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A parametric study of the clustering transition of a vibration-driven granular gas system is performed by simulation.
The parameters studied include the global volume fraction of the system, the size of the system, the friction coefficient, and
the restitution coefficient among particles and among particle-walls. The periodic boundary and fixed boundary of sidewalls
are also checked in the simulation. The simulation results provide us the necessary “heating” time for the system to reach
steady state, and the friction term needed to be included in the “cooling” time. A gas-cluster phase diagram obtained
through Kolmogorov—Smirnov (K-S) test analysis using similar experimental parameters is given. The influence of the
parameters to the transition is then investigated in simulations. This simulation investigation helps us gain understanding
which otherwise cannot be obtained by experiment alone, and makes suggestions on the determination of parameters to be

chosen in experiments.
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1. Introduction

We regard a system formed by a large number of macro-
scopic particles with a size larger than micrometers as a gran-
ular system. Granular matter is ubiquitous in our daily life. It
is the most existing material form on earth except water. Ex-
amples such as sand, industrial products, food, grains, etc., are
all considered as granular materials. Some natural phenom-
ena such as sandstorm, avalanche, earthquake, debris flow, and
other geological disasters are closely related to granular flow.
The cognition of these phenomena and their mechanisms has
been one of the foci of physicists’ interest.[!]

In the granular system, thermal fluctuation can be ne-
glected when compared to particle kinetic energy. Thus, the
granular system is considered as a system far from thermal
equilibrium. It is an amorphous, discrete system with intrin-
sic energy dissipation. According to the volume fraction of the
system and the kinetic energy of the particles, we can generally
divide granular systems into “granular gas”, “granular liquid”,
and “granular solid”. Unlike molecular gases, the particles in
granular gas collide with each other in an inelastic way, and
sedimentation occurs under gravity. Inelastic collision causes
cluster formation in granular gas. The mechanisms of clus-
tering have been of interest to physicists in recent years.[!=]
Understanding the mechanisms of the instability and the spon-
taneous formation of clusters in granular gas may help physi-
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cists establishing non-equilibrium statistical model.

To study the granular gas properties experimentally, en-
ergy input is necessary to balance the intrinsic energy dissipa-
tion due to the particle—particle inelastic collisions. The most
commonly used method is to agitate the system mechanically
by oscillation, that is, particles gain momentum through col-
liding with the oscillating-wall, the so-called “boundary heat-
ing” method. The agitated particles will then reach a “ther-
mal” equilibrium through particle—particle collisions. How-
ever, sedimentation under gravity makes experimental inves-
tigation difficult. Therefore, it is necessary to conduct ex-
perimental study of the granular gas behavior either under
microgravity > or by computer simulation. (¢!

In a pioneering experiment, cluster forming in granular
gas was reported by Falcon et al.!®! The system was mechani-
cally driven into a steady-state by shaker to balance the inter-
nal energy dissipation. Clustering occurred when the global
volume fraction ¢ exceeded a critical value, resulting in a de-
crease in both pressure and kinetic temperature.®) The loca-
tion of the cluster was far from the driving piston and ‘pre-
ferred’ to aggregate near the sidewalls.!!0-12]

In event-driven simulation by Miller and Luding,!”! the
growth of cluster was characterized by the power law decay of
kinetic energy of the system. To identify a cluster, a statisti-
cal method Kolmogorov—Smirnov (K-S) test was proposed!!?!
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to evaluate the deviation of the spatial distribution of particle
from a uniform distribution. In the numerical work of Op-
somer et al.,l*! the local Voronoi volume fraction @joca €x-
ceeding 0.285 was considered as a criterion for cluster to ap-
pear. There seems to be consistency between the K-S test and
criterion by @jocal-

In this work, we focus on the simulation investigation of
the gas-cluster transition in piston driven granular gas system.
The “heat” transport from oscillating-walls to the granular gas,
and the “cooling” of the kinetic energy due to inelastic colli-
sions among particles to cluster state are investigated. The
K-S test and @ criteria used to establish a phase diagram
are checked. We then investigate the influencing parameters
of the transition curve in the phase diagram.

