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Abstract
The outflow of hard grains from storage containers with narrow outlets has been extensively studied in the past. Most experi-
ments focused on discharge rates and avalanche statistics. Flow fields inside such containers have been detected optically 
in two-dimensional (2D) or quasi-2D geometries. Soft grains behave qualitatively different in many respects, both in their 
static packing properties and during silo discharge. We employ X-ray computed tomography to map the particles in a 3D 
container and we compare the static packing characteristics and the flow profiles of soft hydrogel spheres with those of hard 
spheres. The local fill fraction of the soft grains depends upon the depth below the granular surface. The outflow of the soft, 
low frictional hydrogel spheres involves the complete container volume, stagnant zones are absent.

Keywords  Soft grains · X-ray computed tomography · Silo discharge

1  Introduction

Granular materials are ubiquitous, we encounter them in 
daily routine, and their storage and handling have played an 
important role in human culture for millennia. It is therefore 
quite remarkable that the quantitative physical understand-
ing of packing and flow processes in storage devices like 

hoppers, cereal containers or salt shakers is rather incom-
plete even today [1–4]. The discharge of grains from stor-
age devices is understood on an engineering level. Physical 
experiments for a fundamental understanding of these pro-
cesses have been performed largely with spherical mono-
disperse hard grains.

Hoppers are common storage devices in agriculture. 
They make use of a unique property of granular matter: even 
though it consists of pieces of solid matter, it can flow out of 
the container outlet liquid-like, provided that the orifice is 
sufficiently large. In contrast to common liquids, which flow 
through outlets of any size provided that their surface tension 
is overcome by the pressure at the opening of the container, 
granular matter can produce clogs even when the outlet is 
much larger (approximately five times) than the individual 
particles. In the past six decades, numerous experimental 
studies, numerical simulations and theoretical modeling 
have been devoted to the statistical characterization of the 
discharge of such storage containers (e. g. Refs. [5–66]). 
Interesting aspects are, for example, the flow rates during 
discharge [5–21], clogging and jamming [22–30] flow in 
vibrated containers and the breaking of clogs by moving 
(oscillating or rotating) the orifice [31–42], shapes of block-
ing arches [43–47], packing and force chains [48–52], even 
silo collapse [53], obstacles near the orifice [54, 55, 66], 
gravity effects and submerged silos [56–58], and the roles 
of polydispersity, particle shapes [59–63] and softness [64, 
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65]. Most studies, with exception of the last two, have so far 
disregarded the role of softness of granular particles.

We note that it was Robert Behringer who achieved 
substantial progress in the identification of force chains in 
granular piles [30, 62, 67–69]. One of his important contri-
butions was the visualization of force arches in clogged 2D 
silos filled with elliptical disks [62].

Soft grains exhibit very distinct features during the flow 
through narrow outlets. The hydrogel spheres studied by 
Hong et al. [64] and Ashour et al. [65] have very low friction 
coefficients (<0.03) and elastic moduli of the order of 50 
kPa, which means they are deformed by the weight of over-
lying material at even moderate depths (few centimeters) 
below the granular bed surface. The particle volume thereby 
remains constant, the Poisson ratio is 1/2. The reported 
experiments with hydrogel spheres showed that these par-
ticles can pass much narrower orifices than frictional hard 
grains of comparable size without clogging. Hard spheres 
discharge freely only when the container outlet is roughly 
five times the particle diameter or larger, different equations 
for the clogging statistics as a function of the relative orifice 
sizes have been suggested [9, 28]. In contrast, the hydrogel 
spheres in a quasi-2D silo even pass orifices that are only 
two times as broad as their diameter, without forming per-
manent clogs. They exhibit a novel feature: transient clogs 
that resolve after a short stagnation of the flow. Similar non-
permanent clogs occur with hard particles only under vibra-
tion [35]. Another striking observation in the hydrogel-filled 
container is that the pressure at the bottom does not saturate, 
but increases linearly (hydrostatically) with fill height [65]. 
The Janssen effect was not observed in the studied fill height 
range (maximum 80 cm). A striking consequence of this 
pressure characteristics is that the clogging statistics of the 
hydrogels becomes fill-height dependent. For a given orifice 
size, permanent clogs form when the pressure at the con-
tainer bottom falls below a certain threshold. The smaller 
the outlet, the earlier clogging sets in.

