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Abstract—Some experimental results of an investigation of the kinematics of sand in a plane bunker model
are presented. A non-steady pattern of rupture bands is shown to develop from the discharge outlet towards
the traction-free boundary of the material in the initial stage of flow. In the advanced phase of discharge the
rupture band pattern undergoes repetitive fluctuations due to the formation of new shear bands and the
diminishing of existing ones. The advanced stage of flow is described approximately by a steady velocity field.
The theoretical description is based upon the flow theory of isotropic rigid/perfectly plastic material. The
solution for incompressible material seems to accurately predict the experimental measurements of the
velocity (displacement) vectors and the location of the discontinuities.

INTRODUCTION

The experimental results of an investigation of flow
patterns of sand in a plane parallel/converging bunker
model are presented in the first part of the paper. The
second part is devoted to a theoretical description of
the flow in the advanced stage of the discharge process.
Some of the results presented were obtained by the
author during his graduate training at the Institute of
Fundamental Technological Research in Warsaw in
1977, but, so far, only the part concerning converging
hoppers has been published (Michalowski, 1984).

Experimental investigations of flow patterns in
converging hoppers and bins have been reported by
many authors (Cutress and Pulfer, 1967; Pariseau,
1969; Blair-Fish and Bransby, 1973; Lee et al, 1974;
Tliziin and Nedderman, 1982, and others). The feature
common for most of the results published is the
appearance of narrow zones with large velocity
gradients (rupture bands) within the flowing material,
usually interpreted as velocity discontinuity surfaces.
The aim of the experiments presented in this paper was
to determine the propagation of the rupture bands in
the entire process of discharge from a par-
allel/converging bunker. In order to trace the discon-
tinuities in the velocity field a stereo-photographic
technique was used. Complementary information
about density variations of the material in the dis-
charge process was obtained from X-ray pictures and
from ultrasonic measurements. None of the exper-
imental techniques is novel, however the simultaneous
combination of the three approaches allows one to
better understand the phenomena observed than when
each different technique is used separately. Description
of the experimental methods was given elsewhere
{Michalowski, 1984).

The approach to the theoretical description pre-
sented is based on the theory of plastic flow, the stress
distribution is first calculated and then the boundary
problem for velocities is solved using the associated or

non-associated flow rule. This approach was earlier
utilized in (Jenike, 1961; Johanson, 1964) and recently
in (Michalowski, 1984). An extensive list of publi-
cations on both experimental and theoretical results in
the matter concerned can be found in a review article
(Tiiztin et al., 1982).

MODEL OF THE BUNKER

Stereophotographic observations of the velocity
field and ultrasonic measurements of the density of the
material were carried out on a plane bunker model
constructed in the Institute of Fundamental Tech-
nological Research in Warsaw. The model consisted of
four wooden bars (two as converging walls and two as
parallel ones) placed between two glass sheets. The
bars could be adjusted to different positions to form
models with different wall inclinations in the converg-
ing part and/or different widths of the parallel section
{(bin part). The total height of the model could not
exceed 1.2m, the width of the bin section in most of
experiments was adjusted to about 30cm, and the
thickness of the model (the distance between the two
sheets of glass) was 4cm. Some preliminary results
were compared to those carried out on models with
larger ratios of thickness to the width (Blair-Fish and
Bransby, 1973; Cutress and Pulfer, 1967), in which the
flow patterns were investigated by means of X-ray
technique. This comparison allows one to believe that
in the experiments presented in this paper the friction
effect from the glass sheets did not influence the flow
patterns in any significant way.

Sand with particles ranging in size from 0.25 to
1.75mm and having an internal friction angle ¢ = 32°
was used in all experiments. The wall friction angle ¢,,
was equal to 11° for smooth walls or 25° for walls
covered with a medium-grade sand-paper. The sand
was placed in the bunker using a sand spreader with a
circular outlet of 7mm in diameter. Different fall
heights were applied in order to obtain the required

2587



2588

rupture
surfaces

RADOSLAW L. MICHALOWSK!

