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Highlights

e Compared with previous works that studied the effect of concentration and size ratio on
jamming separately, we combine the effect of ¢9 and R on the jamming probability Pjs,. We
plot the jamming probability on the ¢o-R plane and match the different ranges of ¢g and R
to three different jamming states. Accordingly, we explain the coupled effect of ¢9 and R on

jamming from the view of the maximum particle discharge capacity of the orifice.

e Another quantity of interest that we studied is the complex influence of the fluid velecity U,
on jamming. It is found that the influence of the fluid velocity on jamming-differs in different
range of solid concentration, e.g., the ”sequential bridging” jamming only o¢curs)in low-speed

b

and low-solid concentration flow. Moreover, for the ”multi-particle” fluid-driven jamming,
the jamming probability increases with the fluid velocity becausethe particle discharge rate
increases with the fluid velocity. However, it is noted that when the fluid velocity Uy is high,
Uy has little effect on the particle discharge rate and therefore the insignificant influence on

the jamming probability.

e We also investigate the particle discharge properties‘and relate the particle discharge rate to
the occurrence of jamming under different conditions. Tt is found that for a given size ratio
R, the orifice has a maximum discharge capatity, andronce the particle discharge rate reaches

to the maximum particle discharge capagity of/orifice, jamming is possible to happen.

e Because of the ability of the coupled CED-DEM method to calculate the particle motion and
contact force, the shape of the three-dimensional particle jamming dome and the force chain
of clogged particles are investigated. For the first time, we find that the jamming arch that is
formed under a higher flow’velocity/has a larger curvature due to the greater fluid drag acted

on the jammed particles.
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Abstract

The clogging of a dense stream of particles when passing throughsamorifice occurs ubiquitously
in both natural and industrial fields. Since most of the jamming, phenomena lead to the negative
effects, studying and preventing jamming is of great importance., There are two typical types of
jamming due to different types of driving force: (a) gravity-driven jamming and (b) fluid-driven
jamming. Among these two types of jamming, the fluid-driven jamming occurs in fluid-driven
particle flows, and the initial solid concentration, ‘the fluid velocity, and the orifice-particle size
ratio has been demonstrated to have effects omythe,occurrence of this jamming. Although the
individual influence of the initial solid coneentration and orifice-particle size ratio on jamming has
been studied, the coupled effects of these two factors on jamming are little known. In addition, the
complex effects of the fluid velocity on jamming have not been fully discussed. To address these
problems, this work performs a_three-dimensional simulation of the fluid-driven jamming using the
coupled Computational Fluid-Dynamics—Discrete Element Method (CFD-DEM) model. At first,
the jamming probability dnder different initial conditions is studied. The jamming probability is
displayed on the solid congentration—orifice size ratio plane to illustrate the coupled effects of these
two factors on jamming. The simulation results show that the critical solid concentration, at which
the jamming prebability increases to 1, increases with the orifice-particle size ratio. This is because
an orifice with a larger orifice size ratio has a greater particle discharge capacity, which allows more
particles £0 pass. through without jamming. Then, we reveal the influence of fluid velocity over
a wide range on the fluid-driven jamming type, jamming probability and shape of the jamming

domniew, To the author’s knowledge, this is the first time that the shape of the jamming dome has
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been related to the fluid velocity. The jamming dome formed in the higher-speed flow has a greater

curvature due to the greater fluid drag acting on the particles.

Keywords: Jamming, CFD-DEM, Fluid-driven particle flow, Multi-particle bridging, Jamming

arch, Force chain

1. Introduction

The jamming phenomena of particulate flow systems occur ubiquitously in both natural and
industrial processes. When a dense stream of particles competitively flows threugh an orifice,
the solid particles sometimes clog at the orifice and stop flowing. For exampleywheat and other
grains jam a hopper or silo, preventing the flow (Mondal et al., 2016), powdered raw materials clog
conduits and cease their conveyance (Liu and Nagel, 1998), and the clogging oecurs in the transport
and retention of sand in downhole completions in oil and gas wells (Mondal, 2013). To prevent
the jamming phenomena in granular flows, most of which lead to themegative or hazardous effects,
considerable research has been conducted on the formation and*underlying factors of jamming.

Based on previous works, there are two types of particle jamming from the view of driving force:
(a) gravity-driven jamming and (b) fluid-driven jamming.\.The gravity-driven jamming usually
occurs in silos and hoppers under the effect of gravity and has been extensively studied through
experimental and numerical methods (To et al., 2001y Zuriguel et al., 2005; Hilton and Cleary,
2011; Janda et al., 2012). The other type of particle jamming, which is called fluid-driven jamming,
happens in the fluid-driven granular flows4{(Guariguata et al., 2012). The particles transported by
a fluid flow sometimes clog at the orifice due'to the balance of the frictional force and drag force.
For both types of jamming, the major contributing factor is the orifice-particle size ratio R, which
is defined as a ratio of the orifice/size D, t0 the particle diameter d, (R = D,/d,). With increasing
orifice size ratio R, the jammingprobability decreases (Zuriguel et al., 2005; Lafond et al., 2013;
Mondal et al., 2016).

Although these two'types of jamming share some commonalities, they also have their distinct
characteristics. Compared with gravity-driven jamming, fluid-driven jamming is influenced by
more factors, suchias’thé initial solid concentration ¢o and the fluid velocity Uy. For most of the
gravity-driven jamming that occurs in the silo or the hopper, since the particles are initially packed
in the silo‘er ‘hopper, the initial solid concentration ¢g is usually defined as the particle natural
packing density (Hilton and Cleary, 2011). The value of ¢g does not vary significantly at different
gravity-driven jamming, and Zuriguel et al. (2005) gave ¢¢ a small range 0.52 ~ 0.64. However,
for fluid-driven jamming, the particles keep buoyant and are entrained by the flows. The initial
solid concentration of the fluid-driven flow can vary over a great range. Hence, the study of the
influence of the initial solid concentration ¢g on the fluid-driven jamming is of great importance.
Mondal et al. (2016) found that the occurrence of the fluid-driven jamming is strongly dependent

on ¢g. The jamming probability Pj4;, increases with the solid concentration of the particle flow



¢o until ¢g reaches to a critical value @criticar- When ¢g > @dcritical, the jamming phenomenon
definitely occurs (Pjom = 1). Apart from the initial solid concentration, as the fluid velocity Uy
determines the hydrodynamic interaction force between the fluid and particles, the fluid velocity also
influences the jamming probability. However, the effect of Uy on jamming is not very clear. From
the experiments of Dai and Grace (2010) on the nonspherical particle jamming (Uy = 0.59 ~ 1.04
m/s, Re = 21800 ~ 38100), Dai and Grace (2010) proposed that the jamming probability increases
with the fluid velocity, and this increase is because a higher velocity causes more particles passing
through the constriction simultaneously. Mondal et al. (2016) also observed the same influence of
the fluid velocity on the jamming of the spherical particles (U; = 0.01 ~ 0.1 m/s{Re/= 15'~ 150).
However, in the work of Guariguata et al. (2012)(Uf = 0.14 ~ 0.3 m/s, Re = 2940 +-6300), it is
found that the jamming probability is weekly dependent on the fluid velgcity. Asthe studies on
the effect of Uy on jamming are conflicting, the further investigation about‘the influence of Uy is
necessary.