There are yet more peculiarities of the investigated soft 
hydrogels: in the 2D silo, there are practically no stagnant 
zones, the complete content of the flat-bottomed container 
participates in the flow. Moreover, the flow profile at suffi-
ciently large distance above the outlet level has rather plug-
flow character, no lateral dependence of the vertical velocity 
[65].

A quasi-2D geometry (bin thickness of one or only few 
particle diameters) has an obvious advantage: it allows to 
monitor the particle arrangements and displacements in the 
container by optical observation (e. g. [65, 70]). However, 
it remains to be confirmed which of the results obtained in 
2D bins can be generalized to 3D containers. In the latter, 
common non-invasive methods to monitor internal features 
and structures are X-ray Computed Tomography (XRCT) 
[71], Magnetic Resonance Imaging [72] and, with some 

limitations, optical scanning of particles in index-matched 
fluorescence labeled liquids [73]. In the present study, we 
use XRCT of stationary packings to map the local packing 
densities in the 3D container, and we employ image differ-
ence analysis to qualitatively reconstruct flow fields.

In previous experiments, we demonstrated the strength 
of XRCT for the mapping of orientational order and local 
packing fractions of non-spherical hard particles [47, 74]. 
Here, we use similar techniques to compare ensembles of 
soft particles with those of hard grains in 3D containers.

2 � Experimental setup and materials

Soft monodisperse hydrogel spheres have been studied in 
the past by several researchers [64, 65, 69, 75–78]. Again, 
Robert Behringer’s contribution to the characterization of 
soft sphere packings was substantial [69, 75, 78]: Refractive 
index matched scanning was employed to analyze packings 
of soft spheres suspended in a fluorescence labeled fluid 
[75, 78]. Using this technique, microscopic force imaging 
became possible. It allows the identification and quantitative 
characterization of the force chain networks in soft sphere 
packings [69].

The hydrogels studied in this work are distinctly different 
from the systems that were investigated earlier by means of 
optical scanning techniques: For the optical experiments, 
the hydrogels are immersed in an optical-density matched 
fluid [78], which has roughly the same mass density as the 
soft spheres. Buoyancy compensates the particle weight 
almost completely. In contrast, our hydrogel spheres, as 
well as those studied by Hong et al. [64], are in air. This has 
important consequences for the particle arrangements. As 
mentioned above, the weight of the overlying layers leads to 
an increasing pressure on the lower layers of the soft grains. 
These adopt their shapes so that they can pack much more 
efficiently than hard spheres in random as well as in regular 
packings.

We investigate hydrogel spheres of the same type as used 
earlier in a flat bin [65]. They were obtained in dry state 
from a commercial provider (Happy Store, Nanjing) and 
swelled in distilled water for at least 24 hours before using 
them. Between subsequent runs of the experiment, they were 
kept in distilled water. Immediately before the experiments, 
the excess water at their surfaces was wiped off and they 
were gravity-filled into the container. The container is a plas-
tic bucket with a circular hole at the bottom (Fig. 1) that is 
kept close during filling.

The softness of the spheres has dramatic influence on 
the static pressure conditions, the characteristic discharge 
dynamics, as well as the flow field inside the silo during 
discharge. In combination with the low surface friction of 
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the particles it leads to a fill-height dependent outflow char-
acteristics, as observed in the flat container [65].

In a first set of experiments, we loaded the bucket with 
closed outlet stepwise with hydrogel spheres, so that tomo-
grams could be recorded at different fill heights. The purpose 
of this part of the study was to determine the influence of 
the fill height (and consequently, the pressure) on the static 
packing of the soft spheres. We expect an increase of the 
packing fraction at the container bottom with increasing fill 
height, and also an increasing packing fraction towards the 
container bottom at a given fill height.

In the second part, the flow experiments, we started with 
the full container (approximately 7,000 hydrogel spheres). 
The outlet was then opened and we let a few ( 12 ± 2 ) par-
ticles run through the orifice. Then we closed it again and 
took a full 3D tomographic image. Thereafter, we repeated 
this controlled discharge multiple times. Typically, 40 tomo-
grams were recorded for each material. For comparison and 
benchmark purposes, we also performed similar outflow 
experiments with hard grains (see below). The purpose of 
that part of the study was to compare the flowing regions 
and to identify stagnant zones in both soft and hard spherical 
granular materials.

