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This article presents an experimental investigation of the flow pattern and wall
pressure due to centric and eccentric discharge. The experiment were performed
on a metal silo prototype using corn as a granular material. The silo prototype
used in the study was built of a metallic cylinder, which can be opened
longitudinally allowing the observation of the flow pattern through a plexiglass
wall, the wall pressure distribution was measured using a special pressure
transducer. Significant effect on flow pattern and wall pressure has been found
due to the change in the eccentric outlet location

Introduction

Every year silos face many problems causing damage and collapse. One of the
main reasons of silos failure is the dynamic pressures produced on the silo’s walls
during discharge. This pressure is directly related to shape and nature of material
flow in silos. Many studies were done on flow shape to determine flow pressures
effects on silos walls [4,5,11].
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Fig. 1: The dynamic pressure acting on
on the silo wall during discharge is
directly related to pattern of material
flow in silos.

Numerous designs are applied to silos with centric and eccentric discharge
[3,7,8], where the last one is to be considered the most used in silos. Some codes
deal with the effect of eccentric discharge by adding non-uniform pressures
throughout the silo wall or by using over pressure coefficient [1,2]. However,
eccentric discharge still needs to be explored in details regarding the location of
the discharge outlet which influences both the flow patterns and flow pressure on
silo’s wall.Purpose of study: The main goal of this work is to study the flow



patterns in cylindrical silos during centric and eccentric discharge, and to
measure the dynamic horizontal flow pressure, which is affected by the location
of the discharge outlet. For this purpose, a cylindrical prototype silo was designed
(see Fig. 1). During this process, all the parameters including silo height, silo
width, hopper angle, etc., were considered constants, except for the outlet
location, which was changed in order to investigate its effect on the flow pattern
and flow pressure exerted on the silos wall.

Experimental Procedure

Preliminary experiments were performed to determine the possible locations of
the outlet which has significant effect on flow pattern, flow pressure, and the
location of the effective Transition Section (ETS) which produces peak pressures
due to the change in flow direction.Experiments were done using a cylindrical
metal silo divided in the middle with a plexi-glass plate which allows the flow
pattern of material to be observed (Fig. 2, and 3). The location of the flow outlet
was changed to produce centric and eccentric discharge cases. To measure the
pressure during discharge, pressure cells were distributed at different levels along
the height of the silo wall (Fig. 4). Moreover, special pressure measurements were
fixed to the wall away and close to the flow outlet. On the other hand, the
locations of the Effective Transition Section were covered.



Fig. 2: Study model silo with mounting
points of the pressure cells. (Pictures:
University of Damacus)

Fig. 3. View of the model silo showing
plexiglas front.

Fig. 4 shows the dimensions of the modelled silo. The dimensions were selected
using physical modelling theory [15]. Metal was used due to its smooth surface,
which reduces the effect of ”angle of friction” on the silo wall [12]. Angle of
friction may alter the shape of particles flow and the flow pressure.



Fig. 4: Vertical distribution of the
pressure cells.

Previous studies also indicated that the internal angle of friction must be the
same in both prototype and real silo [12,13], or at least the difference must be no
more than 5 degree which has been considered in this research. The size of the
corn particles used in this experiments was chosen to be smaller than normal with
the aim of preventing particles from interlocking, which could provide a flow



obstruction. However, very small particles were also not used as they may
accumulate and cause lumping in flow.The data of the pressure measurement
cells mounted on the silo were collected digitally and saved into a computer
station. Also, all the experiments were carried out under similar experimental
conditions using centric and eccentric discharge. The resulting flow for each case
was recorded using video camera.

Flow Observations

It was observed that the flow pattern in centric discharge was symmetric. Flow
core was observed in the centre of the silo, while static regions where observed
next to the silo wall. In the case of eccentric discharge, it was observed that the
flow core has smaller width and it was shifted towards the eccentric outlet, while
large static region was formed into opposite side far from the eccentric
outletThrough these observations, it was concluded that the effective transition
section on the silo wall, proximate to the outlet, moves down towards the silo
bottom, while it has moved up on the contrary wall as shown in Figs. 5, 6, and 7.



Fig. 5: Centric outlet discharge. Fig. 6: Eccentric outlet discharge (e/R =
0.5).

Fig. 7: Eccentric outlet discharge (e/R =
0.75).

In the process of evaluating the effect of eccentric outlet, a ratio value equal to
the distance between the outlet location and the centre of the silo "e" divided by
silo radius "R" (R = 40 centimetre) was introduced to express the eccentric
degree of the outlet. During the experiments the materials behaviour for three
eccentricities e was investigated (10, 20 and 30 centimetre).