In this work, we aim to systematically study the influences of the above three different underlying
factors, ¢g, Uy, and R on the fluid-driven jamming, and the coupled Computational Fluid Dynamics
and Discrete Element Method (CFD-DEM) is employed to simulate the three-dimensional jamming
phenomenon. The DEM part simulates the particle motion, by solving Newton’s second law, the
CFD part solves the fluid motion based on the Navier-Stokes equation, and the coupled CFD-DEM
part is utilized to calculate and exchange the fluid—particle interaction force. This method has been
widely employed for simulating the fluidizationysediment transport, sand/silt sedimentation, and
many other particle flow problems. Thissmethod”is considered to be advanced because of its
superior computational convenience to that of LBM and its greater capability of elaborating the
particle motion than TFM (Zhu et/al., 2007). Mondal et al. (2016) studied the two-dimensional
fluid-driven jamming problem by*theicoupled CFD-DEM and demonstrated the viability of this
method in studying jamming.”Howeveér, the simulations of three-dimensional fluid-driven jamming
are lacking, and the contrelling parameters of jamming still need further investigation. Therefore,
this work aims to addressthe shortage of simulations of three-dimensional fluid-driven jamming and
improve the understanding of the effect of these controlling factors on the jamming. The novelties

of this work are presented /below.

1. Compared with previous works that studied the effect of concentration and size ratio on
jamming separately, we combine the effect of ¢9 and R on the jamming probability Pj.,. We
plot. the jamming probability on the ¢g-R plane and match the different ranges of ¢y and R
to.three different jamming states. Accordingly, we explain the coupled effect of ¢9 and R on
Jamming from the view of the maximum particle discharge capacity of the orifice.

2. Another quantity of interest that we studied is the complex influence of the fluid velocity Uy
on jamming. It is found that the influence of the fluid velocity on jamming differs in different
range of solid concentration, e.g., the ”sequential bridging” jamming only occurs in low-speed

and low-solid concentration flow. Moreover, for the ”multi-particle” fluid-driven jamming,



the jamming probability increases with the fluid velocity because the particle discharge rate
increases with the fluid velocity. However, it is noted that when the fluid velocity Uy is high,
Uy has little effect on the particle discharge rate and therefore the insignificant influence on
the jamming probability.

3. We also investigate the particle discharge properties and relate the particle discharge rate to
the occurrence of jamming under different conditions. It is found that for a given size ratio
R, the orifice has a maximum discharge capacity, and once the particle discharge rate reaches
to the maximum particle discharge capacity of orifice, jamming is possible to happen.

4. Because of the ability of the coupled CFD-DEM method to calculate the particle motion and
contact force, the shape of the three-dimensional particle jamming dome and the force chain
of clogged particles are investigated. For the first time, we find that the jamming arch that is
formed under a higher flow velocity has a larger curvature due tothe greater fluid drag acted

on the jammed particles.

The rest of paper is organized as follows. Section 2 presentsd4he'methodology of the CFD-DEM
model. Section 3 introduces the simulation cases used tosstudy\the three-dimensional jamming
and provides validations of the current simulations. Section 4 shows the simulation results. In this
part, the coupled effect of the solid concentration and R"6n jamming probability are studied. In
addition, various ways that the fluid velocity influences jamming at different solid concentrations
and different ranges of U are systematically investigated. Then, the shape of the jamming dome

is discussed and explained based on the force chain figure. Section 5 concludes the paper.

2. Methodology

In the coupled CFD-DEM méthod, the particle motion is calculated with the DEM approach
based on Newton’s second law (€undall’and Strack, 1979), and the fluid flow is simulated using the
CFD program based on the Navier-Stokes equations (Anderson and Jackson, 1967). The key to the
coupling method between ' CFD and DEM is a proper consideration of the fluid-particle interaction
forces (Zhao and Shan, 2013) and the exchange of the interaction forces between the fluid and the
particles. In this“section) the specific formulas of the particle motion, fluid flow, and fluid-particle

interaction force are detailed.

2.1. Mathematical model of particle motion

By employing the DEM method, the particle motions, including translation and rotation, are

governed'by Newton’s second law (Cundall and Strack, 1979):

d
chl: = £+ £/ 4 mg,

AW (1)
2= — eon

dt ’



where, m is the particle mass, u and ¥ is the particle’s velocity and angular velocity, respectively,

and I represents the moment of inertia. £

is the contact force during particle—particle or particle—
wall collision, and f/P denotes the fluid-particle interaction force. T™ represents the torque due to
the particle-particle/wall collision, caused by the tangential contact force, that acted on the contact
interface of two particles.(Sun et al., 2007). The normal/tangential contact forces 7 /£777 that
act on the particle i are as follows (Silbert et al., 2001):

oy = f(0i5/d) (kndijnij — Ynme Vinij),
i = f(0i5/d)(—ktAst — yemeg Vi i),

where ky, /k; are the normal/tangential elastic stiffness constants, and 7, /v; aréthe normal /tangential

(2)

viscoelastic damping coefficients for collisions. d;; is the overlap distance.ef two particles in contact,
namely ¢ and j. n;; is the unit vector of r;;, which is the direction vector that connects the centres
of two particles. meg = mym;/ (m; +m;) is the effective mass of-the spheres with masses m; and
mj. Vyi; and Vi ;; are the normal and tangential componentssrespectively, of the relative velocity
of the two particles. As; is the tangential displacement vector between the two spherical particles,
which is truncated to satisfy a frictional yield criterion. This yield/criterion is characterized by fric-
tional coefficient . The tangential force between the two particles grows according to a tangential
spring and dash-pot model until ff7? / £, = p anduis thervheld at 777 = pf7%9% until the particles
lose contact. When employing the linear Hookéan model, the function f(d;;/d) is equal to 1.