Fig. 1. Rupture bands in the mass-flow process (8,, = 15°, ¢,, = 11°, p, = 1.60 x 10* kg/m>); initial phase
(a}-(g) and advanced flow (h).

density of the sand. The densities in the range
1.54-1.76 x 103 kg/m? could be obtained changing the
fall height from O to >40cm, respectively.

In experiments where the density was measured
using an ultrasonic technique, the glass sheets of the
model were replaced by Plexiglas and the ultrasonic
heads were inserted into holes drilled into the
Plexiglas. X-ray experiments presented here were
performed by Professor A. Drescher on a similar
Plexiglas bunker model constructed at the University
of Cambridge.

EXPERIMENTAL RESULTS

The discharge process is divided into two stages,
referred to here as initial and advanced flow.

Initial flow

As in the casc of a converging plane hopper
(Michalowski, 1984), two different mechanisms may
appear in the initial stage of discharge: a mass mechan-
ism and funnel (or plug) mechanism.! The pattern of
rupture bands in a mass mechanism, obtained for a
discharge process from a bunker model with included
semi-angle 8,, = 15° (friction angle on walls ¢,, = 11°
and initial density p, = 1.60 x 10° kg/m?) is shown in
Fig. 1. The solid lines mark the distinct rupture
surfaces seen in a stereoscope, while the broken lines
show the rupture bands seen less distinctly (when the
velocity jump across a band is very small or when the
absolute velocities are large).

Immediately after the discharge process is In-
itialized, two narrow rupture bands appear in the
vicinity of the outlet and propagate upwards until they

*The term funnel mechanism or funnel flow is used here to
define the type of flow shown schematically in Fig. 3, and does
not pertain to the discharge mechanism associated with
forming empty channels (piping).

reach the opposite walls. Another pair of rupture
bands then starts from the neighborhood of the points
where the first pair reached the walls. While sub-
sequent rupture surfaces progagate in the upper part of
the bunker (Fig. 1), the ones closer to the outlet first
move slightly upwards and then downwards, with their
own velocities different from the velocity of the
material.

The trajectories of two markers are shown in Fig. 1
(dotted lines) to roughly illustrate the movement of the
material in the bunker. A clear dilation effect ac-
companying the propagation of the rupture surfaces is
shown on the X-radiographs in Fig. 2. The material
initially dilates within the rupture bands and the
material in between them seems to preserve its original
density. However, the bands formed do not move with
the material velocity, hence the material above these
surfaces enters them, gradually undergoing dilation.
Consequently, the regions with the original density
reduce gradually.

Funnel mechanism of the initial stage of flow is
shown schematically in Fig. 3 (8, = 15°, ¢,, = 257 and
po = 1.60 x 103 kg/m?). This type of flow is likely to
appear for a relatively higher density of the material
and/or larger friction coefficient on the material/wall
interface. The material starts to flow in a narrow
region, referred to here as a funnel zone. The moving
material is separated from the stationary dead zones by
two vertical rupture surfaces. The funnel zone propa-
gates upwards until it reaches the traction-free bound-
ary, and its width increases simultaneously. Unlike in
the mass mechanism, a pair of rupture bands appears
in the upper region of the parallel part of the bunker
(Fig. 3e). In most cases tested for a relatively large wall
friction, the narrow dead zones remain along the walls
(Fig. 3f) until the free boundary of the material reaches
the converging part of the bunker. Near the end of the
initial stage of flow, the rupture band pattern in the



Flow of granular media through a plane parallel/converging bunker

2589

Fig. 2. X-radiographs of the mass-flow process (0,, = 15°, ¢,, = 11°, p, = 1.60 x 103 kg/m?).

converging part is similar to that observed in the mass-
flow process (Figs 1h, 3f). The dilation effect is now
very clearly seen along the rupture bands separating
the funnel zone from the stationary material (Fig. 4),
and in the whole flow region the material seems to have
a constant density.

