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Formation of granular jets
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Abstract. Based on discrete element method (DEM) simulations, this study investigates the formation of
granular jets triggered by the sudden unloading of a compressed granular column. After unloading, a jet can
be generated from a granular column with a meniscus-shaped free surface. The evolution of jet velocity can be
divided into two stages: the acceleration stage and the gravity-governed stage. In the gravity-governed stage, a
grain stream can exhibit different regimes, including dispersed atomized grains, a sharp tip, and an elongated
root. The effects of the key physical properties of grains on the jet velocity in the early stage are investigated. We
find that a higher Young’s Modulus is beneficial for generating a granular jet. The sliding friction coefficient
and the coefficient of restitution have limited effects, which implies that the jet velocity is insensitive to the
damping and tangential forces of the grains. Mass density significantly influences the velocity of granular jets.
It is found that the jet velocity is proportional to the natural frequency of the grain-spring system. An increase
in cohesion energy density leads to a reduction in jet velocity.
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1 Introduction

In liquid systems, focused jets can be generated using
Pokrovski’s experimental method, which releases a test
tube partially filled with liquid to impact a rigid sub-
strate. Antkowiak et al. [1] adapted liquid jet formation
techniques to granular materials and demonstrated that
meniscus-shaped free surfaces in granular piles can pro-
duce a focused jet, closely resembling the dynamics of liq-
uid jets. This approach’s simplicity presents opportunities
for advancing the development of powder injectors in the
medical field [2], optimizing spray dryers in the food in-
dustrial [3], and enhancing seed spraying applications in
agriculture [4]. Regarding the focused granular jets, An-
tkowiak et al. [1] proposed that in both liquid and granular
systems, the appearance of meniscus or concave shape of
the free surface is a key to generating focused jets by us-
ing Pokrovski’s method, otherwise, if the free surface is
flat, a jet can not be formed. However, they did not delve
into the factors that affect the formation of granular jets.
Kobayashi et al. [5] investigated the effects of impact ve-
locity and length of the grain column on the velocity of the
granular jet and pointed out the crucial role of the impact
velocity (shock strength) and the granular column length
on the jet velocity. The results of their study align well
with previous studies on interfacial instability, which pro-
posed that the evolutions of the free surface strongly de-
pend on the shock strength and the length of the granular
columns [6, 7].

The above studies explained the effects of macroscopic
initial parameters, i.e. the impact velocity and the column
length of the granular pile, on the jet velocity. However,
studies related to the effects of the physical parameters of a
single grain on the jet formation are missing, although the
physical properties of the grain itself can significantly af-
fect the behaviors of granular flows [8]. Moreover, due to
the opaque granular materials, it is hard to capture the de-
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tails inside the jets experimentally. Therefore, simulations
are required to see the full picture of a jet formation. In
this research, the details of the granular jet formation and
the effects of key physical parameters of mono-dispersed
spherical grains (i.e. Young’s Modulus, coefficient of resti-
tution, friction coefficient, mass density, and cohesion en-
ergy density) on the average jet velocity are investigated.

2 Simulation methods

Figure 1. (a) a schematic showing two contacting grains i and j.
The top-left inset details all forces acting on grain i. (b) the initial
condition in the simulations before the unloading and impact.
Details are listed in table 1. (c) an illustration of the jet velocity
measurement.
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2.1 Contact model

In this study, an open-source DEM solver, LIGGGHTS [9]
is used to perform the simulations. All the forces and
torques on a single grain are shown in figure 1(a). The
Hookean model is used to calculate Fi,n = (knωni j ↑ εnun)
and Fi,t = min{|kt∆st↑εtut |, µsFi,n}. Fi,adh = kCEDA is gov-
erned by the simplified Johnson-Kendall-Roberts (S-JKR)
model and Ti, f = ↑µrknωei jRi is calculated using the con-
stant directional torque (CDT) model. These three mod-
els above are all included in the LIGGGHTS package [9].
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normal and tangential spring and damping coefficients, re-
spectively. ω is the overlap distance while grains contact in
the normal direction, ni j is the unit vector along the center
line of grain i and j. ωn and ωt are the normal and tan-
gential components of relative velocity, respectively. ∆st
is the tangential displacement vector. µs and µr are the
sliding and rolling friction coefficients, respectively. R
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where Ri, mi = (4/3)ϑR3
i
ϱi and ϖi are the radius, mass