2.2. Mathematical model for fluid flow
In this work, the fluid flow is solved based on the locally averaged Navier—Stokes equations
(Anderson and Jackson, 1967; Xiaetand Sun, 2011):

V- (¢sUg4+ ¢fUy) =0,

d(p;U 1
@;gtf‘) RV (0;UsUy) = @(*VJH V746509 +FP),

where ¢s and ¢ are the/solid and fluid-phase volume fractions of a fluid cell, and ¢+ ¢y = 1.

(3)

U and Uy are the solid-’and fluid-phase velocities, respectively. On the right-hand side of the
momentum cohservation equation, Vp is the fluid pressure gradient, 7 denotes the stress tensor,
and FfP represents the fluid-particle interaction force per unit fluid cell volume V,, obtained by
summing up the fluid forces acting on all the particles in a fluid cell and dividing by V. (Kafui
et al., 20025 Xdao and Sun, 2011):

Tip,k

B[P = £V, (4)
=1
with
£ = Vv, Vp+ V,,V -7+ £77, (5)



where £ is the cell index, ny,j is the number of the particles in the cell with index £, fif P denotes
the fluid—particle interaction acting on the particle with index 7. V},; represents the volume of the
particle 7. The term —V,,;Vp 4+ V,,;V - 7 is due to the macro-scopic variations of the fluid stress,
and the component f’ Zf P comes from the detailed variations of the point stress tensor in the fluid
flow field around a particle, such as the drag force fid "9 added mass force £2%¢ and lift force fz-lif t
Substituting Eq. (5) into Eq. (4) leads to:

Tip,k

F[P = —6.Vp+ 6V -7+ Y 1"/ Ve (6)

i=1
It is noteworthy that the solid volume fraction ¢s, solid phase velocity Uy, ‘and fluid-particle
interaction force F/? in Eq. 3 are the Eulerian fields, obtained by implementing a diffusion-based
averaging method from discrete particle data (Sun and Xiao, 2015a,bs2016):, This method shows
the great robustness and validity to obtain these Eulerian fields, especially when the particle size is
closer to or greater than the fluid cell size. The detailed implementation of this method is presented

in Appendix A.

2.8. Fluid—particle interactions

In general, the fluid—particle interaction force fzf P (see.Eq. (5)) consists of the pressure gradient
force, the drag force, the added mass, and the lift\forece.” Based on our preliminary study of the
influence of added mass and lift force on the number\of discharged particles IV, the effect of these
two forces on N, can be neglected. Moréover, \the simulation results of N, without considering
these two forces agree well the experimental xesults of Lafond et al. (2013). Thus, only the drag
force and fluid pressure gradient axé considered in the fluid-particle interaction force f/P in this
work. The formula of the drag force, ff %9 employed in our simulations is corrected experimentally
by considering the hindered séttling effect (Syamlal et al., 1993; Sun and Xiao, 2016):

ra, ﬂ-dSi 1
W = e 5y (Upi — Up), (7)

where U, ; denotes the welocity of particle i. Uy;, ¢5;, and ¢r; represents the fluid velocity,
the solid volume fraction, and the fluid volume fraction interpolated at the center of particle i,

respectively.. B; is the drag correlation which accounts for the presence of other particles.

3C4;1U,; — Uy,
51‘ = — (;Z ‘ L f’Z’gbfi(bsi,With Cdi = (063 +4.8 VH-/Rep,;)Q, (8)
IVZ, 4y, 0 7 Vi,

where the particle Reynolds number, Re,;, is equal to prdp;|Up; — Uy,|/p. Vi is the ratio of the

terminal velocity of a group of particles to the terminal velocity of a single particle.

Vi =05 (A1 = 0.06Rep, + \/(0.06Rep,)? + 0.12Rep (2401 — Ay) + A2, ) 9)



with
Ay =¢%
{0.8¢};§8, if ¢r;<0.85 (10)

Ao =
' 265, if ¢s; > 0.85

In this work, we use a four-way coupled CFD-DEM solver, SediFoam, to simulate the jamming
phenomenon. This solver was developed by Xiao and Sun (2011) based on two open-seurce codes:
(a) the CFD toolbox OpenFOAM (OpenCFD, 2013) and (b) the molecular dynamics Simulator
LAMMPS (Plimpton, 1995). SediFoam has been demonstrated to be a capabletoelin simulating
many particle flow problems, e.g., a fluidized bed (Xiao and Sun, 2011; Gupta;2015), sediment
transport (Sun and Xiao, 2016), and sedimentation (Xu et al., 2018; Sun et al.,”2018), etc. In
these areas, the mathematical models mentioned above for the particle’motion, fluid flow, and the

interaction force have been verified and extensively validated.

3. Implementations and numerical models

3.1. Numerical setup

The geometry of the simulation domain is shown in Fig. 1, in which the z-, y- and z- coordinates

represent the length, width, and height directions, respectively. The fluid domain is a square pipe

side wall: no-slipivelocity'in CFD;
wall. boundary in DEM

outlet:
zero-gradient Uy in CFD;

T/ cyclic boundary in DEM
\ir‘g\\\\x

X constant Velogity Upwith \\\\ﬂ\'/b
paraboli¢.distribution in CFD; }0 —
cyclic.boundary in DEM \

Figure 1: Schematic diagram of the jamming simulation.

connected tola pipe with a smaller diameter. Along the z-direction, the fluid flow enters the
domain with a‘eenstant velocity from the ”inlet” patch and flows out at the ”outlet” patch with a
zero-gradient velocity. The fluid velocity profile on the ”inlet” patch is set as parabolic to ensure
thatthe fluid that enters the pipe is a fully developed laminar flow. Additionally, the ”inlet” and
”outlet” patches are set as periodic boundaries for the particles in the DEM. As the particles flow
out through the ”outlet” patch, they enter the simulation domain again from the ”inlet” patch.
It is noted that when employing the periodic boundary condition, the particles exiting from the
"outlet” patch enter the domain with the higher velocity than the fluid velocity on ”inlet” patch.

