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When a thin tube is dipped into water, the water will ascend to a certain height, against the action of
gravity. While this effect, termed capillarity, is well known, recent experiments have shown that agitated

granular matter reveals a similar behavior. Namely, when a vertical tube is inserted into a container filled
with granular material and is then set into vertical vibration, the particles rise up along the tube. In the
present Letter, we investigate the effect of granular capillarity by means of numerical simulations and show

that the effect is caused by convection of the granular material in the container. Moreover, we identify two
regimes of behavior for the capillary height H® depending on the tube-to-particle-diameter ratio, D/d. For
large D/d, a scaling of H® with the inverse of the tube diameter, which is reminiscent of liquids, is
observed. However, when D/d decreases down to values smaller than a few particle sizes, a uniquely
granular behavior is observed where HY increases linearly with the tube diameter.
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Capillarity is one of the most fundamental effects of
liquid behavior and has been investigated by many well-
known scientists [1-6]. A review can be found in the book
by de Gennes et al. [7]. Capillarity is a consequence of
intermolecular attractive forces between the molecules of a
liquid, causing surface tension, and between the molecules
of the liquid and the tube. This explanation seems to
prohibit the effect of capillarity in granular matter where the
intermolecular forces between the molecules of the grains
can be safely neglected as compared with gravitational and
inertial forces at impact.

Nevertheless, recent experiments suggest that, under
certain conditions, agitated granular matter reveals a similar
behavior which is reminiscent of capillarity: when a narrow
tube is inserted into a vertically vibrating container filled
with glass beads, the particles rise inside the tube up to a
certain height, just as liquid in a capillary tube [8]. The
same is observed when the container is at rest but the tube is
set into vertical vibration [9]. The described phenomenon
can provide an efficient means for the handling and
transportation of particulate materials in technical applica-
tions [9-12]. However, the physical mechanism which
gives rise to this observation remains poorly understood.
Although it is obvious that capillarity in fluids must be of a
different nature than the phenomenon discussed here, we
term it granular capillarity because of its striking phenom-
enological similarity to the corresponding effect in fluids.

In the present Letter we approach the problem by means
of particle-based numerical simulations using the discrete
element method; that is, we solve Newton’s equations of
motion for the particles in the system under the action of
particle-particle and particle-wall forces and gravity (see
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Sec. I of the Supplemental Material [13], which includes
Refs. [14-29]). In experiments under vacuum conditions it
was shown that granular capillarity is not just an effect
caused by the motion of interstitial air [9,11]; therefore, air
flow does not need to be considered in the simulations.

We consider 116900 noncohesive, frictional spherical
particles of diameter d = 0.6 mm poured into the system
shown in Fig. 1. This system consists of a rectangular
container of width w = 24 mm in both lateral directions, in
the center of which a cylindrical tube of length 1 m, inner
diameter D (which will be varied in the simulations), and
wall thickness 0.3 mm is vertically inserted. Specifically,
we start the simulation by filling the inner volume of the
container (including the inner volume of the cylinder in the
container’s center) with the particles placed at random
positions, such as to obtain a solid fraction of approx-
imately 25% throughout the simulation volume (which
excludes the volume occupied by the cylinder). Thereafter
we let the particles settle due to the action of gravity. Once
the particles have been deposited, the tube is vibrated
vertically with frequency f and amplitude A, while its
bottom end is located at position z;,, which is a function of
time ¢ and is given by

7, = Asin(2zf1), (1)

with A = 8.6 mm and f = 12 Hz, consistent with previous
experiments [9,11,12]. Figure 1 shows a sequence of
snapshots for D = 8 mm, or D/d = 13.33. The snapshots
show two-dimensional cuts of the system along the axis
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FIG. 1.
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Granular capillarity effect. When a narrow tube is dipped into granular material and vibrated vertically, the granular material

rises inside the tube to reach a terminal vertical level. The snapshots (a)—(k) show the system at time, #, in units of the tube’s oscillation
period, T = 1/f ~ 83 ms. System parameters are provided in Sec. I of the Supplemental Material [13]. The tube-to-particle-diameter
ratio is D/d = 13.33. Particles are color coded based on their initial positions at time z = 0, panel (a).

x = 0, while the particles are color coded according to their
initial positions at ¢ = 0.

