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Many studies on how the particle shape affects the discharge flow mainly focus on discharge rates and avalanche
statistics. In this study, the effect of the particle shape on the packing fraction and velocities of particles in the silo discharge
flow are investigated by using the discrete element method. The time-averaged packing fraction and velocity profiles
through the aperture are systematically measured for superelliptical particles with different blockinesses. Increasing the
particle blockiness is found to increase resistance to flow and reduce the flow rate. At an identical outlet size, larger particle
blockiness leads to lower velocity and packing fraction at the outlet. The packing fraction profiles display evidently the
self-similar feature that can be appropriately adjusted by fractional power law. The velocity profiles for particles with
different shapes obey a uniform self-similar law that is in accord with previous experimental results, which is compatible
with the hypothesis of free fall arch. To further investigate the origin of flow behaviors, the packing fraction and velocity
field in the region above the orifice are computed. Based on these observations, the flow rate of superelliptical particles is
calculated and in agreement with the simulated data.

Keywords: superelliptical particles, flow rate, packing fraction and velocity profiles, discrete element method

PACS: 47.57.Gc, 83.10.Rs, 45.50.—

1. Introduction

Granular flow exists ubiquitously in nature and techno-
logical process. A huge number of experimental, analytical,
as well as numerical studies, have been devoted over many
years to gaining a deep understanding of the underlying pro-
cess of granular flow.!'-5] Considering the complex dynamic
behavior of the interaction between particles, the discrete ele-
ment method (DEM) has proven to be practical and effective in
understanding the macroscopic and microscopic properties of
granular materials.!%8] Predicting the discharge rate is impor-
tant in designing of reliable and controllable transport systems
but is difficult due to complexities associated with granular
flow such as inhomogeneous solid distribution, irregular ve-
locity profile, and diverse particle sizes and shapes.’!

Based on dimensional analysis, Beverloo et al.l'%! sug-
gested that the discharge rate from a silo has the following law

Q = Cpu\/g(D—kd)"s /2, (1)

where ng is the spatial dimension, and ng = 1 and 2 for two-
and three-dimensional (2D and 3D) space. D and d are the
diameter of the outlet of the silo and the particle diameter, g
is the acceleration of gravity. py is the bulk density of the ma-
terial and C is a constant related to material properties. The
term with k can be explained in the form of a shear zone adja-
cent to the edge of the orifice, where there are fewer particles.
The power scaling law between mass flow rate and the open-
ing size has been substantiated in previous studies.!!!=71 A
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simple explanation of the Beverloo’s equation is based on the
concept of a “free-fall arch”. In this scenario the arch is a sur-
face spanning the exit at a height approximately D away from
the exit. Above the surface, the particles behave like a solid
and interact with each other. Below this surface, the particles
are not in rigid contact and undergo a free fall with accelera-
tion g. To understand the physical mechanism that governs the
flow of particles through orifices, Janda er al.!'8! conducted
an experiment on the flow of granular medium from a 2D silo,
and they showed that the velocity profiles and packing fraction
profiles at the outlet are self-similar, and the rescaled velocity
and density can be well fitted by v(x) = v¢+/[1 — (x/R)?] and
0 (x) = (1 — (x/R)?)%33, where v.(¢.) and x represent the
value of velocity (packing fraction) in the outlet center and the
horizontal position, and R is the radius of outlet (R = D/2).
The scaling of the central velocity (v.) is related to the con-
cept of a hypothetical free fall arch scaling with outlet size.
Rubio-Largo et al.!!! revised the free fall arch postulate and
explained the scaling of velocity at the exit with outlet size
based on the scaling of acceleration profile. The scaling ex-
plains why the free-fall arch idea can serve as an approxima-
tion to describe the flow rate of hopper discharge. In reality,
most of particle shapes are usually not spherical, therefore it is
scientifically and industrially important to study how particle
shape affects flow rheology and clogging mechanism. Sev-

§[20-34

eral studie 1 have been performed to understand the ef-

fect of particle shape on the discharge flow through simula-

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

064702-1


https://doi.org/10.1088/1674-1056/aca204
hulin2018@sina.com
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 32, 064702 (2023)

tion by using DEM. Li er al.??) and Langston et al.!**! found
that elliptical particles discharge faster than the circular ones,
which was explained by particle alignment yielding a lower
resistance to flow. But later on, Liu er al.[? showed that el-
lipsoidal particles with higher aspect ratio have a smaller flow
rate on the basis of DEM simulation and experiment, and pro-
posed a modified Beverloo’ equation to describe the flow rate
of ellipsoidal particles.

