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resolution of the velocity field. The aim of the present investigation is to explore
the possibility of using the optical flow technique based on PIV to measure the
velocity in a granular flow. Particle Image Velocimetry (PIV) is a method used
for two-dimensional flow structure evaluation. It enables the measurement of the
instantaneous in-plane velocity field within a planar section of the flow field, the
spatial gradients, dissipation of turbulent energy, spatial correlations, and the
like. In [38] one can find a detailed description of the history, possibilities and
development of PIV technige and the reasons for introducing an alternative ap-
proach — Digital Particle Image Velocimetry (DPIV). Despite recent progress in
the DPIV development, further improvement of the accuracy and minimization
of the computational time still remains a current research goal. One of the main
drawbacks of classical DPIV was its inability to accurately resolve the flow re-
gions characterized by large velocity gradients. But this limitation was removed
by introducing by optical flow method as an interesting alternative, offering high
evaluation accuracy. One of the first successful attempts to apply the PIV tech-
nique to granular matter was described by WATERS and DRESCHER in [49] and
LUEPTOW et al. [21]. Recently OSTENDORF and SCHWEDES [33], SIELAMOWICZ
and KOWALEWSKI [41], BOHRNSEN et al. |7], SIELAMOWICZ and BLONSKI [43]
reported the use of the PIV technique in their experiments to obtain information
on local velocities of particles at several elevations in the densely packed mate-
rials. OSTENDORF and SCHWEDES [34] combined PIV measurements with wall
normal stresses measurements at different points of time in the large scale silo.

2. EXPERIMENTAL SETUP

A series of experiments was conducted in a plane flat-bottomed hopper model
and in a wedge-shaped model, both made of plexiglass. The optical flow DPIV
technique is used to record evolution of the flow. In the plane model central
and eccentric flow was investigated with changing position of the outlet. In the
wedge-shaped model behaviour of flowing grains was recorded for mass flow only.

Different velocity distributions form in the vicinity of the outlet and near the
upper surface in the initial phase of the flow in the case of the central discharge. In
the advanced phase of the flow, the flow zone widens and the boundaries become
more or less curved. Unexpected flow patterns form during non-symmetrical
filling and discharge. In fact, in practice the uncontrollable way of filling and
discharge result in dynamic loads which may induce failure of the bin.

Figure 1 presents experimental setups used for the flow analysis. They con-
sist of a plexiglass box, a set of illumination lamps, and a high resolution CCD
camera (PCO SensiCam). The 12-bit pairs of images with resolution of 1280
pixels x 1024 pixels and maximum frequency of 3.75 Hz were acquired by Pen-
tium 4 based personal computer. Long sequences of 100-400 images were taken
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The bottom of the supplying box has a sieve and the box was filled with granular
material to 2/3 of its height. In another series of experiments, eccentric filling
was made where the material was supplied through a pipe placed 1 cm from the
left wedge of the model and 1 cm below of the model upper wall. The converging
model wall has a shape of a regular triangle with the height 80 cm. The depth
of the model is 10 cm with a value of inclination of the walls to the vertical
equal 30°. The length of the upper edge of the wall is 102 cm. The model was
placed on a stand and a granular material was supplied through a pipe fixed
in a box suspended above the model. The box has a volume of 5 1. The pipe
was vertically located 5 cm below the upper edge in the model. The converging
model was centrally filled with amaranthus seed.

Table 1. Properties of the materials used in the experiments.

Granular Wall friction Angle Young Granular material density
material Yw [°] of internal modulus | deposited through a pipe with
friction e [°] [MPa) zero free-fall p, [kg/m?|
amaranthus 25 28 12.96 832 at 1 kPa 833 at 8 kPa
flax-seed 26 25 6.11 746 at 1 kPa 747 at 8 kPa
buckwheat 28 25 = 669 at 1 kPa 671 at 8 kPa

Moisture of amaranthus seed and flax-seed was also investigated and found
to be 10.1% for amaranthus seed and 10.4% for flax-seed. The values of Young
modulus of the grains used in the experiments depended on moisture of the
grains. More information on physical properties of these and other grains can be
found in [25].

Amaranthus grain has a shape of regular round balls of 1 mm diameter, straw-
coloured. The surface of the grain is plain. Flax-seed has a shape of flattened
rotational ellipse 4 mm X 2 mm, of brown colour and plain, brilliant surface.
Buckwheat seed is like a pyramid of total height 2 mm. Its surface is not so
brilliant as flax-seed, of a little darker brown colour than the flax-seed.