and Poisson’s ratio of grain i respectively, and ϱi is the
mass density. V is the characteristic impact velocity, one
of the parameters used to calculate kn. e is the coeffi-
cient of restitution. kCED is the cohesion energy density
in J/m3. A = 4ϑRω is the contact area of grain i with j,
and ei j is the relative direction of rotation between grain
i and j. Fi,Gravity = mig is the gravity of the grain i and
g = 9.8 m/s2 is the gravitational acceleration.

2.2 Simulation setup and process

A DEM model consisting of a tube-shaped meshed bound-
ary wall and monodisperse spherical grains is created, as
shown in figure 1(b). The geometric parameters of the
simulation system are listed in the table 1. Grains are
generated from the top of the tube-shaped boundary at a
constant rate until the number of grains reaches 75,000,
while the grains accumulate at the bottom of the tube due
to gravity. Since jet formation requires a meniscus-shaped
free surface, once the system stabilizes, a spherical bound-
ary moves uniformly along the negative direction of the
z-axis, compressing the free surface. This reshaping pro-
cess continues until the free surface closely approximates
a hemispherical concave. After running the simulation to
ensure the system reaches equilibrium again, the grains
and tube-shaped boundary are set to move with uniform
acceleration under the effect of gravity until they fall a
distance H, at which unloading and impact occur. At
the moment when the tube velocity reaches V0 =

√
2gH,

the tube-shaped wall is abruptly stopped, and the spheri-
cal boundary is instantly removed. This sudden unloading
and impact initiate the formation of a granular jet. Dur-
ing motion, the spherical boundary responsible for reshap-
ing the initial free surface moves at the same velocity as
the grains, ensuring that the free surface shape is main-
tained. However, because the meshed ball compresses

Table 1. Geometric parameters in the simulations.

Item Value Definition
Dg 200 µm Diameter of grain
Dt 8 mm Diameter of tube
Rm 3.9 mm Meniscus radius of free surface
Lt 60 mm Diameter of tube
Lg 9 mm Length of granular pile
H 20 mm Distance of free falling

the granular column, significant residual forces among the
grains are introduced, which dominate the jet formation.
In this study, we focus on the formation of a granular jet
driven by suddenly releasing the residual forces, hereafter
the unloading-induced jet. Details regarding the impact-
induced granular jet and the unloading-induced jet can be
found in the Supplementary Material (SM).

The strategy of jet velocity measurement is illustrated
in the figure 1(c). The average jet velocity is defined as
Vjet = L/∆t, where ∆t is the time interval after unloading
and impact. L is the distance between the initial free sur-
face and the tip of the jet after ∆t. Due to the instability
of granular flow, a dilute flow may be formed [10]. In this
study, the tip of the granular jet marked by a red dashed
curve is detected by a density-based spatial clustering of
applications with noise (DBSCAN) algorithm proposed by
Ester et al. [11]. At each time step, this algorithm is exe-
cuted prior to measuring the jet velocity.

3 Results and discussions

3.1 The profile of the granular jet generation

In this section, the profile of the jet generation is inves-
tigated using different values of Young’s Modulus E of
grains and characteristic velocity V of the contact model
mentioned in section 2.1. The details of the initial setting
and important parameters used in the simulation are listed
in the table 1 and 2, respectively.