Despite the researches related to this issue, there is still
a lack of physical understanding of how the shape of particle
affects flow in a silo, in particular, the influences of particle
shape on the density and velocity profiles of pouring particles
at the outlet, which jointly govern the flow rate.

In this work, the steady-state granular flow in a 2D silo
with a flat bottom is investigated by the DEM. Superelliptical
particles with different blockinesses are used in the simulation.
Firstly, the applicability of Beverloo’s law to the flow rate of
superelliptical particles is examined, then we systematically
measure the packing fraction and velocity profile at the outlet
and discuss how the particle shape affects those observations.
The packing fraction and velocity field are also computed by
coarse-graining method to explore the underlying flow charac-
teristics. Finally, the mass flow rate of superelliptical particles
is calculated based on these observations.

2. Simulation model and methods
2.1. Representation of particle shapes

The superquadric equation is effective in describing par-
ticle shapes. It was reported that the superquadric equa-
tion can be used to represent about 80% of the shapes of
solids in nature.!”) The superquadric equation in 2D space is
|x/a|™ +|y/b|" = 1, where a and b are the semi-axis lengths of
the superquadric elements in the x and y axes, m and n are the
blockiness and determine the sharpness of the shape. In this
work, we mainly focus on shapes with blockiness (i = n) that

changes from 2 to 12, and take a = b.

2.2. Contact detection

An efficient and stable method is crucial to determining
contact point between superellipes. The traditional Newton—
Raphson method is usually used to find the contact point.
However, to ensure the stability and efficiency of the su-
perquadric DEM model, the values of blockiness are taken in
the range of 1.4 <m and n < 7.135] In this work, the contact
points between superelliptical particles are determined by us-
ing the grid method*%-38! with no restriction on m and n. A
brief description of the method is given below.

In the body-fixed coordinate system, consider two parti-
cles (denoted as i and j) with shape functions

m;

+

n;
X i

filw) = =1, @)

x
b;

—1. 3)

The space-fixed coordinates can be transformed into the
body-fixed ones by the following expressions:

x' =Ri(X - X;), “
2" =R;j(X - X)), 5)

where R;, Rj, X;, and X are the rotation matrices and the
centroid of particles in the space-fixed coordinate system. The
inverse transformation is

X =R'z' + X;, (6)
X =Rj2"+ X, (7

with R} and R} being the transpose of R; and R; respectively.
In the space-fixed coordinate system, the shape functions of
two particles are

fi(Ri(X —X;)) =1, ®
[i(R;j(X-X)) =1 ©)

The coordinates (') of a point on particle i in its
body-fixed coordinate system can be transformed into =" =
(Rfe' + X;— X;) = R} (¢/+Ri(X;— X)) in the space-
fixed coordinate system of particle j. This point is then sub-
stituted into the shape function of particle j in its body-fixed
coordinate system as follows:

fi (RiRY (' +Ri (X; — X;))) =n (). (10)

In the body-fixed coordinate system of particle j, the cen-
troid of particle i is R;(X; — X;) and the rotation matrix is
R jRiT. The boundary of a particle i is divided into a num-
ber of grids, and an arbitrary point in each segment is cho-
sen to calculate 1(2’). The minimum value of 1 (') (Mmin)
and the corresponding point &/ . on the boundary of particle
i can be obtained. The interaction between the two particles
is determined according to the value of 7My,. Two particles
are tangent, overlapped and separated from each other when
Mmin = 1, Nmin < 1, and Mpin > 1, respectively. The number
of grids depends on the required calculation accuracy, and a
higher calculation accuracy requires a larger number of grids.