Advanced flow
The advanced stage of flow is considered to begin
when the pattern of the rupture bands takes on a shape

CES 42:11-G

similar to that shown in Fig. th or in Fig. 3f. A
sequence of stereoscopically observed rupture zones in
advanced flow is shown in Fig. 5 (0,, = 207, ¢,, = 11°
and p, = 1.60 x 10° kg/m?). These rupture zones seem
to retain stationary positions. When the advanced
stage of flow is preceded by an initial mass mechanism
then the flow pattern can be approximately described
as follows. The material in the paralle] section of the
bunker moves downwards as a rigid body. The orig-
inally flat, traction-free boundary remains flat until it
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Fig. 3. Rupture bands in the funnel-flow process (4, = 15°,
¢, = 25° p, = 1.60 x 103 kg/m3); initial stage (a)-(¢) and
advanced flow (f).

reaches a level close to the transition zone (usually less
than one width of the bin part above the corner points).
In triangles ABC and AB'C’ (Fig. 5a) material moves
approximately parallel to the walls, with relatively
small velocity gradients. Below the rupture surfaces
AC and AC' the flow resembles (approximately) the
radial velocity field. Although there may still be some
rupture surfaces in this region (not always clearly seen
in a standard stereoscope), the velocity jump across
them is very small compared to the absolute velocities.
In cases where a plug flow mechanism occurs in the
initial stage, the flow pattern in the advanced process
resembles the one described, with two differences: (1)
the traction-free boundary has a characteristic caved-
in shape and two rupture surfaces (DJ and DJ in Fig.
3f) occur in the upper region and (2) the narrow zones
of stationary material along the parallel walls may
remain until the free boundary reaches the transition
zone. '

Density distribution during advanced flow, for the
process in which a mass-mechanism occurred in the
initial stage, are shown in Fig. 6 (8,, = 20°, ¢,, = 11°
and p, = 1.60 x 10°kg/m?). It is seen that in triangles
ABC and AB'C’ (see Fig. 5a) the density is not
homogeneous and the layers of dense and loose
material appear alternately, approximately parallel to
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surfaces AB and AB'. The rupture surfaces coincide
with a pair of top layers of the loosening material. An
oscillatory mechanism of the forming of rupture
surfaces can explain the development of the alternate
layers of loose and dense material. The dense sand in
the parallel part of the bunker undergoes dilation
when passing the pair of top rupture zones (AB and
AB' in Fig. 5a). However, these zones are not
stationary. They move slightly downwards, and, after
the material within these zones reaches some “critical”
density, they stop acting as rupture bands. A pair of
new rupture surfaces then appears above them, leaving
a stripe of undilated material in between. The new
rupture bands (AB and AB') always extend from the
neighborhood of the transition (corner) points. The
cyclic fluctuations in the flow pattern are not caused by
the “stopped flow” procedure of taking X-ray pictures
(compare the X-radiographs in Fig. 6b and 6c; a
continuous process took place between these two
instants). It is believed that all the rupture surfaces
shown in Fig. 5a are subjected to cyclic perturbations,
however, due to the dilation effect along these bands
the density in the region ACOC’ in advanced flow is
fairly homogeneous and the fluctuations of the bottom
rupture bands cannot be easily detected. Identical
phenomena of the forming and reforming of rupture
surfaces was described earlier by Blair-Fish and
Bransby (1973), who associated it with wall pressure
fluctuations.

Hence, the flow pattern in the advanced phase of
flow in the parallel/converging bunker is not steady,
even though the stereophotographic observations
seem to suggest so. The flow pattern shown schemati-
cally in Fig. 5a is subjected to cyclic perturbations and
can be regarded only as a rough approximation.

The rupture bands in the stereophotographic image
are seen as zones whose width is comparable with the
fluctuations of their location. Therefore, the changes of
the position of the rupture bands, related to their
repetitive appearance, could not be traced using a
standard stereophotographic technique. In some cases
the author was able to detect two rupture surfaces
(parallel to AB in Fig. 5a) with their locations coincid-
ing roughly with the layers of loosened material. The
next sequence of stereograms would show, however,
that only the upper surface remains an active rupture
band (until a new one is created above it).