To guarantee this entry effect caused by the periodic boundary does not influence the occurrence



of jamming, the particles should decelerate to the fluid velocity before entering the constriction. In
our simulations, we observed the variation of averaged solid-phase velocity along the flow direction
and set the current length of the square pipe longer than the decelerating distance of the particles.
Thus, the entry effect of periodic boundary dissipates and does not influence the jamming behavior.
In the y- and z- directions, the ”wall” boundary is employed for both the fluid and the particles.
The other detailed boundary conditions are presented in Fig. 1. The circular pipe starts from x =
0.05 m (the location of the orifice) and ends at the "outlet” patch, z = 0.072 m. In some previous
works on the particle flow, it has been demonstrated that the static particles fixed\on the inner
surface of a wall could provide a higher effective wall friction than a flat wall (Gupta et al., 2016;
Weinhart et al., 2012). For this reason, in the DEM simulation domain, we model the boundary
wall of the circular pipe and the patch at the pipe conjunction as the fixed spherical particles, as

shown in Fig. 2. It is noteworthy that these added fixed particles are usedyonly to model a flat

Wy

2y
L/’ @ Moving particles
0 ~x - static particles which construct orifice

Figure 2: Schematic illustration of fixed and moving'partieles in simulation domain. The small blue spheres represent
the fixed particles that constitute the wall boundary (dpf = 0.45 mm), and the large red spheres represent the moving
particles.

wall and to restrict the particle motion, which means that they should not have any extra effect on
the fluid flow. Thus, the s0lid congéntration and the fluid-particle interaction force of these fixed
particles are not considered in the Navier-Stokes equations (Eq. 3). Furthermore, this work aims to
study the jamming that occurs in the fluid-driven particle flows. It is the fluid-particle interaction,
not the gravity, determining the particle motions and the occurrence of the jamming. Thus, the
gravity of the/article and fluid, of which the direction is perpendicular to the flow direction, is not
considered/here. This neglect corresponds to the physical condition that the particles are neutrally
buoyantin thejfluid. It is noted that the time spent observing the entire jamming phenomenon

T*

o stvation 18 defined as four times the journey time Tjourney that a particle travels from the inlet

patchto the orifice, which is equal to I, /Uy.

There are two series of cases. Case 1 aims to study the coupled effect of solid concentration ¢q
and the particle-orifice size ratio R. The particle-orifice size ratio varies from 1.2 to 3.2 by changing
the diameter of the moving particles. At different orifice size ratio R, we study the influence of the

solid concentration ¢g on jamming probability and find the two characteristic concentrations for



Table 1: Parameters of the numerical simulations.

Case 1 Case 2
(The coupled effect of g — R) (The effect of Uy)
Geometry
width, height, thickness of the
i 50 X2 X 7.2
square pipe l; x Iy x [, [mm]
length, diameter of the circular
22 X 2.4

orifice I, x D, [mm)]
orifice-particle size ratio R 1.2, L.5yle8, 2.0, 2.2, 2.4, 2.8, 3.2
Mesh resolutions
width, height, thickness of the

square pipe N, Nj,, N, P0 x99
length, diameter of the circular
pipe N;, X Np, 223
Fluid properties and flow conditions
kinetic viscosity v [x1075 m?/s] 1.0
density ps [x10% kg/m?] 1.0
mean flow velocity Uy [m/s] 0.2 0.05, 0.1, 0.15, 0.2, 0.25, 0.3
Reynolds number Re 1440 360, 720, 1080, 1440, 1980, 2160
Particle properties
fixed particle diameter’dpy, [mm] 0.45
moving particle diaieter dy, [mm] 0.75, 0.86, 1, 1.09, 1.2, 1.33, 1.6, 2 1
initial solid particle concentration ¢g [0.05-0.60] [0.05-0.40]
density ps [x102kg/m?] 2.65
stiffness coefficient &, /k: [N/m] 5000/1428
damping-coefficient v, /v [N/m] 99200,/49600
normal restitution coefficient 0.1
coefficient of friction 0.4

10



the occurrence of jamming. The initial solid concentration of the particle flow varies from 0.05 to
0.6, with the initial locations of the particles being randomly generated within the entire square
pipe. Case 2 aims to investigate the influence of the fluid velocity on jamming. The mean fluid
velocity in Case 2 varies from 0.05 m/s to 0.3 m/s (Re = 360 ~ 2160), and the particle velocity is
set as the mean fluid velocity of the driven flow. The other parameters of the simulations, including
the physical properties of the fluid and particles, are detailed in Tab. 1. It is noted that every
simulation case as shown in Tab. 1 is repeated at least ten times, with different random particle

seeds, to study the stochastic nature of the jamming problem (Mondal et al., 2016).

3.2. Validation case of the fluid-driven jamming

To validate our model simulating the fluid-driven jamming, we compar€ the simulation results
of fluid pressure drop due to the particle jamming A Pjgmming With the results obtained by Ergun’s
equation (Ergun, 1952); and the number of particles discharged before jamming N, with Lafond’s
experimental results (Lafond et al., 2013), as shown below. Moreover, thesgravity-driven jamming
is also simulated to validate the utilization of the fixed particles that construct the orifice, as

presented in Appendix B.

3.2.1. Fluid pressure drop caused by the jammed particles

As we know, when fluid flows through a columnpacked ‘with granular material, the fluid pressure
drops due to the kinetic and viscous energy loss (Ergun, 1952). After the particles start to clog
the orifice, the particles gradually backlog and form a packed particle column that leads to a fluid
pressure drop, APjaumming- In our simulations, apart from the pressure drop due to the fluid flows
across the abrupt contraction area (orifice), AF,,;fice, the fluid pressure drop, APjamming, caused
by jammed particles is observed, as'shown in Fig. 3. In addition, accompanying the accumulation
of particles, the fluid pressure/drop APjumming increases with the length of the packed particle
column. Based on previous worksithat study the value of APjsmming, the widely accepted pressure
loss equation was proposéd bysErgun (1952) with considering the flow rate, fluid properties, fluid
volume fraction, and the paranieters of the particle, as shown below:

1— ¢y Pfo2

AP’ammin 1- 2 U
]—92150( o5)” psUy ) (11)
P

+1.75
L o d2 &7

where Uy is thesmean velocity of the fluid, py is the dynamic viscosity of the fluid, and L and

¢y are the length and the fluid volume concentration of the packed particles, respectively. From
our Simulations, we obtain the averaged solid concentration of the stable packed particle column
and the averaged fluid pressure on the y-z planes along the z-direction when the particles are in
a stable jammed state. The fluid volume concentrations of the packed particle column ¢y, in our
simulations, range from 0.475 to 0.490 (see Fig. 4), which are very close to the value obtained
by Mondal et al. (2016), ¢ = 0.49. More importantly, the simulation results of APjamming/L in

different fluid flows are in good agreement with the results calculated by Eq. 11, as shown in Fig. 4.
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The mean mutual deviations of APjgmming/L between the above two methods are 2.73%, 2.47%,
and 0.54%, when Uy = 0.1, 0.2, and 0.3 m/s, respectively. This good match of APjumming/L
between our simulation results and the Ergun equation’s results validates our numerical models
in simulating the particle jammed state at different fluid velocities. Additionally, our simulation

model is viable to simulate the jamming that occurs in different fluid velocity flows.