2.3. Contact force models and system description

The nonlinear contact force model for spherical particles
was developed!®! and then extended to the calculation of the
force between superelliptical particles.!”) The mathematical
expressions of contact forces and torques, as well as the pa-
rameters used in the simulation, are listed in Tables 1 and 2.
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Table 1. Force and torque between particles.

Property Equation

Normal overlapping On

Tangential displacement vector 8, =6,/16]
Tangential maximum displacement Srmax = (Us(2—V))/(2(1=V))b,
Poisson’s ratio v

Effective Young’s modulus
Effective mass

Effective radius

Normal spring force
Normal viscous force
Tangential spring force
Tangential viscous force
Torque

Tangential maximum displacement
Relative sliding velocity
Normal relative velocity
Tangential relative velocity
Relative rolling velocity

Rolling force

Rolling torque

Sar = —ci(61smij | Fen

E*=E/(2—-2v?)
mij = mim;/ (m;+mj)
R =RiR;/(Ri+Rj)
fon =4/3E*VR 84
San = *Cn(gmijE*\/RT&,)l/zvn,ij
Joo=—tis|fen| (1 —(1— at/St,max)g/z)sr
1= 38/8 max/&1.max) 015
qi = 7ic X (for + far)
St,max = us'(27 V)/(z 72V)5n
Vij = Vi —Vj +WiXTic —Wj XTje
Vpij = (v, )i
Vyij = Vij = Un,ij

v = —%ﬁ X (Wi —wj)
{ﬁ—%@—mr
Fr=min (u-fo, | £5]) £5/ | £5)

rollin, Tienjen o
qeone = ﬁn X fr

Table 2. Parameters of simulations.

Parameters Value SI-units
Length-unit 1 1 mm
Mass-unit 1 1 mg
Time-unit 1 1 ms
Particle density 2.5 2.5%103 kg/m?
Particle dimeter 2 2 mm
Young’s modulus 100 1 GPa
Friction coefficient 0.50 0.50
Poisson’s ratio 0.25 0.25
Normal viscosity coefficient 0.4 0.4
Tangential viscosity coefficient 0.4 0.4
Rolling stiffness 109 10% N/m
Rolling viscosity 103 1.0 kg/s
Rolling friction coefficient 0.005 0.005
Integration time-step 5x107* 1077 s

2.4. System description and statistical averages

The 2D silo is shown in Fig. 1(a), where the height
and width of the rectangular channel are H = 900 mm and
W = 100 mm. The walls of the silo have the same material
properties as the particles’. The outlet is located in the center
of the flat bottom and its length is D, which can be changed at
will.

The superelliptical particles with equal minor and major
axis dp,j = 2 mm are adopted in the simulation, and the shape
of particles varies with the blockiness » that changes from 2
to 12. The granular system consists of 10000 particles, and
the initial particle system is prepared by random deposition of
particles in a closed silo to minimize the gravitational potential
energy. After the preparation phase, a slot is opened situated
at the bottom of the silo, and simulation is running in a given

time step.

The instantaneous flow rate as a function of time is shown
in Fig. 1(b).
rapidly a steady value and then the flow rate fluctuates around

At the beginning, the discharge rate reaches

a value, which corresponds to the steady flow. Finally, the flow
rate starts to drop continuously. During the steady discharge,
the number of discharged particles with time is counted at each
given interval (200 time-step). The instantaneous flow rate is
measured as AN /At, where AN is the number of particles dis-
charged from the silo during Ar. The steady-state flow rate (Q)
is obtained from the time average of the instantaneous flow
rate during the steady state.

(b)

0 1 2 3

t(s)
Fig. 1. (a) Snapshot of discharge flow from a silo. (b) Temporal evolution of
instantaneous flow rate (n = 6, D = 20 mm), with dotted line representing
the time-averaged flow rate.