The tomographic images were recorded with the robot-
based flat panel X-ray C-arm system Siemens Artis zeego 
of the STIMULATE-lab, Otto von Guericke University, 
Magdeburg. The spacial resolution was approximately 2 
pixel/mm, recorded volumes are 25.2 cm × 25.2cm × 19 cm . 
We employed different techniques to extract the desired 
information from the tomograms. In the static packing frac-
tion measurements, we identified each sphere by means of 
image analysis. Then, the local packing fraction could be 
determined from the positions of the centers of mass of all 
spheres and the average radius of the spheres. Even if the 
hydrogel spheres are slightly polydisperse, with a radius 
variation by a few percent, this method gives an overall reli-
able vertical profile of the packing fractions since there is no 
size segregation during filling, and statistically the spheres in 
each layer have the same average nominal diameter.

The evaluation of the flow profile was performed by 
comparison of subsequent tomograms before and after a 
controlled discharge. The total amount of material released 
between the tomograms corresponds to a horizontal layer of 
a thickness much less than the particle diameter. Thus, most 
of the particles can be collated in subsequent tomograms. 
Figure 2 shows two typical vertical cross sections of tomo-
graphic images, in the center of the container (see sketch).

Here, we labeled differences between two subsequent 
tomograms in red color. Flowing regions appear in red, 
stagnant regions in a green background hue. The images 
already give a qualitative impression of the flowing and 
stagnant zones, which differ substantially for the soft and 
hard materials. Because of axial symmetry of the experimen-
tal geometry, all vertical planes containing the central axis 
are equivalent and show similar features. A more detailed 
discussion is found in Sect. 3.2 where we describe a more 
quantitative method to evaluate the dynamics of the grains.

3 � Experiment and data analysis

3.1 � Packing of soft spheres

Before describing the different dynamic behavior of soft 
and hard grains, we first explore the static properties of the 
packings in the container. After the gravitational filling, we 
expect a random packing of the spheres in the bin that is 
quite similar to the so-called ‘poured random packing’. For 
hard spheres, the filling fraction of such configurations is 
somewhere between 0.61 and 0.635, but never larger than 
0.64 even when the ensemble is compacted by shaking 
[79]. For soft spheres, this value depends both on the elas-
tic properties of the spheres and the local pressure. As we 
have shown earlier, the pressure in a granular bed formed by 
hydrogel spheres in a 2D container increases nearly linearly 
with depth. Since the spheres pack more efficiently under 

Fig. 1   Bin geometry and materials: we use a container of 19  cm 
diameter with an exchangeable bottom plate that allows us to vary 
the outlet diameter of a circular orifice in the center of the container 
bottom. The images at the side show the three investigated types 
of particles: peas with nearly spherical shapes, slightly polydis-
perse, diameters of 7.6 ± 0.3 mm ; plastic spheres (airsoft bullets), 
monodisperse with 6 mm diameter, hydrogel spheres with diameter 
9.2 ± 0.3 mm (the image shows a polydisperse mix, experiments were 
performed with monodisperse hydrogel spheres). Black bars represent 
10 mm
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higher pressure, we expect the packing fraction in the con-
tainer to be height dependent. The pressure at the bottom of 
a 10 cm high bed is approximately 800 Pa (assuming 80 % 
fill fraction and the density of the hydrogel spheres being 
almost exactly equal to the density of water). An individual 
sphere at the bottom is then exposed to a force of the order 
of 0.7 N. With an elastic modulus of approximately 50 kPa, 
Hertzian contacts between such two spheres at the container 
bottom will then have diameters of up to 6 mm, the spheres 
flatten on average by up to 0.3 mm at each contact. Con-
sequently, the fill fraction will be substantially larger than 
for randomly packed hard spheres. We calculated the static 
packing quantitatively as a function of the container fill 
height by identifying each hydrogel sphere in the tomogram. 
This was possible except in the tomograms of the largest fill 
heights ( h > 150 mm) where a noticeable amount of water 
accumulated in the bottom layer (see Fig. 3b), so that not all 
individual spheres could be identified unambiguously.

Figure 3 shows some exemplary cuts of the tomograms, 
(a) is the cut in the middle of the bottom layer, demonstrating 

the quality of the XRCT images. The fill level is slightly 
more than 2 layers of spheres. Each sphere can be clearly 
identified and the position can be determined. (b) shows 
the same level in a container filled to a height of 18 cm. 
Some water has seeped down from the overlying spheres and 
partially filled the voids. Even though this leakage is well 
below 1 % of the total hydrogel volume, the water masks the 
voids in the bottom layer and frustrates the identification of 
all spheres. (c) is a cut in the same tomogram 1.5 particle 
diameters above the bottom. There, no leaked water is pre-
sent and the separation of grains is unambiguously possible. 
(d) shows a cut of a typical randomly packed soft spheres 
arrangement, with a local packing fraction � of about 0.78.