3.2.2. The number of particles discharged before jamming N,

For the fluid-driven jamming, the number of particles discharged before jamming Npjjincreases
rapidly with the orifice-particle size ratio R. In Lafond’s experiments (Lafond etdal., 2013) study-
ing the three-dimensional jamming phenomenon, it is found that the logarithm of 'lN, is linearly
dependent on the size ratio R. To validate our simulations, we obtain the /N yand R from simula-

tions and compare them with the experimental results (Lafond et al., 2013). The constriction in

O Experimental results of Lafond et al., (2013)
1054 % Simulation results of Lafond's experiment
4 Simulation results of Case 1, ¢o =0.26
A Simulation results of Case 1, ¢ =0.6
108 4 Simulation results of Case 1, ¢o =0.64

1034

102 4

10 4

1004

The number of discharged particle before jamming N,

1.25 150 1.75 200 225 250 275 3.00 3.25
The ratio of orifice size to the particle diameter R

Figure 5: The log-linearsrelationship between N, and R. The simulation results of Lafond’s experiment are based on
the exactly same initial conditions of the experiments ” Composition ID: 1-3”. The simulations results of Case 1 are
fitted by a least squiares approach, and the coefficient of determination, also called R-squared, is denoted by RZ.

Lafond’s gxperiments is constructed by the wire mesh, and the long channel flume has the same
diameter downgtream the constriction. Hence, we firstly run the simulations based on the exactly
sameéunitial conditions of his experiments (Composition ID: 1-3), including the particle diameter,
the number of particles, and the physical properties of the fluid and particles. As shown in Fig. 5,
the simulations results based on the Lafond experiment setup agree very well with the experimental
results, which demonstrate the capacity and accuracy of our CFD-DEM simulations. Moreover, we
present the results of "Case 1”7 with different initial solid concentrations in Fig. 5. The log-linear

relationship between IV, and R at different solid concentration can be observed. Furthermore, it is
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found that the slope of the log-linear relationship increases with the rise of solid concentration ¢g.

4. Simulation results

4.1. The influence of the particle concentration

4.1.1. The dependence of jamming probability on solid concentration and orifice size
ratio

The jamming phenomena have a stochastic nature. Based on previous studiés concerning
gravity-driven jamming, the jamming probability Pj4, is mainly controlled by, the orifice size
ratio R (To et al., 2001; Guariguata et al., 2012). As for the fluid-driven jamming, apart from R,
the solid concentration of particle flow ¢g also has a great influence on the jamming probability
(Mondal et al., 2016). Hence, the dependence of the jamming probability on solid concentration
¢o and orifice size ratio R is studied in this work, and the simulation results are shown in Fig.
6 (a) and (b). The jamming probability defined here is the number of*trials in which jamming
occurs divided by the total number of trials (Guariguata et al’;2012)./For a better illustration of
the effect of the solid concentration on jamming probability, we define the two characteristic initial

solid concentrations: ¢ipreshoid aNd Periticar to distinguish the jamming state as shown below.

0, when @0 < Prpreshold
Pjgm =4 0~ 1, when  ¢g € (Pinresholds Peritical) (12)
1 when ¢0 > ¢critical

where ¢ihreshola represents the threshold solid‘eoncentration for the occurrence of jamming. Once
D0 > Othreshold, jamming is possible to happen. @critical Tepresents the critical concentration for
jamming. If ¢g > @eritical, jamning definitely occurs. From Fig. 6 (a), the jamming probability
increases with the solid concentration gy when ¢g € [dihreshold, Periticat] at different R. Moreover, as
shown in Fig. 6 (b), the jamming probability is determined both by the solid concentration and the
orifice-particle size ratio. The value of threshold and critical solid concentration, represented by two
white dashed lines ih Fig:y6.(b), divide the figure into the three parts: (1). non-jamming zone; (2).
definite jamming zeue; and (3). uncertain jamming zone. If ¢9 and R belong to the non-jamming
zone, jamming is unlikely to happen; As ¢¢ and R are in the ”definite jamming zone”, the jamming
occurs (Pjam =u,1)¢ And when ¢ and R belong to the uncertain jamming zone, Pj4,, increases
with ¢g and decreases with R. Furthermore, the values of the threshold and critical concentration
Othreshold and Gerirical increase with the orifice size ratio R, as shown in Fig. 7. This means that
the initial solid concentration at which the jamming is possible to occur is higher at the orifice
with larger R, which will be explained in Sec. 4.1.2. Notably, it is found that the critical orifice
size ratio R, also exists in fluid-driven jamming. Once the R is larger than R.,, even though the
solid particle concentration is very high, the particle jamming does not occur, e.g., when R = 3.2,

the maximum value of solid concentration ¢g = 0.64, while Pj,,, = 0. Guariguata et al. (2012)
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also demonstrated the existence of critical orifice size ratio R, in the two-dimensional fluid-driven

jamming.

4.1.2. The effect of solid concentration on particle discharge properties

The solid concentration ¢g influences not only the jamming probability but also the particle
discharge properties, including the particle discharge rate dn/dt on the ”outlet” patch and the total
number of particles discharged prior to jamming N,. From our simulations, we find that-the vari-
ation of particle discharge property can also be distinguished by the characteristic concentrations.
Figure 8 illustrates that the value of the discharged particles N, (represented by(the red triangu-
lar dot) first increases and then decreases with ¢g. N, reaches to its maximum value at a solid
concentration that is close to the critical concentration ¢gpiticqi. The particle discharge rate dn/dt,
which is denoted by the blue circular dot in Fig. 8, also increases withi¢y at a low concentration
range. However, when ¢ is greater than a specific concentration that is close to ¢ipreshold, dn/dt
does not increase further and remains almost constant with the solid coneentration ¢( (see also Fig.
14). This result is attributed to the fact that the orifice has a maximum particle discharge capacity
dn/dtma, which limits the particle discharge rate dn/dt. When ¢y is greater than ¢gpreshoid, the
particle discharge rate dn/dt has reached to the value of discharge capacity of the orifice dn/dt,aq;
Although ¢g increases, the dn/dt will keep at the valuewof dn/dt,,.. and do not increase. In other
word, when dn/dt reaches to the maximum discharge.capacity of the orifice, it can be inferred the