We measure the packing fraction and velocity profiles of
particles locally across the outlet. All particle velocities and
positions are recorded in a snapshot every 500 time-step. The
packing fraction and velocity are the average values of the
set of the time-dependent snapshots of a steady granular flow.
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Given that the flow is steady, this time average can be con-
sidered as an ensemble average according to the ergodicity.
For each snapshot, the statistics are supposed to be homoge-
neous over a predefined rectangular domain. The width and
height of this rectangle domain are 0.3d,j and dyy,j, where
dmaj (= 2 mm) is the major axis length of the particle, which is
actually small compared with the spatial evolution of the pro-
files (that scales with D). We have checked that the choice
of rectangular domain width has little effect on the results.
In each snapshot, the vertical velocity of each particle within
each rectangular domain can be obtained and the velocity pro-
file at the outlet is obtained as the ensemble average of the en-
tire snapshot sequences. The area of each particle inside a pre-
defined domain is determined in each snapshot, and the pack-
ing fraction profiles is then obtained by averaging all snap-
shots. Given the profiles of packing fraction and velocity at
the outlet, the flow rate of superelliptical particles can be pre-
dicted and compared with the simulation data. The coarse-
graining technique!!*2% is implemented to obtain the steady
flow map. We first coarsegrain the particle tracking data for
each sequential snapshot, and then perform the time average.

2.5. DEM model verification

To verify the reliability of the DEM model, the contact
models and parameters in Tables 1 and 2 are used to simulate
the discharge flow of disks. The dependence of mass flow
rate on outlet size can be fitted satisfactorily by Beverloo’s

40+
30}
2
~
20
o 20
10
0 i i i i
0 10 20 30 40
D (mm)
0.4
0.3 é
: S
= 0.2 =
> 3
©
0.1 >
. 3 0
—20 0 20
z (mm)

Fig. 2. (a) Mass flow rate as a function of outlet size for disks. Symbols
represent simulated data, and the continuous line is the fitting by Eq. (1).
(b) Vertical velocity field for disks (D = 16 mm), and the used Gaussian
coarse-graining function is the same as that in Ref. [19]. The x indicates the
distance to the center of the outlet, and the y is the height from the bottom
of the silo. The dotted line indicates the orifice.

law (Fig. 2(a)), and the value of fitting parameter k is com-
patible with those reported in previous work, where & is 1.85
(Ref. [16]) and 1.82 (Ref. [17]). Figure 2(b) presents the spa-
tial vertical velocity field computed based on the simulated
data, and the present simulated result is comparable to the
experimental result,!'”) which verifies that the current DEM
model can be used to simulate the basic characteristics of gran-
ular flow.

3. Results and discussion
3.1. Flow rate from simulation

We will first focus on the evolution of simulated flow rate
with outlet size (Fig. 3). The disks have the highest flow rate
because they are the most free-flowing. Departures from cir-
cularity result in a decrease of the flow rate. It should be noted
that when n = 8 or greater, the variations in particle shape fail
to make an obvious difference in the flow rate. As the block-
iness increases, the jamming is more likely to occur, i.e., for
blockinesses n = 6, 8, 10, and 12, the steady flow can be sus-
tained only when the outlet size is greater than or equal to
8daj> 10dmaj, 12d i), and 14dyy,;, respectively. The increase
of blockiness leads to the development of face-to-face con-
tacts between faceted particles that can resist torque and en-
hance bridging, thereby increasing clogging capability.[2433]
The simulated flow rates for all cases can be fitted with Bev-
erloo’s equation, where d is chosen as the axis length of the
particle. The parameter k corresponding to disk is compatible
with that obtained in Refs. [16,17], and found to be dependent
on the particle shape, as indicated in the literature.3°! To shed
light on how the particle shape affects the flow properties of
particles from a silo, the packing fraction and velocity profiles
at the outlet are systematically measured and analyzed as dis-
cussed below.

—k=1.88

a0f V=2
n=4 — k=251
Cn=6 — k=293
30f o n=8 —k=3.12

*n=10 —k=3.24

An= — k=3.
ool An=12 — k=343

Q (g/s)

101

0 10 20 30 40
D (mm)

Fig. 3. Curves of mass flow rate versus outlet size for particles with
various blockinesses. The symbols represent simulated results and the
continuous lines correspond to the results from Beverloo’s law.