The packing fraction in all tomograms was found to be 
much larger than 0.7 everywhere, except directly below 
the surface (1–2 particle diameters deep) and except in the 
layered structures induced by the flat bottom. This layer 
structure extends approximately four particle diameters 
deep into the container. The average packing fraction deep 
in the granular bed reaches approximately 0.78 (Fig. 4). A 

Fig. 2   Differences of X-ray tomogram slices before and after the 
discharge of a small avalanche ( ≈ 12 grains). The sketch to the left 
visualizes the geometry and the position of the two slices. The two 
images were obtained for hard peas (left) and soft hydrogel spheres 

(right). The green color channel is a positive superposition (addition) 
of the two images, the red channel gives the absolute value of the dif-
ferences. The images allow to identify the zones where particles move

(a)

z = 5 mm z = 5 mm z = 14 mm z = 110 mm

(b) (c) (d)

Fig. 3   Horizontal cross sections of tomograms of the hydrogel-
sphere filled container. a z = 5 mm (approximately 1 sphere radius) 
above the bottom, fill height 22 mm, b z = 5 mm above bottom, fill 
height 180 mm, water that seeped down from the overlying spheres 

has partially filled some voids, c) z = 14 mm above bottom, fill height 
180 mm, all spheres dry and clearly distinguishable, surface-induced 
layering, d) z = 110 mm above bottom, fill height 180 mm, random 
packing, layering only near side walls
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rough estimate of the effect of deformation of the particles 
under the weight of the overlying material can be obtained 
as follows: Let us assume that the grains in 10 cm depth are 
compressed in the direction of the contacts by about 6 % of 
their radius (see above), then, the filling fraction raises to 
roughly 1.2 times that of hard spheres, viz. about 73 to 76 

%. The remaining few % may result from a more efficient 
adaption of the soft spheres to the surrounding cages formed 
by neighbors.

Figure 4b shows a zoomed view of the packing frac-
tion characteristics �(z) near the bottom. It is evident that 
the bottom layers themselves are increasingly compressed 
with increasing fill height (higher pressure), and that the 
modulation depth is smaller for larger fill heights. Figure 5 
shows photographs of hydrogel spheres near the wall of a 
transparent container with flat walls. It shows the bottom 
layers of a container filled to a height of ≈ 28 mm (a) and 
100 mm (b). The contact areas reflect the pressures acting 
on each sphere. In principle, one can evaluate such pictures 
to identify the forces and the structure of the force chain net-
work near the side walls. Diameters of the contact areas are 
larger for high fill levels because of the increased pressure 
at the bottom. The observed indentations are in reasonable 
agreement with expected contact forces for the estimated 
pressures and known elastic moduli.

We note that the ‘random pouring’ fill fractions deter-
mined in this sections apply only to freshly filled contain-
ers. After material has flown out of the bottom outlet, the 
packing fraction changes everywhere except in the stagnant 
zones. The granulate dilates in the flowing zones, not only 
during discharge. Even in the clogged states, the packing 
fraction remains lower in the regions that have participated 
in the discharge. This will be analyzed in more detail in the 
next section.

3.2 � Flow profiles

The dynamic behavior of soft grains is even more distinctive 
than their static properties. Figure 2 already gave a qualita-
tive impression of the peculiar flow characteristics in the 
silo. For a more quantitative evaluation, we compared 40 
individual tomograms recorded during controlled stepwise 
discharge of the container as described in Sect. 2. An image 
difference analysis was performed for all 39 discharges. A 
threshold was set to binarize each voxel in the tomograms 

Fig. 4   Packing fractions determined from XRCT images. a Vertical 
profiles of �(z) above the bottom at z = 0 at different fill heights of 
the container. The assignment of the individual graphs can be made 
directly from the drop of �(z) at the upper surface of the granular bed. 
b zoom into the first layers above the bottom plate. For the largest fill 
height shown, 165 mm, the first layer above the bottom plate contains 
some free water (cf. Fig. 3b), thus the packing fraction could not be 
determined unambiguously