The granular material inside the tube ascends until it
reaches a stationary height at time ¢ =~ 507". The initial rise
may be explained by a void-filling mechanism: Because of
the upward motion of the tube, a void is left below the tube
which is filled by particulate material from inside and
outside the tube. The pressure originating from the granular
system inside the tube is, however, limited by Janssen’s law
[30-32], whereas the pressure at the same vertical position
but outside the tube is not limited (or at a much higher level
due to the action of the container walls, respectively).
Therefore, the void is filled preferentially by particles from
outside the tube region, leading eventually to the observed
rise of the granular system inside the tube. The process
terminates when the filling level outside the tube has
decayed to a level such that the pressure difference cancels
[12]. The latter explanation is supported by another
observation: In the simulation of Fig. 1, the initial filling
heights inside and outside the tube are equal, H;, = H .
Our simulations show, however, that this condition is
unimportant for the asymptotic state, for given system
characteristics. Specifically, the system converges always
to the same value of H;, — H,,;, namely HY°, independently
of the initial values of H;, and H,, (and including
situations where, at t = 0, H;, — H, > HZ), which is a
behavior similar to the capillarity of liquids. This inde-
pendence of the initial conditions agrees with experimental
observations [10,11], but the origin of the reported behavior
is explained for the first time in the present Letter, with the
help of particle-based simulations.

To measure the capillary height, H., we divide the tube
into cylindrical cells along its vertical axis, each of height
0z = 5d, and compute the solid fraction of granular
material at vertical position z,

¢(2) = N, (2)[zd*/6][(zD?/4)52] ", (2)

where N, (z) is the number of particles located in the cell at
height z. We define H;, as the height of the cell above
which the density drops below a threshold value of 10%.
We find that choosing slightly larger or smaller thresholds
lead to small differences in the granular column height of
the order of a few grain diameters, while the value of
10% is taken as it is well below the lower bound of local
packing fraction within the granular column during the
tube vibrations (~30%; see the Supplemental Material,
Sec. II [13]).

The capillary height H,. is then defined as H;, — H
where H, is the height of the particle layer in the tube’s
outer volume. Figure 2 shows H, as a function of time for
the simulation due to Fig. 1. Initially H,. increases at
constant rate, thereafter reaches a maximum at ¢ ~ 257, and
fluctuates around an average value H®® =~ 47 mm. The
sinusoidal oscillation of the tube leaves a clear signature at
H, as a function of time. However, for ¢ <207 the
modulation of H, follows z,(7) harmonically at small
amplitude (~A/2), while for > 20T H. follows z,(t)
subharmonically at much larger amplitude. Indeed, when
the height of the granular column becomes large enough,
the uppermost layers (which dictate H . as explained above)
eventually detach from the column and a zone of low solid
fraction develops above the granular column. Although the
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FIG. 2. Capillary height, H,, as a function of time. z; denotes
the vertical position of the tube’s lower end, see Eq. (1).
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FIG. 3. Steady state capillary height, HZ, as a function of D/d.
Two different regimes are identified. For D/d < 10, we obtain a
linear increase of H® with D/d, while for larger D/d the scaling
with d/D describes well the simulation data. Lines show best fits

to the simulation data for both regimes.

detachment effect is related to the separation of the particles
on top of the granular column [33], as also observed in our
numerical simulations, the reason for the described change
of the dynamics of the system at ¢t~ 207 is not yet
understood and is subject of current research. However,
the referred behavior is clearly opposite to the Leidenfrost
effect, where a dense granular column is supported by a
rarified granular system [34-36]. Moreover, we find that
the fluctuations of H, observed in Fig. 2 are determined by
the oscillations in H;,, as those in H, are, comparatively,
negligibly small.

