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ABSTRACT. This paper investigates the Angle of Repose (AoR) of powder materials with respect
to their morphological and rheological properties. Glass beads, sand, flour and semolina of different
particle sizes were used as the experimental materials. The investigated material was analysed with
respect to particle shape and size. The rheological properties of the material were obtained by a shear
cell test. The AoR was analysed in terms of cohesion, bulk density, particle size and circularity. More
cohesive materials such as the flour samples exhibited the largest AoR > 40°, indicating their poor
flowability. Glass bead samples with a high circularity value had significantly lower AoR than the flour.
The Angle of Internal Friction values were not dependent on those of the AoR. Using a dimensional
analysis, a mathematical model was developed to determine the AoR values based on the material
properties. By the application of this model, highly accurate calculation of the value of AoR is made
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possible.
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1. INTRODUCTION

Investigation of the flow properties of powder or gran-
ular materials is a key area for the correct design of
equipment working with such material types. Powder
flowability means the capacity of a powder to flow un-
der a specified set of conditions [I]. There are several
techniques to determine flowability. However, a single
reliable and widely applicable method of measuring
of flowability does not exist, because of the variety of
both powder materials and the influence of handling
on the measurement results [2]. One of the methods
for quickly determining the nature of this flow is the
measurement of the Angle of Repose (AoR). The
AoR measurement is used in many applications of
processing, storing and handling powder materials,
determining the slope stability, furnace design and
many other uses. Physically, the AoR can be defined
as the angle that differentiates the transitions between
phases of a granular material. One of the most com-
monly used definitions of the AoR is the steepest slope
of an unconfined material, measured from the horizon-
tal plane on which the material can be heaped without
collapsing [3]. This angle is also sometimes referred
to as the critical slope angle or friction angle. Measur-
ing the AoR has a wide area of application, ranging
from pharmaceutical through chemical, agricultural,

mining engineering and geology to civil engineering
uses [4]. The two basic types of the AoR are static
and dynamic [5]. The static AoR is determined by
using an experimental apparatus with a funnel-defined
geometry through which the experimental material is
poured. The falling material is collected on a defined
circular pad under the funnel (fixed-base) or is loosely
poured onto a plate (free-base) with the individual
layers of material forming a steep pile (cone) [6]. The
dynamic angle is determined by a rotating drum in
which the material under investigation is reformed by
the effect of rotation as by an avalanche. By measur-
ing the slope of the moving powder from the center
of the experimental station, we obtain the Avalanche
Angle [7]. Among modern trends in the measurement
of the AoR are the following techniques: 3D scanning
of created piles [8 [9], or modeling by the discrete
element method [I0HI2]. Flow properties of powders
present a complex characteristic of a bulk powder, and
they are affected by physico-chemical and mechanical
properties of the particles [I3]. The interaction forces
of the powder consist of Van der Waals forces, cap-
illary forces, electrostatic forces of the powders, and
similar [I4]. Moreover, the size, shape and material
surface elasticity are also dominant factors. Several
authors have devoted their AoR research to materials

73


https://doi.org/10.14311/AP.2020.60.0073
https://ojs.cvut.cz/ojs/index.php/ap

O. Macho, K. Demkova, LI. Gabrisova et al.

AcTA POLYTECHNICA

FIGURE 1. Scheme of measurement of AoR (Fine glass
bead particles).

with different material properties, such as aluminum
powder [15], corn grains, lignite, wood chips [16], as-
phalt concrete [I7], rice and flours [18], pulverized coal
[19], iron ore [20], biomass [21], sugar [22] or fine dust
from power plants [23]. The aim of this study was to
analyse the impact of rheological and morphological
properties of selected materials and their effect on the
AoR size. In this paper, we investigated the static
AoR obtained from measurements on an experimental
station using the fixed-base method. Using dimen-
sional analysis, a mathematical model was developed
to determine the AoR values based on the material
properties of the experimental samples. By an appli-
cation of this model, it is posssible to calculate the
value of static AoR with a high accuracy.

2. MATERIAL AND METHODS

2.1. EXPERIMENTAL MATERIAL

Two types of sand and semolina with different particle
sizes were used as experimental coarse-grained mate-
rials. The sand was delivered in size intervals, coarse
(1.0 — 1.6 mm) and finer (0.8 — 1.2 mm). Another
material samples were five types of glass beads, from
fine to approximately 0.5 mm in size. Cohesive mate-
rials were represented by flour with different fractions
(Strong, Soft flour). The bulk density (BD) of the
material was determined by means of a measuring
cylinder into which 100 ml of material was loaded.
The BD value was determined from a known sample
volume and weight, with the experiments repeated
three times.