3.2. Packing fraction and velocity profiles at outlet

One of factors governing the flow rate of particles is the
Figures 4(a)-4(f) show the
time-averaged packing fraction profiles across the outlet for

packing fraction at the outlet.
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particles with different blockinesses, in which the origin cor-
responds to the center of the outlet. It is shown that the value
of packing fraction increases with outlet size for superellipti-
cal particles. This is explicable because a strong dilatancy is
required to avoid forming arches that can cause clogging in the
case of small orifices. To verify the self-similarity of the pro-
files observed experimentally by Janda et al.,!'8! we normal-
ize the packing fraction by the central packing fraction at the
outlet (¢.) and rescale the horizontal position by R as shown in

0.8

1.0

(a’ S
0.8 [

0.7

0.6 9 g =
- * % X © 0.6 f —
B VN afgie | 2 064
0.5F A0 B 4 % Ax <04 o D:12dn]a_]
id v .0 ’ D =144,
oo V o maj
0.4t4 “ x A 0.2 A D = 16dyaj
* D= 1Sdmaj
0
—1 0 1
z/R

&/ e

3/ ¢c

&/ ¢

&/ e

2z (mm) z/R
Fig. 4. Horizontal volume fraction profiles versus x for (a) disks and su-
perelliptical particles with blockiness n = 4 (b), 6 (c), 8 (d), 10 (e), and 12
(f). (@")—~(f") Normalized packing fraction versus position rescaled by R. The
continuous line corresponds to Eq. (11), and symbols are in panel (a’).

Figs. 4(a")—4(f"). The data almost collapse into a single curve
for all cases. The collapsed data can be fitted by

ow=a.1-(2)]".

- an
and the fitting parameters are vy = 0.19, vy = 0.28, v = 0.32,
vy = 0.36, vy = 0.40, and vy = 0.43, for particles with dif-
ferent blockinesses, say n =2, n =4, n =6, n =38, n = 10,
and n = 12, respectively. The fitting parameters for disks are
compatible with those reported in the literature.!'84%! The fit-
ting parameter V, that regulates the profile curvature shows in-
crease with the blockiness, suggesting that the particle shape
potentially affects the packing fraction’s spatial distribution in
the core flow region above the orifice.

0.8

0.7r

0.5+

0.4 n n
5 10 15 20
R (nm)

Fig. 5. Plots of packing fraction in the center of the outlet as a function
of R for particles with different blockinesses (symbols). The continuous
lines correspond to Eq. (12).

Now we turn to investigating the evolution of packing
fraction at the outlet center shown in Fig. 5. At a certain outlet
size, the value of ¢. increase with blockiness, but when n = 8
or larger, the effect of blockiness on ¢. becomes inconspic-
uous due to the very subtle variations in particle shape. For
all systems, @ exhibits an asymptotic growth with outlet size,
which can be suitably described by an exponential saturation
as follows:

e = ¢ [1 — aexp(—PBR)]. (12)

In the case of disks, the asymptotic value of ¢, for very big ori-
fice ¢o = 0.76 , which is comparable to that in Ref. [16]. The
other fitting parameters are @ = 0.66 and f = 0.19 mm™,
which match the experimental results.!'8) For superellipses,
the fitting parameters are @, = 0.74, o = 0.73, and 8 =
0.16mm~! (n=4); ¢..=0.73, =0.81,and  =0.16 mm~!
(n=6); ¢o=0.72, « = 0.87, and B = 0.15 mm~" (n = 8);
0. =0.71, ¢ =0.9,and B =0.15mm~" (n = 10); ¢. = 0.71,
a=091,and B =0.15mm™! (n = 12). For comparisons, the
bulk packing fraction is ¢, = 0.80 (disks), ¢, = 0.81 (n = 4),
o =0.82 (n=06), ¢, =0.82 (n = 8), ¢, = 0.83 (n = 10),
and @, = 0.83 (n = 12). Hence, ¢, < ¢y for all systems, sug-
gesting that the density of the granular media passing through
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the outlet should be lower than the bulk density. As block-
iness increases, the dependence of parameters o and 3 on
blockiness tends to be very weak. In Eq. (12). The factor
[1 — a_ﬁR} characterizes the dilatancy under the geometrical