As shown in figure 2(a), in the case of E = 100 MPa,
V = 0.62 m/s (kn = 552.8 N/m), after unloading, the con-
cave free surface gathers and disappears around 0.75 ms.
Around 1.5 ms, the grains are aggregated into a string
along the z-axis, and the jet begins to form. The shape
of the jet evolves with time. At around 25 ms, three dif-
ferent regimes of the granular stream can be observed:
I. dispersed atomized grains, II. sharp tip and III. elon-
gated root. The dispersed atomized grains occur as the
grains start to move, due to the instability of the free sur-
face. To explain the formation of regimes of II and III,
we assume that once the meshed ball is removed, the com-
pressed granular column behaves like a spring composed
of grains, instantly releasing its stored energy to eject the
grains. The layer-by-layer release of grains from top to
bottom due to the unloading results in a velocity gradient
along the z-direction, which gives rise to an enlarged root.
As shown in Figure S3, the residual force is greatest near
the axis of symmetry of the granular pile. As a result, upon
sudden unloading, grains in this region have the highest
acceleration. In addition, due to the meniscus-shaped free
surface, grains converge toward the center, leading to the
formation of a sharp tip. For the case of E = 630 MPa,
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Figure 2. (a) and (b) are the temporal evolution of the granu-
lar jet formation after unloading and impact as E = 100 MPa,
V = 0.62 m/s and E = 630 MPa, V = 1 m/s, respective,
and comparisons with experiments which the diameter of glass
beads Dg = 45 µm, Dt = 10.6 mm, Rm = 5 mm, Lg = 20 mm,
and H = 20 mm for (a) and Dg = 215 µm, Dt = 27.6 mm,
Rm = 13.2 mm, Lg = 20 mm, and H = 40 mm for (b).

V = 1 m/s (kn = 2917.9 N/m) shown in figure 2(b), the
evolution of the jet is faster than that in the former case.

To understand the effects of Young’s Modulus on the
jet formation, the evolutions of grains’ kinetic energy Ek =∑

N

i=1(1/2)miv
2
i

is calculated, where vi and N are the veloc-
ity of grain i and number of grains, respectively. After un-
loading, the potential energy stored in the granular pile is
rapidly converted into the kinetic energy of the grains. As
shown in figure 2(c), the kinetic energy increases almost
instantaneously and peaks in a very short range, around
0.12 ↓ 0.3 ms (highlighted with blue backgrounds). A
steep drop in kinetic energy follows the peak, lasting about
0.48 ↓ 0.95 ms (highlighted with yellow backgrounds),
which may result from frequent collisions among densely
packed grains during the initial phase of jet formation.
Then, the kinetic energy decreases slowly. As shown in
figure 2(d), the evolution of the average velocity of the jet
can be roughly divided into two stages: the acceleration
stage (marked in green) and the gravity-governed stage
when the velocity decreases uniformly. A larger Young’s
Modulus of grains is beneficial for the forming of a gran-
ular jet because, at the same deformation level, a higher
Young’s Modulus leads to more stored potential energy in
the granular pile, enabling grains to acquire more kinetic
energy upon unloading.

Additionally, for different Young’s Modulus, the two
types of granular jets observed in the experiment are re-
produced qualitatively in the DEM simulations. One is
that the granular jet is formed from the dense granular
base, which is marked by the red dashed lines in the fig-

Table 2. Parameters used in the DEM simulations

Parameter Definition Unit Value
ϖ Poisson’s ratio - 0.24
e Coefficient of restitution - 0.7
ϱ Mass dencity kg/m3 2500
µs Sliding friction factor - 0.5
µr Rolling friction factor - 0.01

kCED Cohesion energy density kJ/m3 0

ure 2(a). The other one is that during the jet elongating, a
cavity occurs at the bottom, which is marked in figure 2(b).
Such similarities suggest that a compression–release pro-
cess may also be involved in the formation of impact-
induced granular jets.

3.2 Effects of key physical parameters on jet
velocity in early regime

In this section, the effects of the physical parameters of
grains on the average velocity of the jet in the early stage
are investigated. Based on the values in the table 2, coef-
ficient of sliding friction µs (0.1 - 0.9), coefficient of resti-
tution e (0.1 - 0.9), cohesion energy density kCED (0 - 500
kJ/m3) and mass density ϱ (500 - 8500 kg/m3), are var-
ied separately in each simulation. As shown in figure 2(d),
the average velocity of a jet reaches the maximum value
before 10 ms when it is early stage for the jet formation.
Therefore, this maximum value is chosen to characterize
the velocity of a granular jet in the early regime.