Pressure Measurements

The pressure data collected for the centric operation case of the silo showed that
a maximum pressure was recorded at the effective transition section near the
bottom of the silo.In the eccentric discharge case and for an eccentric ratio of
0.25, measurements on the proximate wall to the outlet showed that the
maximum dynamic pressure was recorded around the region of the effective
transition section. On the contrary wall of the silo, measurements demonstrated
that the maximum dynamic pressure was at the bottom of the silo, in addition to
another rise at the effective transition section. Then, the pressure decreased
gradually up to the top of the silo.Repeating the work for eccentric ratios of 0.5
and 0.75, different results were registered where measurements on the
proximate wall to the outlet presented that the effective transition section is
closer to the bottom of the silo in both cases, with a high pressure produced at
this location.On the other hand, a higher dynamic pressure was recorded on this
wall at the region of the effective transition section of the contrary wall of the silo.
Measurements on the contrary wall of the silo showed that the maximum dynamic
pressure occurred at the bottom of the silo.Then, the pressure decreased
gradually up to the top of the silo. This result is very similar to the case where the
eccentricity ratio equals to 0.25. Figs. 8, 9, 10 and 11 illustrate the distributed
pressure produced by each studied case.



Fig. 8: Centric outlet discharge
pressure distribution.

Fig. 9: Eccentric outlet discharge (e/R =
0.25) pressure distribution.



Fig. 10: Eccentric outlet discharge (e/R
= 0.5) pressure distribution.

Fig. 11: Eccentric outlet discharge (e/R
= 0.75) pressure distribution.

Analysis of Results

Figs. 12 and 13 show the values of measured dynamic pressure to wall at each
position of measurement cells. All cases related to different eccentric ratios are
demonstrated in this figure.It can be seen that the dynamic pressure on the



proximate wall has a complex relation to the distance from top. Figs. 12 and 13
demonstrate that the pressure rises in the upper part of the wall proportionally to
the eccentric ratio. On the contrary wall, the dynamic pressure drops for the lower
part of the wall in an inversely proportionality to the eccentric ratio. However,
pressure measurement on the contrary wall does not register much influence by
eccentric ratio.

Fig. 12: Dynamic pressure changes for
the different eccentric ratios at the



proximate wall.

Fig. 13: Dynamic pressure changes for
the different eccentric ratios at the
contrary wall.

Fig. 14 illustrates a comparison between the experimental data by this study for
the dynamic pressure in centric discharge and the values obtained by German
Code (Din 1055) where the Figure illustrates a clear match between both results.



Fig. 14: Dynamic pressure changes for
centric discharge experiment and DIN
1055.

For eccentric discharge, Figs. 15, 16 and 17 compare the dynamic pressure
changes along both the proximate wall of the silo and the contrary wall for
eccentric ratios 0.25, 0.5 and 0.75 and the designed results derived according to
the German code for each of the eccentric cases. It is clear that experimental
data of this study matches the results of the German Code for the contrary wall.



Whereas, higher dynamic pressure values were recorded experimentally in the
higher part of the proximate wall. Based on this observation, it is necessary to
take in consideration these high pressure values resulting from eccentric
discharge, which has not been covered in codes yet.

Fig. 15: Dynamic pressure changes for
eccentric discharge ratio 0.25
(experiment and DIN 1055).



Fig. 16: dynamic pressure changes for
eccentric discharge ratio 0.5
(experiment and DIN 1055).



Fig. 17: dynamic pressure changes for
eccentric discharge ratio 0.75
(experiment and DIN 1055).

Summary of Findings

The dynamic pressure resulting from eccentric discharge of the silo drops
dramatically on the lower part of the proximate wall of the silo in inversely



proportionality to the eccentric ratio to reach limits lower than the filling
static pressure.
The dynamic pressure increases dramatically in the upper part of the
proximate wall, proportionally to the eccentric ratio.
The dynamic pressure at the proximate wall registers high fluctuations (see
Fig. 18), which results in additional bending moment, while no fluctuation
was recorded on the contrary wall (see Fig. 19).
The eccentric ratio has little effect over the dynamic pressure distribution
over the contrary wall, and this result agree with previous studies [6].
The eccentric ratio has very strong effect over the dynamic pressure
distribution over the proximate wall.

Fig. 18: Diagram of pressure
measurement on the proximate wall.



Fig. 19: Diagram of pressure
measurement on the contrary wall.

Conclusion

The present research revealed an important connection between the eccentric
outlet location, and the resulting dynamic flow pressure, because of a significant
high pressure that recorded for the biggest eccentric ratio especially in the upper
part of the silo, so it is very important to pay more attention to the design of the
upper part of the silo in eccentric discharge cases due to the high dynamic
pressure recorded in these cases.Moreover In design procedure, it is necessary to
consider the fluctuation in the dynamic pressure over the proximate wall and its
relation to the eccentric ratio and the resulting bending moment. 



A Note from the Editor

For all statements in this article that refer – directly or indirectly – to the time of
publication (for example “new”, “now”, “present”, but also expressions such as
“patent pending”), please keep in mind that this article was originally published in
2012.
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