Consider the steady state of the average capillary height,
H, in dependence on D/d (Fig. 3). From the data, we
identify clearly two different regimes of behavior: For
D/d < 10, HY® increases linearly with D/d (regime I),
while for larger D/d the scaling reminiscent of liquids,
H® ~d/D, describes very well the simulation results
(regime II). The scaling H® ~d/D was predicted by
Ref. [12] based on a model which assumed balance of
the gravitational potential energy of the granular column in
the tube and the kinetic energy transferred to these particles
due to collision with the grains below the bottom end of the
tube as a result of the tube’s vibration. Although we are not
sure whether the assumptions of this model are entirely
valid, for D/d Z 10, our simulation results confirm the
prediction [12]. Note that this prediction has remained
unchecked since so far neither long-term simulations
producing the granular capillarity nor experiments with
varying D/d have been performed.

We find that the frictional interactions between the
particles and the walls of both the tube and the container
are essential for producing the granular capillarity effect. To
test the latter condition, we also performed simulations
without the container’s side walls, using periodic boundary
conditions in the horizontal directions. In these simulations,
the granular column within the tube does not rise (see the
Supplemental Material, Sec. III [13]). However, since the
container’s width-to-particle-diameter ratio, w/d, plays an

important role for the convective flow in agitated granular
systems, we repeated the simulation of Fig. 1 but using a
container with frictionless side walls (see the Supplemental
Material, Sec. III [13]). In this simulation, we also observed
no ascending of the granular column and thus no granular
capillarity effect. The granular capillarity effect is thus not
in essence a boundary effect, but occurs only if the
container’s walls are frictional.

But which role do the frictional walls at the container’s
sides play for granular capillarity? It has been shown in
numerous previous studies that when a recipient filled with
granular material is subjected to vertical vibrations, con-
vection of the particulate system is produced, with particles
near the frictional walls moving downwards and particles
near the container’s center being transported upwards
[37-40]. This phenomenon is responsible, for instance,
for the brazil nut effect, which causes segregation of binary
mixtures with the bigger particles ending at the surface
[41-43]. In the system investigated here, the convective
motion is different as it is not the rectangular container but
the vertical tube that vibrates. Specifically, the rising
motion of the granular column is driven by the influx of
particles entering the tube through its bottom end as they
move laterally from the container towards the tube’s central
axis (see the Supplemental Material, Sec. IV [13]). It is this
lateral flux, which is caused by the convective motion
of the particulate system in the container, that provides the
feeding mechanism for increasing the volume of granular
material within the tube.

The conditions for granular convection have been
studied by many authors before [38,44,45], and it is, thus,
not our goal here to investigate details of the convective
behavior as a function of system properties. Such behavior
depends on several nondimensional quantities, including
w/d, w/D, A/d, and g/(Af?), although we find that the
presence of an abrupt transition between regimes I and II
such as in Fig. 3 is robust with respect to these quantities.
Instead of scrutinizing the dependence of convection
characteristics on the system parameters, our goal here is
to identify the origin of granular capillarity. As shown here
for the first time, this origin is the granular convection: by
suppressing convection, no granular capillarity occurs. To
confirm that causality is not in the opposite direction, we
repeated the simulations by “freezing” the particles within
the tube at their initial positions, and noted that convection
in the container still occurs (Supplemental Material, Sec. V
[13]). This convection is induced by the system’s vibrations
and is not caused by the capillarity phenomenon.

Our simulations show that the abrupt transition between
regimes I and II (Fig. 3) is consequence of a boundary
effect on the dynamics of the granular column within the
tube. To get a better understanding of these dynamics, we
compute the time-volume-averaged vertical velocity (v,) of
the particles within the tube as a function of the radial
position. This computation is performed by dividing the
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FIG. 4. Average vertical velocity (v,) of the particles in the tube
as a function of the squared nondimensional radial position,
(7/Rype)?. Circles denote results for the ascending phase
(t £207), while squares correspond to the steady-state phase
(t Z 507). The dotted line indicates (v,) = 0.

inner volume of the tube in four cylindrical shells of equal
volume and averaging the particle vertical velocity over all
particles and over time within each shell.