Figure 3. Effects of physical parameters of grain on the average
velocity of the granular jet in the early stage.

In figure 3(a), with the increasing µs, the velocity first
increases then tends to remain constant, which may imply
the occurrence of the sliding friction coefficient threshold
below which may affect the jet behavior. As discussed
in 2.1, µs is related to the maximum value of Fi,t, which
means that when the µs is small, the value calculated by
the deformation of grains can easily exceed this maximum
value causing the value of Fi,t equal to the sliding fric-
tion. In this range, the increase of µs leads to a larger Fi,t,
which may benefit the formation of the jet. When the µs is
large enough and the value calculated by the deformation
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of grains can not exceed the sliding friction, the Fi,t does
not change with the µs, leading to a constant jet velocity.
For the coefficient of restitution e in figure 3(b), although
a lower e leads to more energy dissipation, the jet velocity
is not affected much. According to figure 3(c), the ve-
locity is decreased by the increasing kCED, which means
that the cohesion may hinder the jet formation. As shown
in figure 3(e), the velocity of the jet obviously decreases
with the increasing mass density. To explain this trend, we
simplify the system as a mass-spring model, in which a
compressed spring with stiffness equal to the grain’s nor-
mal stiffness kn is used to launch a grain with mass m

→.
The natural frequency of the simplified system is

↔
kn/m→

2ϑ .
In figure 3(d), the horizontal axis is treated as natural fre-
quency, and the linear trend implies that:

Vjet = ς

√
kn

m→
(1)

where ς is a fitting parameter with units of length, which
may relate to the grain size or characteristic length. The
increase in natural frequency enhances the responsiveness
of grains to force variations. As a result, after unload-
ing, grains begin to move more quickly in a system with a
higher natural frequency, producing a higher jet velocity.

Overall, e and µs have little effect on the jet velocity
for the unloading-induced jets, while ϱ has a significant
impact. As discussed in 2.1, µs is related to the tangen-
tial force (Fi,t), and e is related to the damping coefficient
(εn and εt). It implies that the velocity of the granular jet
is insensitive to changes in tangential force and damping
coefficient. The jet velocity is linearly proportional to the
natural frequency of the relevant mass-spring system.

4 Conclusions

After a granular jet is formed by unloading a compressed
granular pile suddenly, the jet is first accelerated and then
governed by gravity. Due to the instability of granular flow
and velocity gradient along the z-axis, the jet evolves into
three regimes: dispersed atomized grains, sharp tip, and
elongated root. The normal force exerted on the grains due
to the compression significantly influences the jet velocity,
and the tube-shaped wall restricts the effects of tangential
force. The dumping force and friction have limited effects
due to the short contact time between grains when it flows
rapidly. The increase in cohesive energy density enhances
the tendency of grains to aggregate together, which in turn
decreases the jet velocity. Mass density has significant ef-
fects on the velocity of granular jets. It has been found that
the jet velocity is proportional to the natural frequency of
the mass-spring system. However, how the grain size or
the characteristic length affects the jet velocity needs to
be further investigated. The jet formation mechanisms in
the unloading-induced and impact-induced cases appear
to differ. Therefore, the influence of grain-scale physi-
cal parameters on jet formation in the impact-induced case
should be further investigated.

Moreover, Li et al. [12] observed an interfacial insta-
bility phenomenon by pressure shock in fluid-particle cou-
pling simulation that resembles the jets in this research.
Their study emphasizes the importance of particle–gas in-

teractions, which may suggest that considering air resis-
tance in our study could lead to interesting findings. In
addition, for the experimental photos in the figure 2(a) and
(b), the quality of focusing for the granular jets is varied
with the changing of the ratio of the tube diameter to the
grain size. The mechanism leading to this phenomenon
needs to be further investigated.

In the end, we gratefully acknowledge Dr. Satoshi
Takada and Mr. Kohei Yamagata of Tokyo University
of Agriculture and Technology for their insightful discus-
sions, which provided valuable inspiration for this study.
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