In cases where a funnel mechanism appeared in the
initial stage, no distinct dilation effect could be de-
tected in the advanced phase. The material loosens, in
these instances, along the vertical rupture bands in the
initial stage, due to expansion of the funnel zone (Fig.
4). It is not evident whether or not an oscillatory-type
mechanism occurs, similar to the one described earlier.

The results of ultrasonic measurements of the
density are presented in Table 1. In the first column the
densities of the sand originally placed in the bunker
model are shown. The initial non-homogeneities due
to imperfections in filling the bunker were up to
10kg/m?. The density was measured in two stationary
locations: in the bin part, about 2/3 of the width of the
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Fig. 4. X-radiographs of the funnel-flow mechanism (8,, = 15°, ¢,, = 257, p, = 1.60 x 103 kg/m?).

'''' - surfaces

Fig. 5. Rupture bands in the advanced mass-flow discharge process (6, = 20°, ¢, = 11°, p, = 1.60
x 10> kg/m?).

bin above the transition zone, and in the region of
approximately radial flow (below CAC’ in Fig. 5a),
near the axis of symmetry. For each test measurements
were taken in the advanced stage of flow, for ten
instants of the process (stopped flow). The results in
Table 1 are the average values of the density for the ten
measurements (the standard deviation varied from 1.1

to 20.7 kg/m?*). Preliminary tests showed that when the
original density was relatively high, the initial stage of
flow was a funnel-type, and the difference between the
density in the parallel part and that in the radial zone
(during the advanced phase) was of a magnitude
comparable to the standard deviation. This complies
with the X-ray observations, and confirms the hypo-
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Fig. 6. X-radiographs of the advanced mass-flow mechanism (8, = 20°, ¢,, = 11°, p, = 1.60 x 10kg/m?).

Table 1. Density of the sand in the advanced stage in two different flow
regions in kg/m® x 10° (wall friction angle ¢ = 11°)

9, = 10° 9, = 15° 8, =25°
Initial bin hopper bin hopper bin hopper
density section section section section section  section
1.56 1.56 1.51 1.56 1.49 - e
1.58 — e — — 1.58 1.48
1.64 1.58 1.52 — — e —
1.68* — — 1.57 1.51 1.62 1.49
1.73 1.59 1.53 — - — e
1.74% — — —— — 1.62 1.51

thesis of incompressibility of the advanced flow pre-
ceded by a funnel-type mechanism. Table 1 shows the
densities of the sand in the advanced flow, which in all
cases was preceded by an initial mass-type mechanism.
For instances marked with a star in Table 1, the funnel
flow would occur if the whole bunker was filled with a
material whose density was homogeneous (and equal
to the one shown as the initial one). However, the flow
was of a mass type when the material in the converging
section had a lower density (approximately 1.55
x 10°kg/m?) than that in the bin section (those
marked in Table 1 as initial). For cases marked with a
star in Table 1, a filling procedure producing a mass-
type flow was utilized. The first measurement in these
cases was taken after the material placed in the hopper
part was entirely discharged from the bunker.

Itis seen that when the initial density of the sand was
relatively low, the density in the bin part during flow
was equal to the initial one. In the radial zone, however,
the density dropped slightly below the minimum value

obtained using a zero fall height (1.54 x 10° kg/m?).
When sand with higher densities was placed in the
bunker the density during flow dropped in both the
parallel and converging section. A rarefaction wave
[of the type described by Cowin and Comfort (1982)],
whose propagation was not detected in the exper-
iments, is probably induced in the bin part of the
bunker during the initial phase of flow. The friction on
the Plexiglas plates might have a crucial influence on
the occurrence of the rarefaction wave, although there
is no experimental evidence to prove this.