Figure 4 shows the results of this computation for the
simulation of Fig. 1 (regime II) both for the rising or
ascending phase (circles)—that is, the phase where the
granular column ascends along the tube—as well as for the
steady-state phase (squares) where H, fluctuates around
H?. Because of shearing caused by frictional forces, (v.) is
larger for particles near the tube’s inner wall than for those
close to the tube’s central axis, while in the steady-state
phase, convection within the tube is observed. From Fig. 5,
we see that particles moving near the tube’s inner wall are
those from the tube’s outer volume, which are fed by the
aforementioned lateral flux caused by convection in the
container. Figure 5 shows the number fraction P, of
particles that, at + = 0, were in the outer volume of the tube
in the simulation of Fig. 1, as a function of height and radial

o /R Y <1/4

tube-

o 1/4< (R, ) <1/2

A 12< (R, ) <3/4
* 3/4<(rR ) <1

10044 cnkxh, "
- CYR R ~ Ak, (b)
[m} A o
— _I° *x o
X 60pe A ~, o
= . .
3 40 y %"
o ®o® 0 a o
20 ° ° e O A .Q
o Ax
0 ®0oebnnbbnad %
0 15 30 45 0 25 50 75
z (mm)

FIG. 5. Number fraction P, of particles that were at the outer
volume of the tube at r = 0. P, is shown as a function of the
vertical position z for different values of the radial position r. (a)
and (b) refer to simulation results at t = 107 and ¢t = 75T, which
correspond to snapshots in the ascending and steady-state
regimes, respectively.

position within the tube, both for the rising [Fig. 5(a)] and
steady-state [Fig. 5(b)] phases. P, is defined as
Now/(Nin + Noy)», where Ny, and N, denote the number
of particles initially at the tube’s inner and outer regions,
respectively. That is, N;, corresponds to the blue particles
with initial vertical positions z;(t = 0) > —A (where A is
amplitude of vibration), while N, is associated with all
other particles. Clearly, P, is larger near the wall than
along the tube’s central axis. In the steady state, this
difference nearly vanishes due to convection.

The radial velocity gradient in Fig. 4, observed for all
values of D/d in the regime II (D/d Z 10), does not occur
for tube diameters smaller than about 10d (regime I). Our
simulations show that, if the tube is very narrow, or
D < 10d, interactions between particles near the inner wall
with those along the central axis cause the whole granular
column to move with nearly the same value of (v,),
independent of the particle’s radial position. In regime I,
the granular material flows irregularly, that is, stochastic
perturbations become large and dominate the flow. Indeed,
for D/d < 3 the flow of particles in the tube gets perma-
nently blocked such that the measured value of H®® would
be determined only by the (stochastic) time when the flow
is blocked. Similar behavior is observed for granular pipe
flow [46—64] with results reminiscent to what was observed
here. Thus, while in regime II the dynamics of H () are
controlled by the shear-induced radial gradient in the
vertical velocity shown in Fig. 4, in regime I H.(z) is
governed by the stochastic interactions inherent to the
jamming effect in granular flows through narrow tubes—it
is this boundary effect that leads, thus, to the abrupt
transition shown in Fig. 3. Therefore, these stochastic
interactions, the convective mass flux in the system—
which provides the particle influx through the tube’s
bottom end—as well as dissipation due to particle colli-
sions and production due to working of the shear force on
the sidewall surface through the slip velocity are important
ingredients which should be added to the model of
Ref. [12] for accurately predicting HY® as a function of
system parameters.

We remark that the exact values of H and the critical
D/d value separating regimes I and II certainly vary with
the system’s parameters. This dependence should inspire
future work on systematic parameter variations with regard
to the broad applicability of the granular capillarity
phenomenon in particle handling and transportation in
the industrial and technological sectors. However, here
we have shown that this broad applicability, noted pre-
viously [9-12], is limited to systems where granular
convection occurs. Granular capillarity does not occur if
convection is suppressed from the granular system.
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