2. Methodology
2.1. Simulation model

The simulation is based on discrete element method
(DEM).[!3] We use Hertz nonlinear contact model to calcu-
late the force between particles. The interaction between them
is considered if and only if two particles collide. Taking the
rotation into consideration, the particles’ equations of motion
are as follows:

miﬁ:zj_,#ifﬁ‘*‘f‘}o, (1
. C O
L= Z,-.,- il X Fj + M, (2)

where m;, I;, r;, and @; are the mass, the moment of inertia, the
displacement vector, and the angular velocity of particle i, re-
spectively. Fl(]j is the contact force that the particle i is applied
by the particle ;. Fl.O and MiO are other forces and torques
applied to the particle i, such as the gravity force. Generally, a
normal force F}/} and a tangential force F}; can compose FS

Fj = Fj;+F}; (3)

In the normal direction, the forces between particles include
Hertz elastic force and damping force

-F;]; — knknnij - '}/nvn,'_,'a (4)

where A, = (R;+R;) —rij, rij = ri—r; is the overlap be-
tween i and j, R; is the radius of particle i. The spring
stiffness k, = %Y *V/RA, and the dissipative coefficient 9%, =

-2 g\/%\/zy*m*m, where &, Y*, m*, and R
are the coefficient of restitution, equivalent elastic modulus,
equivalent mass, and equivalent radius, respectively. And vy,
is the normal component of the relative velocity Vni; = Vi—Vj.
In this work, the coefficient of restitution is a constant, in-
dependent of the relative velocity of two particles during the

collision.

The tangential contact force is determined by the tangen-
tial component of the relative velocity and the normal contact
force

Etj = ktut,’j - %vtijv (5)

where vy, = Vvij — vy, — % (@i + w;) x r;j is tangential relative
velocity, k; is tangent elastic coefficient, ¥ is tangent damping
coefficient, uy; is the tangential displacement between parti-
cles, which is related to the contact time 7. of particles, Uy; = 0
at the first contact, and then its value can be obtained by

duli/. B (ulij .vij)r,-j (6)

= Vt,- . 2
dt J rij
In addition, the yield condition |F};| < |wF}}| is ensured by
truncating the tangent displacement u;;;, and U is the coeffi-
cient of friction.

2.2. Simulation system

The simulation system contains monodisperse spheres
with a diameter of 1 mm. Other related parameters are
listed in Table 1.
ple cell with two pistons moving in the x-direction to agitate

The system contains a rectangular sam-

the spheres in the cell, as shown in Fig. 1(a). We keep the
Young’s modulus and Poisson ratio of the cell walls and par-
ticles identical, but keep the coefficient of sliding friction
and the restitution coefficient variable (see Table 2). In the
simulation, the pistons are in harmonic oscillations with con-
stant amplitude and frequency. The two pistons are kept in
opposite phases to avoid resulting in a coherent ‘bouncing’
state.[' The total cell volume is V = L, x 30 x 30 mm?>,
where L, is the distance between the two moving pistons.
The total number of particles in the cell is denoted as N.
The simulation is done either with fixed boundary or with
periodic boundary (PBC) in the y—z direction (see Table 2).

Table 1. The parameters used in simulation.

Variable Parameter Simulation value
p density of particle 4506 kg/m?
r radius of Particle 0.5 mm
E Young’s modulus 11.6 MPa
v Poisson’s ratio 0.32
A amplitude of oscillation 2.5 mm
f frequency of oscillation 10 Hz

Table 2. Seven sets of simulation parameters, where L, Upw, € are
respectively the coefficient of friction between spheres, the coefficient
of friction between spheres and walls, and the coefficient of restitution.
No. 1: reference; No. 7: freely cooling.

Set Hpp Hpw £ Transversal BC
No. 1 0.1 0.1 0.9 periodic
No. 2 0.5 0.1 0.9 periodic
No. 3 0.1 0.5 0.9 periodic
No. 4 0.1 0.1 0.1 periodic
No. 5 0.1 0.1 0.97 periodic
No. 6 0.1 0.1 0.9 fixed
No. 7 0.1 - [0.1,0.6,0.9,0.97] periodic
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The maximum mean distance between two particles in the cell
is given by § = 1/ L2 +30? 430> mm. The initial condition of
the particles is prepared nearly uniform in spatial distribution
with the volume fraction ¢, = 4N o /3V, where r is the ra-
dius of the particle. The initial velocity of each particle is set
to be equal in magnitude, 0.01 m/s at t = 0, but the direction

is random.
0.65 AT i
_ : : g
g g
< =)
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0.05 2 &
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piston?;bQ T
(a) (b)
Fig. 1. (a) A schematic diagram of the simulation system. The volume
of the system is V = L, x 30 x 30 mm?, in which two pistons oscillate
in amplitude A and frequency f. Different colors are used to indicate
the Voronoi volume fraction ¢, of each particle. (b) A slice (1 mm
thickness) chosen in (a).