Although the flow rate was not of major interest in
the experiments performed, the mass m discharged
from the bunker during the continuous discharge
process was measured using a specially constructed
lever device. The mass flow rate dm/dt was found to be
constant throughout the whole discharge process and
its magnitude did not depend on the width of the bin
part of the model. Also the initial density of the
material and the height of the sand bed placed in the
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container were observed to have no influence on the
mass flow rate. A decrease in the flow rate was observed
when the semi-angle 6,, and/or the wall friction angle
¢, was increased, and this is in accord with established
flow rate correlations (Nedderman et al., 1982). Of
course, the width of the outlet had a major influence on
the flow rate

AN ATTEMPT AT A THEORETICAL DESCRIPTION OF
THE ADVANCED FLOW PHASE

Theoretical description is confined to the advanced
stage of the discharge process, for which the exper-
imentally determined flow pattern is schematically
presented in Fig. Sa. The cyclic perturbations of the
pattern, observed in the X-ray tests, are neglected here
and the solution for steady flow will be presented.

The material is postulated to be rigid/perfectly
plastic, isotropic, and to obey the Mohr-Coulomb
yield condition. The potential flow rule

Gy= A 150 (1)

relating the strain-rate tensor & to the stress tensor oy;
is used, with the potential function G(gyj) similar in
form to the Mohr—Coulomb yield condition, but with
the internal friction angle ¢ replaced by the dilation
angle ¢*(0 < ¢* < ¢). Solutions to related problems,
based on similar assumptions, were obtained earlier in
(Shield, 1955; Jenike, 1961; Johanson, 1964; Pariseau,
1969; Michalowski, 1984). The flow rule (1), along with
the geometrical relations between the strain-rate
tensor and the velocity components, yields a set of two
hyperbolicequations for the velocity field components,
which can be solved using the method of charac-
teristics. The two families of characteristics (x and f)
are given as (Shield, 1953)

Y= an {w(%%ﬂ 0B @

and the following relations along the lines o and f have
to be satisfied

dVv, — (V, tan ¢* + Vp sec ¢p*)dy = 0,
dVy+ (Ve sec o* + Vg tan ¢*)dy = 0, along B (3)

where ¥, and ¥ are the projections of the velocity
vector on the a and f line, respectively, and ¢ is the
angle of inclination of the algebraically greater prin-
cipal stress to the x-axis. The distribution of the angle
 in the flow region can be found solving a quasi-static
stress problem, which for the postulated material is
also of a hyperbolic type. ,

It needs to be emphasized here that obtaining a
stress field is not the objective of this paper. However,
information about the distribution of angle ¥ in the
converging part of the container is needed in order to
solve eqs (2)and (3). This information will be used here,
based on an existing solution to the quasi-static
problem for stresses. A number of available stress
solutions were examined before a particular distri-

along «
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bution pattern for i was assumed. It was found that
although different solutions yield stresses differing
from each other, the pattern of the principal stress
directions was in all cases fairly similar. Even the
discontinuous stress field presented by Horne and
Nedderman (1978), yields principal stress directions in
the converging part of the bunker within a range of a
few degrees from those predicted by others (e.g. Jenike,
1961; Michalowski, 1984).

The principal directions pattern in the converging
part of the container, following from the continu-
ous solution for stresses described elsewhere
(Michalowski, 1984), is used here. The pattern of
principal stress directions in this solution is very
similar to that following from the radial stress field
(within four degree range in the examples computed).
Note that the quasi-static solution presented by
Michalowski (1984) concerns only converging
hoppers. However, an extension of the solution into
the parallel part can be found (not without some
numerical difficulties). In such case, although the
stresses change dramatically, the pattern of  in the
converging part remains almost unchanged.