¢o is greater than ¢upreshold, and the jamming'is possible to occur. Furthermore, it is found that
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Figure,8: The"influence of solid concentration on particle discharge properties. The dots and error bars represent
the mean value and standard deviation of quantities of different simulation trials. When ¢o is greater than the
Pthreshold, the error bars become larger. This is because when jamming does not occur, the particle discharged
number and discharge rate is easy to determine with low noise. As the opening size increases, the jamming is possible
to happen, the sample standard deviations of N, and dn/dt rapidly increase because of the stochasticity of the

jamming phenomenon.
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the maximum discharge capacity of an orifice dn/dt,q, is dependent on the orifice-particle size
ratio R. Lafond et al. (2013) proposed the equation of the maximum discharge rate by substituting
the acceleration scales of fluid-driven flow d]% / dg into Beverloo’s equation (Beverloo et al., 1961),
as shown below:

dn -3 2 d;2; Do -3 DO 2/
E = Cdp (Do - dp) ﬁ(DD - dp) = C(f) (Do - f) (R - 1)7 (13)
max D

where C' oc Uy, which is independent of the particle size and orifice size. Hence,. theyrelevant
quantity to collapse the data is (%)_‘r)’(D(J - % 2\/(R —1). We obtain the simulation résults of
dn/dtmq, at different orifice-particle size ratio R (see Fig. 9 (a)) and plot the relationship between
the quantity dn/dt,,., and (%)_3(D0 - %)2\/(]% — 1), as shown in Fig.<9 (b). From this figure,

Linear fitting of the simulation results
y =0.59x + 416.2, R? =0.994
& Simulation results
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Figure 9: The simulation reSultsiof particle discharge capacity dn/dtmae> when ¢o = 0.6, Ur = 0.2 m/s.

the linear relationship bétween dn/dt,,q, and (%)’3(D0 — %)2m proposed by Lafond et al.
(2013) can be observed, supporting our analysis of the particle discharge properties. It’s shown in
Fig. 9 (a) that with the growth of orifice size ratio R, dn/dtq, increases significantly. An orifice
with a larger gize ratiovhas a greater particle discharge capacity, which can explain why the value of
Gihreshold A Geritid increase with the orifice size ratio R (see Fig. 7). The jamming is possible to
occur when ¢g > Gihreshoids which corresponds to dn/dt = dn/dt,e,. With the increase of R, the
orifice’s diseharge capacity dn/dt,;,q, increases. Accordingly, the particle discharge rate dn/dt at
b0 = Gfhreshold increases, which means the value of ¢¢presholg rise up. On the other hand, with the
decrease of the size ratio R, the value of dn/dty,., decreases. The discharge rate dn/dt as jamming
occurs becomes lower, and thus ¢;preshold decreases.

Apart from Pj4y,, and dn/dt, the solid concentration also influences the time 77, when jamming

jam

occurs. When ¢y > ¢eritical, the time before the particles jam at the orifice decreases with increasing
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¢0, as shown in Fig. 10. This change can also be illustrated by the fact that when ¢g > Periticals
the number of discharged particles N, decreases as the solid concentration ¢g increases, while the
value of dn/dt remains almost constant (see Fig. 8). Therefore, when ¢g > deriticals T}, decreases,

and the jamming occurs more quickly at higher solid concentrations.
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Figure 10: The influence of solid concentration on dimensionlessijaniming time 17,,,, where T7,,, = Tjam /Tjourney-

4.2. The influence of the fluid velocity

For the fluid-driven jamming, the-fluid velocity Uy also has an important effect on the jamming
probability and the particle discharge property. In this part, the influence of Uy over a range
(0.05 ~ 0.3 m/s) on jamming 48 investigated. Firstly, we observe two typical types of jamming in
our simulations, referred tod@s: (a)asequential bridging and (b). multi-particle bridging by Mondal
(2013) respectively. Sequentialibridging emerges only in low-speed flows with Uy = 0.05 m/s and
low-solid concentrationiflow (¢ < 0.14), as shown in Fig. 11. During this jamming process, the
first particle is stopped ,om the pipe wall due to the wall friction, and subsequent particles are
captured sequentially, by the previously deposited particles until the particles clog the pipe and
refuse to flew out. The onset of this type of jamming depends on the value of the fluid-driven force
acting on the particles. In low-speed and low-solid concentration particle flows, the fluid drag that
drives theyparticles to move is small and can be balanced by the friction force. Thus, the friction
force\dominates the particles’ motion and impedes the particles’ motion. This type of jamming can
occur anywhere in the pipe of small diameter and does not have the noticeable ”jamming dome”,
as shown in the profile of simulation domain (see Fig. 11). The other type of jamming, called
"multi-particle bridging”, occurs in the other cases of our simulation. In this type of jamming,

many particles flow through the orifice simultaneously. A particle bridge is gradually formed across
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the orifice, which results in the jamming phenomenon. The profile of the jamming dome can be

observed clearly in Fig. 12.
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Figure 11: Sequential jamming occurs in low-speed and low-solid concentration flows.The/fluid velocity Uy = 0.05

m/s, orifice-particle size ratio R = 2.4.
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Figure 12: Multi-particle bridging. The fluid velocity Uy = 0.05 m/s, orifice-particle size ratio R = 2.4.

In addition, the fluid velocity U, influénces the jamming probability. According to the previous
studies (Mondal et al., 2016) sjamining probability Pj,, increases with the number of particles that
pass through the pipe constrigtion /N,,. Before studying the influence of Uy on Pj4p,, we utilize the

dimensionless observation time 7%

oservation 0 €xclude the interference of Uy on Np. The value of

o servation 1 et asfour times Tjourney at different velocity flows (Tjourney = 4;}—“}) to allow the same
number of particles,N,, passing through the constriction. Besides, the initial locations of particles
are set as thé same at different velocities, so the jamming probability is influenced only by the
fluid veloeity but not by the initial particle positions. From Fig. 13, when solid concentration ¢q
is smaller than/0.14, Pjgy, = 0.1 only when Uy = 0.05 m/s. This is because ”"sequential bridging”
occurs,at the low-concentration and the low-fluid velocity flow. While, when the solid concentration
¢o is ‘greater than 0.14, "multi-particle” bridging occurs. For this type of jamming, the value of
Pjom at Uy = 0.3 m/s is the maximum, and the Pj,p, at Uy = 0.05 m/s is minimum. With the
increase of the fluid velocity, the jamming probability Pj., increases, especially when Uy < 0.2
m/s. However, there is a singularity at ¢9 = 0.18, where Pj4y, at Uy = 0.2 m/s is smaller than

that at Uy = 0.1 m/s. This may come from the stochastic property of the jamming. Dai and
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Grace (2010) proposed that the reason why Pj,pn, increases with the Uy is that more particles pass
through the orifice simultaneously at the higher Uy. Hence, we obtain the particle discharge rate
dn/dt at different fluid velocities.
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Figure 13: Dependence of jamming probability on the solid concentration ¢o and the fluid velocity Uy. The orifice-

particle size ratio R is 2.4.