2.3. Criteria

One method to set the criterion of cluster from gas is
by the two-sample K-S test.!'® In the method, the maximum
difference between a cumulative distribution function F (x) of
counts along the x-axis and the cumulative distribution func-
tion of a uniform function U (x) is defined as

D = supg<,<;, |F(x) = U(x)]. (7

The D is set to compare with a statistical threshold Ky /+/n.
The distribution is considered uniform if D < K /+/n, oth-
erwise it is non-uniform. In our case, we calculate cumula-
tive distribution function F (x) of the number density distribu-
tion p(x) along the x-axis, and n is the number of sampling,
n = L,/d. (d. is the thickness of one slice, see Fig. 1(b)). K is
a contrast threshold number.[!”! The confidence level (1 — @)
chosen in this work is 0.95. When D > Ky /+/n, we consider
that the system reaches a clustered state. Otherwise, the sys-
tem is considered as in a gaseous phase.
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Fig. 2. Left: the particle density distribution p (x) (black scatter). Middle: the cumulative distribution F (x) (black solid line), and the cumulative distribution
function of a uniform function U(x) (red dotted line). Right: the front view of the cell with particles’ Voronoi volume fraction. For different simulation
parameters L, and N, (a) gas phase, (b) cluster phases, and (c) dense cluster are shown. (a) Ly =75, N = 3000, (b) L, = 80, N = 5000, (c) L, = 30, N = 4000.
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Figure 2 gives examples of how the K-S test method
is applied to find the cluster state in our simulation obser-
vations. Three examples are given in Figs. 2(a)-2(c) with
the cell length and the total number of particles: L, = 75
and N = 3000, L, = 80 and N = 5000, and L, = 30 and
N = 4000, respectively. In each case, the particle density dis-
tribution function p (x) (left), its cumulative distribution func-
tion F (x) (middle), and the front view of cell with particles’
Voronoi volume fraction (@ocar = Vp /Vworo) (right) are plotted
in Fig. 2. In this paper, the Voronoi volume fraction Vi, is
calculated by Voro++ code.!'®! When the count of particles
with @poca1 = 0.285 appears and has a sudden increase, the
system is considered as in cluster phase. These two criteria
agree with each other when the cluster width is smaller than
0/2. For dense system, when the cell length §/2 is smaller
than the cluster size, K-S test does not apply and we consider
the system in a dense cluster state. For example, in the cases
of Figs. 2(a)-2(c), Dy = 0.130, Dy, = 0.192, and D, = 0.154.
For o = 0.05, K, = 1.358. In Fig. 2(a), we have n = 75,
Ko //n=0.157, D, < Kg /+/n, and particles’ @joc, are smaller
than 0.285. It is thus a gas state. For the case in Fig. 2(b),
n =280, Ky/\/n=0.152, Dy, > Ko /+/n, and @ioca > 0.285
particles appear, thus it is considered as a cluster state. For
Fig. 2(c), n =30, Ky //n = 0.247, D, < Ky /+/n, but with a
large number of @ioca = 0.285 particles. It is taken as in a
dense cluster state.

3. Results
3.1. Heating in gas state

All the analyses given above are based on the system
reaching a steady state in the granular gas phase. We then need
to know the time for the system to reach a steady state. Here,
in Fig. 3(a), we show a typical example of global temperature
versus time using parameters in the reference set in Table 2. A

stretched exponential function!!!

T =T~ -TO)ew |- (£) | ®
is used to fit with the growth T'(¢) (see Fig. 3(a)). It shows that
a typical time 7, for the system to reach a gas steady state is
1.8 s in the case of Fig. 3(a). To estimate the influence of 8 /r
and ¢, on this heating time, the characteristic heating time T
is investigated and the result is given in Fig. 3(b). For all the
cases in the reference set (Table 2), fitting parameter ¢ = 2,
and the time 7, changes in the range of 1.8-2.8 s. As §/r
increases, the energy transport slows down as Ty increases to
~ 2.8 s. The global volume fraction ¢ has only a slight ef-
fect on 7. Increasing the volume fraction ¢, would decrease
the heating time 7. In Fig. 3(b), the largest 74 (4 s) appears at
¢z = 0.0068. To make sure the system reaches the steady state,

all simulation data points are taken at a time ¢t > Ty, normally
after 6 s.

In this work, for each set of parameters in Table 2, we run
at least 55 data points. Of the seven sets in Table 2, the first set
of parameters is the same as those in microgravity experiments
and is used as a reference set.