Fig. 5   Bottom layers of hydro-
gel spheres at the walls of a 
glass container filled to a total 
height of ≈ 28 mm (a) and 100 
mm (b). The contact areas with 
the glass walls can be easily 
identified. They reflect the 
deformations of the spheres by 
Hertzian contacts. Exemplary 
contacts of 2.8 mm (a) and 5 
mm (b) diameter are marked by 
dashed circles. Image sizes are 
30 × 25 mm2

(a) (b)
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as hydrogel (1) or air (0) with Otsu’s method [80]. Then, we 
computed the absolute differences of voxels of subsequent 
tomograms. The two limits of the averaged differences � are 
zero when there is no flow and thus no change in the voxel, 
and 1/2 if the flow is so fast that the voxel content changes 
randomly between both states.1 When the displacement of 
the grains is on average smaller than half the grain diameter 
(cf. Fig. 2), the relation between the averaged image differ-
ence and the flow velocity can be assumed to be linear in 
first approximation.

The obtained data were averaged twofold: First, we aver-
aged over all geometrically equivalent positions in the cylin-
drical container, i. e. all positions with equal height above 
outlet and equal radial distance from the cylinder axis (see 
sketch in Fig. 6a). This is justified by the premise that, on 
average, no distinguished azimuthal direction exists in the 
geometry of the experiment, and the flow field is on aver-
age axially symmetric. Second, we average all differences 

between subsequent images to obtain a time-averaged mag-
nitude of the flow field. The results are shown for the three 
particle types in Fig. 6b–d. In the hydrogel experiments, 
each discharge consisted of approximately 12 spheres, then 
flow was stopped manually by closing the outlet. In the 
experiment with peas, the flow through the 15 mm diameter 
orifice clogged spontaneously after avalanches with mean 
size of 25 peas. In the airsoft ammunition experiments (19 
mm orifice), spontaneous clogs occurred after avalanches 
with a mean size of 50 grains.

We have to keep in mind that the flow field data obtained 
from static tomograms are merely qualitative, because 
the durations of the discharges were not measured, and 
finally, because the number of discharged grains between 
two tomograms was not exactly counted, and because the 
relation between the image differences and the actual local 
flow rate was not determined quantitatively. It is clear that 
stronger flow leads to larger differences in the tomograms, 
but the relation does not need to be linear. As described 
above, we can assume linearity only for small displacements, 
smaller than the particle radii, between subsequent images. 
This condition was fulfilled in all experiments. Also, the 

Fig. 6   Averages of the differences of subsequent X-ray tomogram 
pairs before and after small discharges of few grains. a Sketch of the 
ring-shaped regions that are averaged to obtain geometrically equiva-
lent positions: b hydrogel spheres flow everywhere in the container. 
Hard grains flow only in funnel-shaped regions: c for peas the aper-
ture is about 2 × 20◦ , and d for airsoft bullets somewhat wider, about 
2 × 29◦ . Outside these funnels, the material is at rest (image differ-
ences smaller than a threshold value of 0.03 are displayed in white). 

Well above the orifice (approximately one container radius above) the 
soft sphere flow is rather uniform in each horizontal plane, it has plug 
flow character. Fluctuations near the central axis are artifacts, because 
averaging is there only over one and the same particle in the center. 
Color bars refer to the averaged voxel differences � (see text), which 
for small � are proportional to the outflow velocity. For better clarity, 
each image is mirrored at the central axis

1  When averaging finite ensembles, the maximum value of � can 
even become slightly larger than 1/2 due to noise.
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evaluation method disregards the local direction of the flow 
field, considering only the absolute displacements of indi-
vidual grains.

Nevertheless, Fig. 6 provides a good picture of the flow-
ing zone geometry inside the 3D bins. It is obvious that the 
hard spheres (peas, airsoft bullets) form a funnel-like chan-
nel with large stagnant regions near the container wall. It is 
reasonable to assume that the funnel finally reaches the bin 
walls at some height above the outlet, but this is far above 
our container top.

The tomograms can also be used to obtain the static local 
packing fractions in the bin. This is seen in Fig. 7, where 
instead of the absolute differences, we summed up the bina-
rized tomograms for averaging. There is a clear difference in 
the arrangements of hard and soft grains. First, the packing 
fraction is much higher for the soft spheres, this was already 
discussed in Sect. 3.1. But moreover, one can clearly identify 
the reduced packing fractions in the flowing zones of the 
hard grains. This is a consequence of shear dilatancy [47] 
in the flow zones. The packing fraction drops by roughly 10 
%. The boundaries between the flowing and stagnant zones 
are sharp and clearly distinguished, as in Fig. 6.