As is shown in Fig. 14, when ¢g > @ipreshold, the particle discharge rate dn/dt reaches to the
maximum value dn/dtyq,, and the jamming,is possible to happen (Pjgm > 0). More importantly,
the value of maximum discharge rate-dmyjdt, .. is greater at the higher fluid velocity; Accordingly,
the value of Pjgy, is higher (see Fig. 13). It has been demonstrated the N, is not the reason
that Pjqm increases with the.dncrease of the Uy. From Fig. 13 and Fig. 14, the reason that
the Pjan increases with Ug is that/dn/dt,,q, increases with Uy. In the flow with the higher
velocity, more particles are passing through the orifice per unit time, hence the jamming probability
increases. Furthermorey we acquire the dn/dty,q, over a wide range of the fluid velocity to discuss
the dn/dta.—U relationship, as shown in Fig. 15. We find that the dn/dtmae—U ¢ correlation is
different at different zange of fluid velocity. When Uy is lower than 0.15 m/s, the value of dn/dt ,qq.
is proportional to the Uy, which is the same as the assumption C' < Uy in Eq. 13 proposed by
Lafond et al. (2013). However, when Uy is high, the slope of the dn/dt,,..—Uy correlation decreases.
And when, Uy/s higher than 0.25 m/s, dn/dtpa.—Uy lines become almost flat. The low-gradient
part ‘of dn/dt,,..—Uy relationship indicates that the fluid velocity has the relatively small effect on
the maximum particle discharge rate dn/dt;q, when Uy is high. Since the Pj,p, is related to the
dn/dtmaz, the effect of Uy on dn/dty., also can be presented on the effect of Uy on Pjgp,. For
example, at R = 2.4, when Uy > 0.2 m/s, dn/dty,q, increases slightly with the Uy; Accordingly, the

jamming probability does not increase significantly with the fluid velocity (see Fig. 13). Guariguata
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et al. (2012) also did not observe the apparent influence of the fluid velocity Uy on the jamming
probability Pju,,. This may attribute that the fluid velocity Uy in his experiments is relatively high
(Us = 0.14~ 0.3 m/s), which has the insignificant effect on dn/dt. Therefore, in this small range

of fluid velocity, the variation of Pju,, with U is invisible.

4.8. Jamming dome

For the "multi-particle bridging” case, a three-dimensional jamming dome forms at/the orifice.
We can track every particle’s motion, location and the contact force from the DEM simulations.
Therefore, the shape of the jamming dome and the factors that contribute toAt, are first inves-
tigated here. Because of the rotational symmetry of the three-dimensional” deme;ywe plot the
two-dimensional profile of it for a direct and visualized observation. As is shown in Fig. 16, the
jammed particles of which the z-coordinate € (0.00355,0.00365) m are presented by the hollow cir-

cles, which forms an obvious jamming arch near the orifice. In this waork, wejconsider the jamming
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Figure 16: Middle cross-section of the three-dimensional jamming dome. The initial solid volume ¢y = 0.28, and the

orifice-particle size ratio R = 2.4.

arch as the most common parabolic arch (Vaidyanathan and Perumal, 2004) and fit the locations of
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the bridged particles with a parabolic function, x = Ay?+ By+ C, where = and y here represent the
z- and y- coordinate of the particle location; And A represents the curvature of the arch. Figure 17
shows that the curvature of the arch A increases with fluid velocity Uy, which means the jamming

arch formed in the higher-speed particle flow bends more sharply.
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Figure 17: The parabolic jamming arch. The initial solid velume ¢gy= 0.28, and the orifice-particle size ratio R =
2.4.

We infer that the influence of the fluid“velocity on the shape of the arch is due to different fluid
drag exerted on the jammed particles. With increasing the fluid velocity Uy, the fluid drag acting
on the clogged particles rises, and the inter-particle contact force grows. From our simulation, the
value of the inter-particle contaet force.can be presented by the force chain figure of the particles,
as is shown in Fig. 18. Thesvalué of the inter-particle contact force is larger in the higher-speed
flow, represented by the larger-diameter cylinder with the darker colour. Moreover, we calculate

mn

the value of averaged contact stress c°°” on the y-z planes proposed by Xu et al. (2018), which
increases obviously with the fluid velocity, as shown in Fig. 19. The value of contact force between
particles, whethertin’the bulk of the packed column or in the jamming arch, is both greater in
the higher-spéed flow due to the greater fluid drag force. The drastic increase of contact stress at
x = 0.0475"~0.0485 m is attributed to the existence of the jamming arch, which decreases the
effectivelcontacted area of packed particles.

Furthermore, the force acting on the particles influences the shape of the jamming dome. The
particlé jamming dome can be stable only when the tangential contact force satisfies the frictional
yield criterion of°" <= pos’®. The dome with a larger curvature can resolve more fluid drag into
a normal direction, and, in turn, eliminate the tangential contact force. Thus, the jamming dome
with a larger curvature can bear a greater fluid drag and remain stable in a higher-speed flow. In

contrast, if the jamming dome has the small curvature, the tangential contact force resolved from
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the fluid drag is larger and cannot be balanced by the maximum frictional force, and thus, the
jamming arch with a small curvature can not form in the high-speed flow. In summary, with the

increase of the fluid velocity, the curvature of the jamming arch increases.
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Figure 19: The averaged contact stress ocon between particles‘along the.x-direction when ¢o = 0.28 and R = 2.4.

5. Conclusion

By employing the coupled CFD-DEM, this work investigates the three-dimensional fluid-driven
jamming phenomenon. The simulatien medel is firstly validated by the /N,~R relationship and the
pressure loss A Pjamming- The close match between our simulation results and the results of previous
works demonstrates the validity, and capacity of the current model. Then, we discuss three critical
factors that influence the oécurrence’of the fluid-driven jamming, i.e., the orifice-particle size ratio
R, the initial solid coneentration ¢g, and the fluid velocity Uy. The concluding effects of these

factors are detailed as follows:

1. When theyinitial solid concentration ¢g is greater than ¢unreshoid, the jamming is possible
to occur, and the jamming probability increases with the ¢9. Once the ¢g is greater than
Gerifical, thejamming definitely occurs (P = 1). Furthermore, the occurrence of jamming is
related to the particle discharge rate dn/dt. When dn/dt reaches to the maximum discharge
capacity of the orifice dn/dt,,q., the jamming is possible to happen (P > 0). In addition, the
time when jamming occurs is influenced by the solid concentration ¢g. When ¢g > ¢critical,
jamming occurs more quickly in the higher solid concentration flow.