5
0.020} (@ % St
*
5,1-\0.015
T
@
£ 0.010
=
0.005
* No. 1 mode L, =60, ¢;=0.018
0 fit curve 7, =1.80
0 2 4 6 8
Time/s
4.
2201 (b) s Tafs 0
200 3.5
180 a a 3.0
A A
& 160 A . 2.5
“ 140 :
A A
. . 2.0
120 ‘4
N L 1.5
100 ‘4
1.0
80
0 0.01 0.02 0.03 0.04 0.05
by

Fig. 3. (a) Example of global temperature 7 (set No. 1 in Table 2) ver-
sus time, and its fitting by a stretched exponential function (Eq. (8))
(red line). (b) A map of the fitting parameter 74 for those gas state data
points in the 6 /r—¢, phase diagram with the reference set (set No. 1 in
Table 2).

3.2. Cooling to cluster state

In this simulation, we only consider cluster forming due
to inelastic collisions among particles. In this section, we in-

20211 process without energy input

vestigate the free cooling!
and with no sidewall collisions (periodic boundary condition
as set No. 7 in Table 2). The global granular temperature is
calculated as the averaged fluctuations of particle velocities in

three dimensions

T(1) =

The initial temperature of the system is set to be Ty =
T(t = 0). The temperature T (r) decreases rapidly over time
through particle collisions as shown in Fig. 4(a). The decay

is well fitted by the Haff’s law?2 T (1) = (H,T/”T )
H

>, Where the

054502-4



Chin. Phys. B Vol. 29, No. 5 (2020) 054502

fitting time Ty = 6.58 s in Fig. 4(a) when the restitution coef-
ficient € = 0.1. In Fig. 4(b), the characteristic cooling time is
plotted as a function of €. We have modified Haff’s time by
adding a friction term ¥ to make the time 7y given by (%)
“w(l-e2+yno’

€))

TH

where v, £, 1 =N/V, 0 = 7r(2r)2, and Cj are the initial ve-
locity, the restitution coefficient of the particles, the number
density of the system, the cross-section of a particle, and a
calibration parameter, respectively. The fitting result shown in
Fig. 4(b) gives v = 0.24.

r=0.1, N=1000 (a)
fit curve Ty =15.68

10 *

T/10~°% (m-s—1)2

0 5 10 15 20
Time/s

| TH (b)
o5k fit curve Cy=4.82
v=0.24

0 0.2 0.4 0.6 0.8 1.0

Fig. 4. (a) Simulation results of temperature decay with time and the
Haff’s law fitting (red solid line) with the fitting parameter 7y = 5.68 s.
(b) Typical cooling time (7y) versus restitution coefficient, with fitting
parameters Cp = 4.82, ¥ = 0.24 (red solid line).

3.3. Phase diagram

Considering friction coefficient 0.1 and restitution coeffi-
cient 0.9, simulation results are plotted in a 6 /r—¢, diagram,
as shown in Fig. 5. A simple model'® based on the competi-
tion between the cooling time Ty and a propagation time T, is
used to the transition curve of the gas—cluster phase diagram.
The time 7y is given in Eq. (9).

The propagation time 7, can be calculated by simplifying
the problem as a one-dimensional granular chain with equal
intervals Ax

Axnl 1

— ) — 10
o &e (10)

T =
which is a time for a particle with an initial velocity vy to trans-
mit from one cell end to the other end, that is, the distance 0
between the two pistons.

The propagation time 7, (Eq. (10)) is equal to
§/n—d (1—(1/5)"
Vo 1-(1/¢)

locity before reaching the other piston, and cluster forms. The

).“4] When 1y < 7, particle may lose its ve-

competition between the cooling time and the propagation
time provides us the condition of gas—cluster transition, that

is TH = Tp’
__ G(-g)
s _ In[1+ e(1-€2+y)(1-3Ro9g) (11
r 3¢ In(1/¢) )

where r is the radius of the particle 0.5 mm, ¢ is the global
volume fraction, Ry = 2, and vy = 0.24. Here, () is a calibra-
tion parameter.

Fitting the data by Eq. (11) will yield the gas-cluster tran-
sition curve with Cy as a fitting parameter. We find Cy = 10.5
is best fitted as shown in Fig. 5. The dense cluster region
is colored in purple in the 6 /r—¢, diagram of Fig. 5. In the
following, we will investigate the parametric influence on the
transition phase diagram.

220

—Cy=10.5,=0.9
—=Cp=11,e=09
---Cy=10,e=0.9
180 A a2 s Ne ) .