2.2. MEASUREMENT OF ANGLE OF REPOSE

The Static AoR measurement ran in an accordance
with European Pharmacopoeia 9.0 (2.9.36) according
to ASTM recommendations (C1444-00). The experi-
mental material was poured through a funnel of diam-
eter D = 10 mm onto a pad of diameter d = 50 mm
until a cone was formed which did not change shape
with a continued pouring. The excess material fell over
the edge of the pad. Static AoR measurements were
performed 3 times for each material. AoR values were
obtained by the analysis of individual measurements
(Fig. [1)) and calculated according to the relationship

(1)
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H
AoR = arct — 1
0 arctan [ 7 /2} (1)

where H is the height of the cone and d is the
diameter of the pad.

2.3. MORPHOLOGY OF EXPERIMENTAL
POWDRES

The size and shape of the particles were analysed us-
ing a Morphologi G3 (Malvern) optical microscope.
Samples of the material were evaluated based on the
volume of the individual particles. The characteristic
particle size marker was the median of Circle Equiva-
lent (CE). CE represents the diameter of a circular
particle with the same volume as the particle under
the investigation. The particle shape was evaluated
using Circularity ®. The higher the value, the more
circular the particles examined: ® = 1 corresponds
perfectly to circular particles.

2.4. POWDERS RHEOLOGY

Using a FT4 (Freeman Technology) powder rheome-
ter based on ASTM-D6773-16 [24], individual samples
were analysed from the rheological point of view. Us-
ing the Shear Cell Test (sample consolidation 9 kPa),
the cohesion (¢) and the angle of internal friction
(AIF) were determined. The experiments were re-
peated three times for each material. The pre-shear
value was 9 kPa and the shear head produced normal
stresses of 7, 6, 5, 4 and 3 kPa in the materials, and
the corresponding shear stresses were recorded for
the individual values of the normal stresses. From
the normal and shear stress points a yield locus was
created. The Angle of internal friction is the tangent
of the linearized yield locus [25]. The higher the ATF
value, the smaller the interparticular forces, and the
more flowable the powder. Cohesion represents the
degree of coherence of the test substance. Its value
is influenced by interparticle forces (van der Walls),
material moisture, particle size and others. The more
cohesive the material, the worse flow properties and
lower the ff. flow function parameter [26].

2.5. EVOLUTION OF ANGLE OF REPOSE IN
TIME

The increase of the AoR over time was determined
by an image analysis of the videos captured by a
tripod-mounted Nikon D5500 digital camera. The
created videos were transformed into static images
representing defined times of the pouring. ImagelJ
software was used to analyse the pile growth over
time [27]. The dimensions and shape of the piles were
then transformed from pixels to centimeters using a
scale. In these experiments, semolina was used as
the experimental material. Shape and pile size were
examined by pouring the material onto a horizontal
base from a height of 14 cm depending on different
pouring times. The material was poured through 5
and 8 mm diameter drain holes of funnels.
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FI1GURE 2. Values of AoR for different experimental
material.

3. RESULTS AND DISCUSSION

3.1. ANGLE OF REPOSE

Fig. 2| shows the values of the AoR. Based on the
values of the AoR, the flow properties of the examined
material can be established [28]. The graph shows the
highest value of the AoR was found with soft flour
AoR = 48.58 + 2.1°. This value corresponds to poor
flow properties. The second worst flow properties
were observed in strong flour AoR = 40.18 4+ 1.7°,
on the border of passable and fair flow properties.
Semolina and glass beads, materials with the largest
particles, have excelent flow properties based on the
AoR (AoR < 30°). Experimental data can be found
in Tab. [0

3.2. PARTICLE MORPHOLOGY AND BULK
DENSITY

Individual material properties were analysed based on
their effect on the AoR value. Coarse sand had lower
AoR values than fine flour particles (Fig. [3). The
median particle size values of the coarse and fine sand
were CE = 1459 pym and CE = 1044 um respectively.
For glass beads of increasing C'E values, the AoR
decreased with the exception of glass beads 4. The
finer flour has a bigger AoR than strong flour. For
sand materials, a greater value was observed for sand
of the interval 1 — 1.6 mm.