constraint. [40]
800 1.0{(a")
0.8 V D = 6dya;
_ 600 ¢ 0 D =8dp,
2 00 < 06 0 D = 10dya;
z af  po 3
= 200 0.2 AD= 16(1::;
0 0 x D = 18dyaj
1 0 1
z/R
800 1.0 (b)
= 600 0.8
= 0.6
g 400 3
8 0.4
<)
200 0.2 [P d
0 0
1 0 1
z/R
800 1.0t(c)
= 600 0.8
= £ 0.6
g 400 3
& 0.4
= 200 0.2k Q
0
0 1 0 1
z/R
800 1.0f(d")
0.8
— 600
H 400 0.6
& 0.4
2 200 0.2
0
0 0 1
z/R
800 1.0t(e)
—~ 600 0.8
g 0.6
£ 400
E 0.4
°
200 0.2
0
0 0 1
z/R
800 1.0 (f)
— 600 0.8
® .
> 0.6
E 4100 3
o 0.4
200 0.9
0 0
—1 0 1
z/R

Fig. 6. Vertical velocity profiles for (a) disks and superelliptical particles
with blockinesses n = 4 (b), 6 (c), 8 (d), 10 (e), and 12 (f). (a’)—(f') Nor-
malized velocities versus rescaled position (x/R). The continuous line cor-
responds to Eq. (13) and symbols are in panel (a’).

Another factor governing the flow rate is the particle’s
vertical velocity at the outlet. Figures 6(a)-6(f) present the
time-averaged vertical velocity profiles at the outlet for par-

ticle systems with blockinesses ranging from 2 to 12. The

vertical velocity of particles decreases as the outlet size de-
creases, and the profiles for various outlet sizes seem to show
a similar parabolic behavior independent of the blockiness of
particles. Following the research of Janda er al.!'®!, the pro-
files are rescaled by the velocity at the exit center (v.), and
the horizontal position is rescaled by R. It is observed that
the rescaled profiles are superimposed in all cases as shown in
Figs. 6(a’)-6(f"). For all cases, the normalized vertical velocity
profiles can be appropriately fitted by

N\ 1/2

v =ve (1-(/R?) (13)
and thus share the uniform self-similar law. The fitting re-
sults are consistent with the experimental results for disks, '8!
which conform with the free fall arch hypothesis.

The central vertical velocity v, as a function of outlet size
is shown in Fig. 7. As observed in Ref. [40], the fitting by
square root law (v, = 1/2YgR) suggested in Ref. [18] is not
completely satisfactory. We adjust the velocity in the center of
outlet by

Ve =YV ZgR[l_anp[_ﬁRﬂv (14)

with the same parameters @ and f3 as those obtained for the
packing fraction profiles in Eq. (12). The other fitting param-
eters are %, = 1.48, %, = 1.46, 3, = 1.41, 3, = 1.40, 3, = 1.39,
and 7, = 1.37 for particles with blockinessn =2, n=4,n=06,
n =238, n=10, and n = 12, respectively, v, is found to decrease
monotonically with blockiness increasing, whereas the effect
of n on v, is very marginal when n > 8 due to the variation
in particle shape is fairly subtle. Given that the height of the
free fall arch relates to v.,[!'8) this implies that the height of
the free fall arch depends on the blockiness of superelliptical
particles. The same fitting parameters in 1 — oce PR suggest
that there may be a common mechanism for the decrease in
packing fraction and velocity in the outlet center as the outlet

size decreases. !4V

900

800 |

700

600 |

ve (mm/s)

500

400

300 5 10 15 20
R (mm)

Fig. 7. Plots of velocity in the outlet center (v¢) versus R.