Some problems regarding the stress field in the
transition zone arise when the traditional perfectly
plastic model approach is used in the analysis. These
problems are, however, beyond the scope of this paper
and are not discussed here. The pattern of the principal
stress directions within the transition zone and in the
parallel part of the container does not have to be
known to solve the kinematics of the flow problem.
Indeed, it was shown in experiments that the traction-
free surface of the material moves down as a rigid
boundary (and the material in the parallel part of the
container moves down as a rigid body). Thus no
information about the principal stress directions
pattern is necessary in the region from the top traction-
free boundary to the corner points of the transition
from the parallel to the converging part (ie. any
pattern of ¥ would yield the rigid block motion in that
region).

The velocity characteristics field shown in Fig. 7a
was obtained graphically (for ¢* = 0) using a stress
solution (for ¢ = 32°). The material above line BC
moves downwards and the vertical vector V, is taken as
a boundary condition along BC. Instead of numeri-
cally integrating egs (3) along the velocity charac-
teristics, the construction of a hodograph is utilized
here (Green, 1954). The velocity of the material below
point B has to be parallel to the wall, hence line BCisa
velocity discontinuity (rupture surface). The velocity
jump vector [ V] is inclined to the discontinuity at the
dilation angle ¢* and satisfies the relation (Shield,
1955)

[V1=[Vlexp{x W —votand*}, «p (4

where [ V'], is the known length of [V] at the point
where Y/ = . The velocity jump vectors along BC are
shown in the hodograph in Fig. 7b as the fan of vectors
ABC. Having found the velocities below line BC, the



Fig. 7. Velocity characteristics net (2) and the hodograph (b).

mixed boundary problem is solved in triangle BCD.
The velocity below point C has to be vertical to comply
with the symmetry condition, hence line CD is the next
discontinuity line, with the jump vector given by (4).
The boundary problem in CDE is then solved, etc. For
some combinations of the internal friction angle ¢,
wall friction angle ¢, and dilation angle ¢*, the
velocity jump vector at point D is parallel to the wall,
and the velocity field below line CD is then continuous
(Fig. 8).

THEORETICAL PREDICTIONS VERSUS EXPERIMENTAL
RESULTS

Comparison of the experimentally observed velocity
field to the solutions obtained for dilatant (¢* > 0)and
incompressible (¢* = 0) material proved the solutions
for small dilation angle ¢* (0-5°) to be in lesser
discrepancy with the experiments than those for highly
dilatant material. This complies with the results of
Pariseau (Pariseau, 1969) and those obtained by the
author for converging hoppers (Michalowski, 1984).

Some experimental data and theoretical predictions
are presented in Fig. 9 (V, is the radial component of
the velocity vector in the hopper section, ¥, is the
vertical velocity in the bin section, and r, [ and 6 are
shown in the figure). The circles, x’s and black dots in
Fig. 9 represent the experimental data for three
different instants of the advanced stage of the dis-
charge process. Cycle fluctuations of the flow (ob-
served in the X-radiographs) seem to have little
influence on the velocity distribution. The solid lines in
Fig. 9 pertain to the theoretical solution for a steady
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Fig. 8. A particular case with only two discontinuity surfaces
in the velocity field. Velocity characteristics mesh (a) and
hodograph (b).

flow; the vertical segments are associated with the
discontinuity lines in the theoretical velocity field.

Distribution of the particles’ velocities and the
location of the rupture surfaces obtained from the
experiment are compared to the theoretical predictions
(¢* = 0) in Fig. 10. Although the theoretical method
suggested here predicts the velocity distribution rather
accurately, the density variations obtained do not
qualitatively match experimental findings. As the di-
lation angle ¢* is assumed constant in the whole flow
region, the material, in theory, experiences dilatancy
everywhere (along all the velocity discontinuities in
particular) except in the rigid-motion region in the bin
part, or, when ¢* = 0. In the experiments performed,
however, the material clearly loosens along the top pair
of rupture surfaces (in the neighborhood of the
transition zone), and seems to be fairly uniform in the
radial zone.