The circularity value (Fig. |4)) was higher for sand
particles ranging between 0.8 — 1.2 mm (¢ = 0.96)
than for the sand particles between 1 — 1.6 mm
(©=0.88). On the base of this finding, it could be
said that the smaller particles with higher ® have
better flow properties than the particles with a higher
CE. Similar examples are shown in study [29] with
mannitol particles. Sphericity values decreased min-
imally as the size of the glass beads increased. All
circular glass bead particles of ® > 0.99 featured an
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FIGURE 3. Influence of particle size (CE) on AoR.
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FIGURE 4. Influence of circularity (®) on AoR.

AoR value of 24+3°, for all size fractions. Strong flour
particles had the lowest value of circularity (& = 0.79).

3.3. EVALUATION OF BULK DENSITY

Bulk densities of the samples were BD > 1400 kg-m ™3
for most materials (Fig. [5]), with the maximum value
of standard deviations being 0.02 kg-m~3. The sand
particles in the 0.8 — 1.2 range had the highest value of
bulk density 1.6340.02 kg-m~2 and the soft flour parti-
cles had the lowest bulk density (0.63240.003 kg-m~3).
The dynamic effect of falling particles of materials with
higher BD values impacting on the substrate did not
allow the formation of stiff cones on the pad. Due to
the fact that self-weight particles tends to roll over an
existing heap, move away and reach a stable state far
away from the point of the fall. Except for semolina,
samples with a lower BD value had values of the AoR
higher than 40°. Semolina particles had a significantly
larger particle size of CE = 519.3 um compared to
flour samples.
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FI1GURE 5. Influence of bulk density (BD) on AoR.

3.4. EVALUATION OF PARTICLE RHEOLOGY

The parameters describing the flowability of the pow-
der can be determined from the yield locus. In order
to measure the course of yield locus, several of the
tests must be performed, where the specimens must
first be consolidated at identical normal stress, pres-
hear. Then, the specimens are sheared to failure,
under different normal stresses. The yield locus fol-
lows from a plotted curve through all measured shear
points. In Fig.[6] a graph of the Shear Cell Test from
the FT4 rheometer for sands, flours and semolina is
presented. Sand particles have a significantly steeper
trend, which means they also have higher AIF values.
Significant deviations in the individual experiments
were observed with the flour particles. The glass beads
had values of ATF < 26° in all cases. Fig.[7]shows the
graph from the Shear Cell Test of glass beads. If the
glass beads have a higher C'E, then the yield locus
line is significantly steeper, which implies a higher
AIF value. With an increasing glass bead particle
size, the value of AIF increased proportionally. For
experiments with the glass bead particles significantly
smaller deviations were observed.

From the cohesion impact on the AoR graph
(Fig. , materials with a higher value of cohesion
and, at the same time, the smallest AIF achieved
the highest AoR values. The trend of the graph con-
firms the assumption that the greater the influence of
interparticle forces, expressed by means of cohesion,
the more coherent is the material, allowing the for-
mation of a steeper pile. The most cohesive were the
soft flour particles, where ¢=1.597+0.23 kPa. For the
glass bead particles, the value of cohesion for all types
of the material was ¢<0.25 kPa. The measurement of
the cohesion confirmed that it had a significant effect
on the flow properties of the examined materials, as
well as the AoR size.

Based on the graph (Fig. E[), it is possible to say
that there is no direct relationship between the AoR
with load-free materials and the AIF angle, which
expresses the friction between the particles when an
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FIGURE 7. Shear Cell Test of glass beads particles.

external load is applied. A similar finding was pub-
lished in a paper [4]. For flour samples, the AIF was
on average 20° lower than the AoR, while the sand
samples had a higher AIF value. The AIF values for
glass beads were accompanied by minor deviations.
The highest value of AIF was found for 0.8 — 1.2 mm
sand, ATF = 36.75 + 2.9°.

Fig. 10| shows a graphical dependence between cohe-
sion and the ff. flow function parameter. The graph
shows that these two parameters are power dependent.
As shown by the higher cohesion value, the flow prop-
erties of the powder materials, whether expressed by
AoR or ff., are impaired.

3.5. AOR IN TIME

In Fig. graphical dependences of the growth of
the pile when the semolina was poured onto a horizon-
tal base from a height of 14 c¢m is shown. On the basis
of the Baverloo equation, the discharge velocity of the
semolina particles was calculated, for a funnel with
a 5 mm outlet being 0.002081 g/s and for an 8 mm
outlet funnel being 0.007134 g/s. For an 8 mm funnel,
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FIGURE 9. Comparison between Angle of Internal
friction (AIF) and AoR.

due to its larger cross-sectional area and therefore
higher discharge speed, the flow time of the material
was shorter. In both cases, the final shape of the pile
began to form after 13 s. At a lower discharge velocity,
the pile reached a height of 4.86 cm, and at a higher
velocity, it reached a height of 4.65 cm. The higher
discharge velocity caused that the dynamic effect of
a larger amount of falling particles did not allow the
formation of a higher pile. Particles falling at higher
discharge velocities tend to roll over existing heap.