3.3. Coarse-grained fields of packing fraction and velocity

To further study the flow behaviors varying with the
blockiness of particles, we compute the packing fraction and
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vertical velocity fields during steady flow by using coarse-
graining technique!'>?°! based on the simulation data. Con-
sidering the anisotropic nature of superelliptical particles, the
form of the 2D circular Gaussian coarse-graining function is

pressed as
n

modified into a superelliptical Gaussian function, which is ex-
1 x"
—exp y

fey) =3 [_2(1" - 2b"}

in the body-fixed coordinate system (x—y), where a and b
are chosen to be the major and minor axis of the parti-
cle, and S is such a normalization constant that the inte-
gral over the coarse-graining function is unity. We can ob-
tain f(X,Y) in space fixed system (X-Y) by transformation
x= Y —-Yc)sinO+ (X —Xc)cosO and y = (Y —¥c)cos O —
(X —Xc)sin6, in which (Xc,Yc) is the particle’s centroid.
For example, the superelliptical coarse-graining function cor-

30 n=2
—~ 20 =
g g
E 8
> 10 >
—40 —20 0 20 40 —40 —20
z (mm)
30 Py 30
—~ 20 —~ 20
g =
E E
> 10 > 10
0 . 0
—40 20 40 —40 —20
0 0.2

responding to a particle (n = 6) that is tilted 70° with respect
to X axis is shown in Fig. 8.

0.05
0.04
0.03
0.02

0.01

o

X

Fig. 8. Superelliptical coarse-graining function, tilted 70° with respect
to X axis.
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Fig. 9. Vertical velocity fields for particles with different blockinesses as indicated above each panel. The color bar is the same for all plots. In

all cases, D = 28 mm, as indicated by the dotted line.

The spatial velocity fields for different particle systems
at the outlet size of R = 14 mm are presented in Fig. 9.
We can distinguish some major features of the flow zones
from these maps. In discharge process, a stagnant zone with
relatively high density and almost vanishing velocity is formed
near the side and bottom walls, and the granular flow is funnel-
shaped. The stagnant zone seems to gradually enlarge with
blockiness increasing. The core flow zone can be clearly seen
right above the orifice, where the particle velocity is very large
It is shown that the
velocity field becomes weaker with the increase of parti-

compared with that outside the core.

cle blockiness in the core flow region, indicating that parti-
cles with larger blockiness have a lower downstream velocity,
which results in the lower flow rate of particles with larger
blockiness.

Now we turn to studying the volume fraction maps
(Fig. 10). Overall, it can be noted that the density is consider-
ably higher on either side of the outlet than in the central part
of the silo above the orifice. There are two roughly triangular
areas of low packing fractions (blue on the map) near and in-
side the outlet edges in the central region of the map, which
become more pronounced with blockiness increasing. This
indicates that the packing fraction decreases to a certain min-
imum near the limit of the orifice and then starts to increase,
and the minimum packing fraction decreases as particle block-
iness increases. To verify this behavior, figure 11 presents the
horizontal packing fraction profiles in the region just above the
orifice (D = 28 mm), which are calculated by using the same
method as in Fig. 4. It can be seen that all packing fractions
show an upward trend near the exit edge, with the minimum
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fraction decreasing with particle blockiness, which is compat-
ible with the packing fraction fields in the same region. The
vertical lines indicate the location of the two roughly triangu-
lar areas in Fig. 10.

This indicates that a lower density near the outlet is re-

30

20

y (mm)

10

040

0.2 0.4

z (mm)

quired to maintain continuous flow for particles with larger
blockiness, which is due to the stronger face-to-face contacts
among more square particles. In addition, for particle systems
with larger blockiness, some yellowish lines can be discerned,
which may correspond to shear bands.

30

0.6 0.8 1.0

Volume fraction

Fig. 10. Packing fraction fields for particles with different blockinesses. In all cases, D = 28 mm, as indicated by the dotted lines.

0.7F

0.6

0.5¢

0.4F

z (mm)

Fig. 11. Horizontal packing fraction profiles for particles with dif-
ferent blockinesses in the region just above the orifice. In all cases,
D =28 mm.