CONCLUSIONS

It was shown by Nedderman and Tiiziin that for flat-
bottomed bins (Nedderman and Tiiziin, 1979) and for
relatively large angles 8 (Tiizlin and Nedderman, 1982},
where distinct stagnant zones appear in the lower part
of the container, the velocity field does not exhibit any
discontinuities. In these cases the boundary of the
stationary material forms an almost smooth transition
from the “parallel” velocity field to the “convergent”
one and the distribution of particle velocities in the
advanced flow has a smooth Gaussian-shaped profile.
Experimental investigations presented in this paper
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Fig. 9. Dimensionless radial velocity components versus distance from the hopper apex during advanced
mass-flow discharge for three instants of the process (6, = 20°, ¢,, = 11°, p, = 1.54 x 10kg/m>).

were confined to small half-angles 6,, of a bunker
{10-30°) for which sliding along the hopper walls was
taking place. Discontinuities in the velocity field, in the
form of narrow zones with large velocity gradients,
were observed in both the initial and advanced phases
of discharge. Rupture zones (discontinuities) in the
advanced flow are clearly associated with a sharp
transition from the bin section to the converging
hopper. However, their oscillatory mechanism of
formation as well as the propagation of discontinuities
in the initial stage of flow may be attributed to the
softening nature of the material. A repetitive occur-
rence of rupture surfaces in dense sand rather than a
continuous mechanism expansion was presented
earlier by Butterfield and Andrawes (1972), in a plane
wedge-penetration problem.

It should be noted that in the initial stage of flow in
bunkers with small angles 6,, a “zigzag” pattern of
rupture bands may occur (particularly for dense
material) as well as the symmetrial one reported in this
paper. Such patterns were shown by Blair-Fish and
Bransby (1973). The randomness in occurrence of one
of the mechanisms may be attributed to imperfections

in filling the container and was considered by Blair-
Fish and Bransby as a consequence of the softening
behavior of dense sand.

The appearance of the mass-flow or funnel-flow
mechanism was found to be associated with the density
of the material and the roughness of the bunker walls.
It is natural to relate the strength (yield condition) of a
granular, non-cohesive material to its density. For the
small values of 6,, under investigation (10-30°) and
wall friction angle ¢,, = 11° the initial density (and
therefore strength) of the material had an essential
influence on the type of mechanism which occurred.
However, it was found that only the density of the
material placed in the converging section was an
important parameter. If material with a density ensur-
ing mass flow was placed in the converging section,
then even if the density of the material in the bin
section was higher (so as to produce funnel flow if
placed in the converging part), the mechanism was still
of a mass-flow type. Under such circumstances the
initiaily dense material in the bin section loosens in the
beginning phase of discharge, probably due to a
rarefaction wave propagating upwards in this section.




Fig. 10. Velocity vectors and discontinuity surfaces from the
experiments (solid lines) and theoretical predictions (broken
lines).

Although the rarefaction wave was not detected in the
experiments, the ultrasonic measurements clearly
showed the effect of the density decrease. This obser-
vation could have direct application in practice to
avoid funnel-flow in existing bunkers.

The approach utilized for the theoretical descrip-
tion, although fairly accurately yielding the velocity
field in the advanced flow (for small angles 6,,), does
not seem to be a promising framework for predicting
velocities in the initial stage of flow. The assumption of
a fully plastic state of all the material in the converging
section is not adequate instantly after opening the
discharge outlet. An analysis based on localized shear
bands associated with the initially softening material
separating the rigid (or elastic) regions is believed to be
more appropriate.

This paper does not pretend to exhaust the rather
extensive topic of kinematics in hoppers and bins as
it covers only a small portion of problems related
to granular material flow through a plane
parallel/converging bunker. '
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NOTATION

¢ internal friction angle

by contact friction angle on the sand/wall
interface

o* dilation angle of granular material

£1Po density and its initial value

0, included semi-angle of the converging part of
the bunker

dm/dt  mass flow rate

0ij stress tensor

&; strain-rate tensor

G(s;;) plastic potential function

¥ angle of inclination of the major principal
stress to the x-axis

Vo,V projections of the velocity vector on a-and /-
characteristic

[v] velocity jump vector across a discontinuity
surface
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