2. The coupled effect of the solid concentration and the orifice size ratio on jamming probability
is also studied here. It is found that with the increase of the orifice size, the value of ¢ eshold

and ¢piticar increases. This is because the maximum discharge capacity of the orifice dn/dtqx
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increases with the orifice size ratio R. An orifice with a larger size ratio has a greater
discharge capacity that allows more particles to flow through. Therefore, the maximum value
of the particle discharge rate dn/dt is higher, and accordingly the value of ¢ipreshora is higher.
For an orifice with a larger size ratio R, jamming is possible to happen in the higher solid
concentration flow. However, there is a critical orifice size ratio at which the jamming is
impossible to happen even if ¢¢ is very high.

3. The influence of the fluid velocity on jamming is complex and varies with the solid concentra-
tion and the fluid velocity. It is found that Uy influences the type of jamming, the jamming
probability, and the shape of the jamming dome. The sequential jammingywithout a jam-
ming dome occurs in the particle low with the low solid concentration and the low speed.
Otherwise, the multi-particle bridging occurs. For the multi-particlé bridging, the jamming
probability increases with the fluid velocity due to the increase ofthe maximum particle dis-
charge rate dn/dt,,q.. However, when the fluid velocity is high, the effect of the fluid velocity
on jamming probability becomes insignificant because the dn/dtma, 1s not significantly influ-
enced by the fluid velocity. Additionally, the fluid velocityshas_the effect on the shape of the
jamming dome. With the increase of the fluid velocity, the fluid drag exerted on the clogged

particles increases, and thus the curvature of the jamming arch grows.
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Appendix“A. Diffusion-based averaging method

The solid volume fraction ¢, solid phase velocity Uy, and fluid-particle interaction force F/P

is obtained by implementing a robust diffusion-based averaging method from discrete particle data
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(Sun and Xiao, 2015a,b, 2016). The first step of this method is averaging these fields, e.g. the solid
volume fraction ¢, based on the particle centroid method (PCM):

np’k
> Vb
=1

d)s,k - ch,k 5

(A1)

where £ is the fluid cell index. ¢g is the solid volume fraction of cell k£ and V. ; is the volume
of cell k. n,, denotes the number of particles in fluid cell &, V},; is the volume of particle i. The
obtained ¢ by using PCM method is served as the initial condition ¢ j|(=o fOr the following
diffusion equation (Sun and Xiao, 2015a,b):

09
or

= V2¢p, for xe R 7 >0, (A.2)

where x is spatial coordinate; V2¢, =0%¢s/0x% + 0%¢,/0y> + 0%¢s02%. Integrating the above
diffusion equations (Eq. A.2) with the initial conditions (Eq. A.1) and zero-gradient condition at
the physical boundary until time 7 = T, the obtained ¢4(x,T). is-the averaged field to be used
in our simulations. The similar diffusion based coarse graining method is implemented to acquire
U, and F/? in Eq. 3. It is noteworthy that U, and F/P is not calculated directly, while the
quantities ¢sUg, and ¢ mef P are chosen to solve in the diffusion equations due to the conservation

requirements, i.e.,

Ne Np
particle momentum:. ps Z Gk VerUsk = Z PsVpiUpi (A.3)
k=1 i=1
Ne Np
fluid-particle interaction force: Z(l — QSS,k)prc’kagp = Z £/7 (A.4)
k=1 i=1

where N, and N, represents the total number of fluid cells and particles in system. U, is the
Eulerian solid phase veloeity ineell &k, and Fmip denotes the fluid-particle interaction force per unit
fluid mass in cell k. Finally, divide the diffusion-based averaged quantity ¢s;Us(x,T) by ¢s(x,T),
and multiply the quantity & mef Pr(x,T) by py, to obtain U, and F/P, respectively. This method
has been demenstrated/to be equivalent to the statistical kernel method with a Gaussian kernel
(i.e., the bandwidth/of Gaussian kernel b = v/4T) (Sun and Xiao, 2015a,b) but is more convenient
to implement in CFD-DEM simulations.

Appendix B. Validation case of the gravity-driven jamming

Before validating the fluid-driven jamming cases, we first performed a simulation of gravity-
driven jamming to validate our DEM model. Same as Zuriguel’s experimental setup (Zuriguel
et al., 2005), a cylindrical silo has the diameter of 30 cm. The flat base of the silo with a circular

hole is also modeled by the fixed particles. Besides, the particle properties are based on the ”Set
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1”7 experiment of Zuriguel et al. (2005), where d,, = 0.001 m and p, = 2200 kg/m3. In place of the
jet of pressurized air from beneath the orifice that triggered the avalanche in the experiments, we
utilized a frictional wall to accumulate the packed particles and then unfixed the wall to release

the particles. As proposed by Zuriguel et al. (2005), when the orifice-particle size ratio R is smaller

T
—— Reriticar = 4.93, Zuriguel et al. (2005)!
14000 1o~ Simulation results !

12000 1

10000 A

8000 -

6000 -

4000 -

The number of discharged particles

2000 A

470 475 480 485 490 495 500 5.05 5.10
The orifice-particle size ratio R

Figure B.20: The number of discharged particles at different R

than a critical size ratio R, the particlestelog the'silo’s outlet, and the particle jamming occurs.
On the otherwise, once the orifice-particle sizeratio exceeds the critical size ratio, the particles fall
continuously from the silo without jamming. In our simulations, we found that when orifice-particle
size ratio R is smaller than 4.85/the particle jamming occurs. The number of discharged particles
is very small, which is in the rangeof [24, 38] when R € [4.70,4.85]. However, when R >= 4.88, the
particles fall continuously/without jamming, the number of discharged particles increases sharply
from 24 (R = 4.85) t0"13078 (R = 4.88), as shown in Fig. B.20. This means that the critical
size ratio obtained ifn ourisimulation is in the range of [4.85, 4.88], which is very close to the value
of R, 4.94 + 0.03; obtained in Zuriguel’s experiment (2005). This close agreement validates our
model for simulating the gravity-driven jamming and demonstrates the validity of the utilization

of the fixed"particles that constructs the hole/orifice.
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