3.4. Calculation of flow rate

Assuming that the volume and velocity profiles during
discharge are stationary, the mass flow rate (Q) is calculated
from

0= cotmar

in which o is the surface density since, for we are considering
the problem under 2D situation.

Combining Eqgs. (11)—(14), the flow rate can be expressed
as

0 = 26%0.\/2gR[1 — ctexp(—BR)]*

)

Q
o0 vin=2
<} on=4
10tt on==~6
O n=2_8
* n=10
A n=12
5 10 15 20 25 30
R (mm)

Fig. 12. Plots of mass flow rate versus R for particles with different
blockinesses, with symbols representing simulated data and the lines
corresponding to the results from Eq. (15).

After solving the integral and incorporating the obtained
parameters, the discharge mass flow rate from a 2D silo is then

Q= C'0%¢/gR*[1 — aexp(—BR)], (15)

where C' = v/2B(1/2,3/2+v), with B(1/2,3/2+v,) being
the Beta function. The parameters in Eq. (15) can be explained
from the self-similar packing fraction and velocity profile at
the outlet. By contrast, the physical meaning of the fitting pa-
rameter k introduced in Eq. (1) is subtle. The comparison be-
tween simulated results and the prediction of Eq. (15) is pre-
sented in Fig. 12, revealing that they are in good agreement
with each other. As indicated in Refs. [18,40], the information
about profiles of the packing fraction and velocity of parti-
cles near the outlet allows us to make a reliable prediction of

064702-8



Chin. Phys. B 32, 064702 (2023)

the flow rate, based on physical observations. As discussed
in Subsection 3.2, the physical parameters that govern the exit
profiles of packing fraction and velocity depend on the parti-
cle blockiness parameter as shown in Fig. 13. However, fur-
ther studies are needed to verify the exact relationship between
them. Hence, once the correlation between the physical pa-
rameters in Eq. (15) and the particle blockiness is elucidated,
it is likely to estimate the flow rate of superelliptical particles
for various outlet sizes.

1.0 1.0
(a)

0.8t 0.8

0.6 10.6 =
° E

0.4f 104 =

02— A A A A 10.2

2 4 6 8 10 12
n
05
(b)
0.4
303
0.2
0.1 . . . . ]
2 1 6 ) 10 12
n

Fig. 13. Plots of (a) a and 3, and (b) v, versus particle blockiness (n).

4. Summary and conclusions

The discharge flow of superelliptical particles from a 2D
silo is investigated by using DEM. The flow rate for parti-
cles of various blockiness in the stationary regime is obtained,
which decreases monotonically with blockiness increasing.
The time-averaged packing fraction and velocity profiles at the
outlet for particles with various blockiness are systematically
measured and analyzed.

In all cases, the packing fraction profiles exhibit self-
similar features that can be suitably adjusted by using frac-
tional power functions with dimensionless orifice size. The
fitting parameters are shown to be dependent on particle block-
iness, implying that the particle shape has an effect on the
spatial distribution of packing fraction near the orifice. The
central packing fraction at the outlet displays an asymptotic
growth and can be fitted with an exponential saturation. In all
cases, the velocity profiles obey the definite self-similar law

18] conform-

that is compatible with the experimental results,
ing with the free fall arch hypothesis. The velocity of particles

at the center of outlet is shown to decrease as blockiness in-

creases, implying that the height of free fall arch may vary
with blockiness. It is observed that larger particle blockiness
will lead to lower velocity and packing fraction at an identi-
cal outlet, which results in a lower flow rate for particles with
larger blockiness. For all cases, the flow rates are calculated
from the packing fractions and velocity profiles and agree well
with the simulated data.

The results show that the shape of particle affects pack-
ing fraction and kinematics of particles in the discharge flow
from a silo. The flow rate of the superelliptical particles can
be theoretically predicted if the general correlation between
the physical parameters that govern the packing fraction and
velocity profiles and the blockiness of particle is clarified. To
this end, investigations are needed to confirm and extend the
present results.
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