3.6. MODEL DESCRIPTION

The dimensional analysis method was chosen to create
the AoR related model and the material properties
obtained from the experiments. In relation , the
same quantity (°) is present on both sides. The values
of the individual material properties used for model-
ing were obtained as average values from repeating
measurements.
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FIGURE 10. Influence of cohesion on flow function
parameter.
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FI1GURE 11. Evolution of AoR during tests with 5 mm
funnel.

where AoR (°) is the angle of repose, c is cohe-
sion (Pa), @ is the particle circularity (-), CE is the
equivalent particle diameter (m), g - gravitational ac-
celeration (m-s~2), BD bulk density (kgm~3), AIF
angle of internal friction (°).

In Fig. a dependence between the AoR and
the established criterion from the right side of the
equation is shown. A power mathematical model
based on the experimental data describing the rela-
tionship between the AoR and material properties
was developed using a non-linear regression . The
coefficient of determination was R? = 0.92. The differ-
ences between the AoR values calculated according to
the model created and the AoR values from the exper-
iment are found in Fig. [[4 Based on the model, the
AoR value for samples of the studied materials with a
standard deviation STDEV=1.95° can be calculated.
This value is sufficient to correctly characterize the
flow of the experimental material.
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Sample CE (um) @ (-) AOR (°) ATF (°) ¢ (kPa) BD (kg.m~3)
+ st. dev =+ st. dev =+ st. dev =+ st. dev
Strong flour  206.2 0.791 40.18+1.70 18.40+3.11 1.3254+0.148 0.722 4+ 0.002
Semolina 519.3 0.828 28.074+0.18 22.43+6.49 0.796 £0.174 0.725 £ 0.001
Soft flour 97.7 0.849 4858 4+2.10 18.37+2.26 1.597+0.232 0.632 £ 0.002
Sand 0.8-1.2 1044 0.960 26.056£1.50 36.75+2.90 0.395+0.400 1.630 % 0.028
Sand 1.0-1.6 1459 0.881 29.054+2.00 32.00+£0.00 1.010£0.000 1.540 =+ 0.000
GB1 152.5 0.998 25.02+0.10 20.47+1.18 0.164+0.089 1.483 +0.005
GB2 91.71 0.997 27.574+0.09 20.97+0.28 0.239+0.034 1.447+0.011
GB3 489.6 0.991 21.80£0.20 26.13+1.02 0.1394£0.090 1.513 £ 0.006
GB4 338.0 0.996 25.024+0.15 23.45+0.35 0.1824+0.019 1.505 4+ 0.007
GB5 271.0 0.997 23.434+0.12 21.67+£0.92 0.165£0.067 1.500 £ 0.000
TABLE 1. Properties of experimental samples (Values of AoR, AIF, ¢ and BD are averaged from three measurements
n=3).
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4. CONCLUSION

In this paper, we examined the AoR and its relation
to the morphological and rheological properties of the
experimental material. The analysed properties of the
material had a significant impact on the AoR. The
highest AoR values were achieved with cohesive flour
samples. The AoR increased with increasing cohe-
sion. Spherical particles of glass beads with high BD
values had the lowest AoR values, which confirmed
their good flow properties. Similarly, larger particles
of sand and semolina also had good flow properties.
Using the Shear Cell Test, we obtained AIF values
that did not show a direct relationship to the AoR.
The dependence between the cohesion and material
flow properties was found. It has been shown that
the discharge rate has an influence on the size and
shape of the formed pile. Using a dimensional analysis,
a mathematical model was developed to determine
the AoR based on the properties of the experimental
material. Based on this model, it is possible to de-
termine an AoR value with a standard deviation of
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1.95°, which makes it possible to reliably characterize
the flow properties of the experimental material.

LIST OF SYMBOLS

¢ Cohesion [Pa]

d Diameter of the pad [m]

ffe Flow function parameter [—]

g Gravitational acceleration [ms™2]
AoR Angle of repose [°]

AIF Angle of internal friction [°]
BD Bulk density [kgm™?]

CE Equivalent particle diameter [m]
H Height of the cone [m)]

® Particle circularity [—]
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