3. CENTRAL FLOWS

3.1. Theory and experiments related to central flows

Many experiments are aimed at investigating the types of flow and shapes of
the flowing regions. Behaviour of flowing materials was observed by numerous
investigators and some new classifications of funnel flow were introduced, namely
semi-mass flow and internal or pipe flow in [51]. The plasticity theory is well
established for prediction of strains and stresses in granular materials and can
be extended to large strains occuring in flowing materials. It was later found
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that the flowing zone predicted by Jenike’s radial velocity field appeared far
narrower than that observed in actuality [10]. In all experiments researchers
considered some flow factors as: hopper geometry, height of packed materials, size
of particles, material density, material-wall interface friction of flow patterns [15,
33, 45, 49, 51|. NEDDERMAN stated [32] that, there are no reliable methods for
predicting the shape of stagnant zone boundaries. In the case of eccentric filling
and discharge the problem is more complicated. CARSON [9] described errors
which can cause that silos and bins fail with a frequency which is much higher
than that of any other industrial equipment. These errors may be divided into
four groups: design errors, construction errors, usage or improper maintenance.
Many experimental works have been focused on measurement of flow patterns
and different techniques were used there. For example, KVAPIL in [19] used two
different colours of the material. The flow was observed through the transparent
walls of the model to register flow profiles. Optical techniques are commonly
used in the analysis of velocity profiles through the transparent silo walls. The
X-ray technique was frequently applied [5, 11] to obtain information from deeper
flow layers. Researchers filled the bin in a special way investigating the behaviour
of granular materials [49]. Simplified assumptions were also used to analyse the
flow. To predict velocities and stagnant boundaries in the flowing material, some
theoretical models were used: a rigid perfectly plastic model and a kinematic
model [13, 20, 28-30, 49]. Both models assumed the constancy of material density
within the bin, i.e., incompressible flow is considered. A “softening” variable-
density plastic flow model was introduced by WEIR [52] allowing to consider
stresses developing in the funnel-type flow. Evolution of the plug flow zone in
time and the position of flow boundaries are the main topics of experimental
and theoretical works. In experimental measurements made by WATSON [50] the
stagnant zone boundary was shown as a function of time obtained in a hemi-
cylindrical bunker. NEDDERMAN in [32] showed the predicted position of the
stagnant boundary as a function of time. The kinematic model was used in
both investigations and gave an excellent prediction of the development of the
stagnant zone boundary in the whole material. Some differences were noticed
only close to the orifice. Development of the stagnant boundary in eccentric
flows has not been discussed in the literature yet. That is why the researchers
have been looking for new possibilities to describe the phenomenon of evolution
of the stagnant zone boundary in flowing materials.

3.2. Selected results for the plane model of silo

Figure 2 shows the evolution of the plug flow zone during gravitational dis-
charge in a plane model obtained by PIV measurements. The colour of the con-
tour indicates the magnitude of the velocity. The red colour contours denote the
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highest velocity region which developed near the outlet. A funnel of a loose mate-
rial (like a flame) occured in the central part of the flow after opening the outlet.
The region with the highest velocity rapidly reached about 30 cm of the model
height. Then the flow was more quiet and the region with the highest velocity
reached about 15 cm of the model height. The stagnant zones are indicated by
the blue colour of the velocity contour map. The velocity of the flowing material
has its maximum on the axis of the model. In the advanced phase of the flow
after 52.5 s, “the flame” of the highest velocity again reached the heigher level —
about 20 cm.
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F1G. 2. Velocity fields and velocity magnitude contours in the model with flowing
amaranthus after SIELAMOWICZ et al. [44].
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Figure 3 presents the vector fields and the traces of individual particles (in-
dicated with red colour) obtained for the flowing amaranthus calculated from
the velocity field measured in the model. The black vectors denote the flowing
region and the lengths of the vectors denote the velocity. In the stagnant zones
the points denote vectors of zero value.
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F1G. 3. Traces of individual particles of flowing amaranthus, after SIELAMOWICZ et al. [44].
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The outer traces are close to the boundary lines of the flowing zone. They
are not always vertical or smooth. In [44] some irregular lines were presented. It
resulted from the fact that the used seeds were less homogeneous and contained
some natural pollutions. The shape of the grains, and the kind of the seed sur-
face influenced their flowing properties. Selected velocity profiles of the flowing
amaranthus are shown in Fig. 4. The profiles of the vertical velocity components




















































































