orate the dynamical characteristics of the avalanche in edge-
to-edge pattern, we choose P1 and P2 in which the surface

particulate flows in the A2 and A4 regions reach their peak ve-
locities respectively. As shown in Fig. 7, the avalanche period
is divided into T1, T2, and T3 periodic segments in accordance
with P1 and P2 as dividing points.
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Fig. 6. The velocity distributions of the surface particulate flow in edge-to-
edge pattern. (a) The velocity distribution at the initial stage, (b) the velocity
distribution at the middle stage, and (c) the velocity distribution at the end
stage of the avalanche.
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Fig. 7. The temporal distribution of velocity in edge-to-edge pattern.

To further illustrate the dynamic characteristics of surface
particulate flow in edge-to-edge pattern, we use the similar
method mentioned in Subsection 3.1 to obtain the spatial dis-
tribution of the velocity of the surface particulate flow in the
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edge-to-edge pattern. As shown in Fig. 8, the avalanche oc-
curs at the left edge of the observation area where the particle
velocity is much higher than those at other regions in T1. By
means of constantly perturbing the axial neighbors, the high-
speed area gradually moves toward the right edge of the drum
in T2. In the end stage of the avalanche, the high-speed area
moves to the right edge.Here, we also interest in the propagat-
ing velocity of the avalanche in edge-to-edge pattern. It can
be seen from Fig. 8§ that the front edge of avalanche locates
approximately at 3.2 cm in the axial direction in T1 segment.
When the avalanche comes to T2 segment, the propagating
front of avalanche moves to 1.2 cm in the axial direction. The
duration of the avalanche from T1 to T2 is about 0.63 s. So, the
spread velocity of the avalanche in the edge-to-edge pattern is
15.87 cm/s.

An explanation for edge-to-edge pattern can possibly pro-
cess from that the upper reposing angle of irregular particles is
much larger than the counterpart of the spherical particles. The
effect of the edge of the drum is not sufficient to support the
unstable particles when the avalanche occurs. Therefore, the
avalanches of irregular particles may occur on the edge areas

of the drum.
H1 H2 H3
20 T T i T T ! ! ! 1 !
L e T1 ‘ ‘
a2 : 1
- 15F v T3 |
o I l .‘ '
8 10 ' ! ' '
2 ! '
-~ ‘ 1 1 :
5k ‘ ‘ | ,
O N ] = | . . . ! . . 1 N
0 4 8 12 16 20
X/cm

Fig. 8. The spatial distribution of velocity of the surface particulate flow in
edge-to-edge pattern.

4. Conclusion

In this paper, we studied two types of interesting
avalanching pattern for irregular particles in the axial direc-
tion of the rotating drum which named as mid-to-edge pattern
and edge-to-edge pattern respectively. In mid-to-edge pat-
tern which is similar to the avalanche of the spherical par-
ticles, the avalanches are initial at the middle of the drum,
whereas the avalanches in edge-to-edge pattern are triggered
at the edge of the drum. In our opinion, the particles in the
high-speed area constantly perturb and destabilize the neigh-

boring particles which is sufficient to make some of them into

motion. The continuous repetition of the process led to the two
types of avalanching pattern. Furthermore, we quantitatively
investigated the temporal and spatial characteristics of these
avalanching patterns and achieved the corresponding propa-
gating velocities in the axial direction.
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