200 s aNe o

A * L] gas
AaEl Ne o e cluster
L 160 .
= R
140 .
120
100 .
80
0 0.02 0.04 0.06 0.08

be

Fig. 5. The phase diagram & /r versus ¢ using the first set of parameters
in Table 2. Triangles are in the gas state, and circles are in the cluster
state. The red solid fitting curve is a best fit with Eq. (11), in which the
restitution coefficient € = 0.9 and the fitting parameter Cyp = 10.5 (red
line). The black and blue dashed lines give a range of fitting for Cp = 11
(black dashed line), Cy = 10 (blue dashed line). The three points a, b,
and c are the feature points corresponds to Figs. 2(a)-2(c), respectively.

3.4. Parametric influences

Using K-S test and Voronoi volume fraction, we have an-
alyzed the simulation data and obtained the gas-cluster phase
diagram in 6 /r—¢, plot. Simulations with periodic and fixed
sidewall boundary conditions are performed. The friction co-
efficient tp, = 0.1, tpw = 0.1, and the restitution coefficient
€ = 0.9 are chosen. In Fig. 6, comparison of cluster distribu-
tion under PBC and fixed boundary condition for a cell with
Ly =70 mm, N = 5000 is given. The slice shown in Fig. 6
is cut at x in between 30 mm and 40 mm. The chromaticity
diagram shows @joc, in the range of 0.05-0.65. It is shown
that for PBC, cluster forms in the central area, while in fixed
sidewall boundary condition, the clusters tend to initiate from
the corner or along the sidewalls, as seen in Fig. 6(b). In or-
der to eliminate the boundary effect, we choose PBC for the
remaining parametric studies.
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(a) (b)
2.
9, B *
&
z :’ z
L 0.05 S 0.65 L 0.05 I 0.65
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Fig. 6. The comparison of cluster distribution for PBC and fixed bound-
ary condition. The simulation parameters are f,p = Upw = 0.1,€=0.9,
and L, = 70 mm, N = 5000. The slice shown in the figure is chosen in
the middle of the cell, Ly = 30 mm—40 mm. The chromaticity diagram
shows @jca1 from 0.05 to 0.65.

The influence of three material parameters, particle—
particle friction coefficient p,, particle-wall friction coeffi-
cient Uy, and the restitution coefficient €, are investigated in
the following simulations. In Fig. 7(a), as the particle—particle

friction coefficient L, increases from 0.1 to 0.5, the fitting
parameter Cyp changes to 8.5 from 10.5, i.e., the gas—cluster
transition shifts to smaller ¢,. When changing particle-wall
friction coefficient i,y from 0.1 to 0.5, the influence is nearly
negligible (as shown in Fig. 7(b)). Figures 7(c) and 7(d) show
the influence of the restitution coefficient €. It is seen that for
€ =0.97, the value of fitting parameter changes to Cy = 5 from
Co = 10.5 when € = 0.9. The transition curve shifts to greater
g, that is, a denser system with more collisions is needed for
the cluster to occur. For € = 0.1, the enormous Cy indicates
that the fitting fails in this extreme case. In addition, a phase
diagram by a fixed boundary simulation is shown in Fig. 7(e)
to compare with the simulation results by periodic boundary
phase diagram shown in Fig. 5. The fitting curve shifts from
Cop = 10.5 to Cy = 9. This indicates that there exists some mi-
nor sidewall boundary effect.
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Fig. 7. (a) Phase diagram with parameters in set No. 2 of Table 2. (b) Phase diagram with parameters in set No. 3 of Table 2. (c) Phase diagram
with parameters in set No. 4 of Table 2. (d) Phase diagram with parameters in set No. 5 of Table 2. (e) Phase diagram with parameters in set
No. 6 of Table 2. The green area is gas state, and the red area is cluster state. The triangles are in the gas state, and the circles are in the cluster
state. The red solid line is the fitting curve using Eq. (11), ¥ = 0.24, Ry = 2, and () is fitting parameter.

4. Conclusion

In this work, we have performed a simulation study on
the parametric influences of the clustering transition in a
vibration-driven granular gas system. The parameters stud-
ied include the global volume fraction of the system, the size
of the system, the friction coefficient, and the restitution co-
efficient among particles and among particle-walls. Periodic
boundary and fixed boundary of sidewalls are also checked in
the simulation. It is found that in our model, the restitution co-
efficient of the particle-particle collision plays the major role
in influencing the transition. Friction among particles plays a

minor role, and a friction term 7 is needed to modify the Haff’s

cooling time. This simulation study helps us in the determina-
tion of the experimental parameters in the future microgravity
experimental preparations.
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