In contrast, the soft grains show a more or less unstruc-
tured packing profile, except for the induced layering at 
the walls. This is partly due to the geometry of the flow 
which involves all parts of the container interior, but it 
may also be a consequence of a much less pronounced 
shear dilatancy. The mean local packing fraction of the 
soft spheres after discharge of material does hardly differ 
from the initial packing after filling the bin. The loss of 
structural details in Fig. 7b with respect to Fig. 7a occurs 
only because the latter is computed from a single tomo-
gram, the former is an average of 39 tomograms. This 
property has not been studied for soft granular matter so 
far, even though shear experiments with hydrogel spheres 
have been reported [69, 75, 78]. There is a slight drop in 
packing fraction immediately above the outlet.

All tomograms show a pronounced layering of the 
material at the bottom and side walls. It is less developed 
in the peas ensemble presumably because these grains 
are not exactly monodisperse. It is well developed both 
for the monodisperse hard airsoft bullets and for the soft 
hydrogels. The layering there exists even though all grains 
are moved during the discharges. Another prominent 

Fig. 7   Averaged cross-sections of X-ray tomograms providing the 
local packing fractions: a hydrogel spheres after first filling of the 
container (single realization); and b–d averages of 30-40 clogged 
states: b hydrogel spheres, c peas, and d airsoft bullets. The soft 
spheres have higher packing fraction near the bottom due to larger 
pressure, but after the discharge of grains there is a particle density 
drop near the outlet (b). For hard particles, the funnel-shaped flowing 

zone has clearly lower packing density. Note that the color scale for 
the hydrogels is different from that of the hard particles. The aver-
aging over equivalent locations was performed in the same way as 
in Fig.  6. Again, the fluctuations near the central axis are artifacts, 
because spatial averaging is there over one and the same particle in 
the center; this is especially prominent in (a) displaying a single reali-
zation. For better clarity, the images are mirrored at the central axis
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characteristics of the hydrogel spheres is the above-
described height dependence of the packing fraction.

4 � Conclusions and summary

In previous experiments with soft, nearly frictionless hydro-
gel spheres, it was found that in a quasi-2D container both 
the pressure distribution and the outflow characteristics are 
substantially different from the case of frictional hard grains. 
Here, we have shown that several of these observations can 
be generalized to 3D containers: The pressure increases 
roughly linearly with fill height of the container, leading to 
a more efficient packing of the soft grains compared to hard 
spheres. The ‘random-pouring’ packing fraction approaches 
a value of � ≈ 0.78 already a few layers below the granu-
lar bed surface. The compression of the hydrogel at Hert-
zian contacts can be used to measure pressures and force 
chain networks even quantitatively, as it was suggested for 
hydrogels in neutrally buoyant fluids under external forc-
ing. The flowing regions during discharge extend over the 
whole interior of the container in the 3D geometry, as well 
as in the flat quasi-2D bin. In the 2D experiment [65], the 
observed hexagonal packing may be partially responsible for 
the plug-flow character of the velocity field inside the bin. In 
the 3D container, there is no crystalline packing of the soft 
spheres but the flow is still plug-flow like in sufficient dis-
tance from the outlet. For a full understanding of the above-
described dynamic phenomena, the effects of softness and 
low friction still need to be discriminated. We hypothesize 
that a combination of both features is responsible for the 
observed dynamical properties. Further experiments with 
high-friction soft grains and low-friction rigid grains may 
provide the answers.

The XRCT data contain further valuable information on 
distances between neighbors in the soft sphere packings, 
on contact numbers and orientational distributions of force 
chains. These evaluations are the subject of ongoing work.

Finally, we note that the employed experimental tech-
nique did not allow to record real time data during the out-
flow. Therefore, it remains to be demonstrated that continu-
ous outflow has the same qualitative features as the pulsed 
flow present in this study. For that purpose, experiments 
with high-speed tomography (1000 two-dimensional slices 
per second in a 3D container) are under way with ROFEX at 
the Helmholtz Center Rossendorf. Preliminary results sup-
port the 3D observations from the present pulsed-flow study 
qualitatively.
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