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DEAR COLLEAGUES AND FRIENDS

It is my privilege and great pleasure to invite you to participate in the 5th International Conference
"Trends in Agricultural Engineering 2013" to be held September 3 - 6, 2013 in Prague, Czech
Republic.

I would like to remember the successful past conferences held in 1994, 1999, 2007 and 2010 where we
have experienced a growing number of participants - from 107 back in 1994 to 157 in a year 2010.
The organizers of the oncoming event hope that the fifth conference will be the valuable successor of
the previous conferences. Its participants will have an excellent opportunity to exchange new
experience, ideas and scientific results in the wide range of scientific disciplines.

The history of nineteen years of the conferences dedicated to this topic also represents the changes in
this discipline during the years. At the beginning of this period the main domain of the discipline
consisted mainly in agricultural machinery improvement, development of automation and robotics.
Now, the main role consists of detection of the product quality and in developing agricultural
technologies more precisely and friendly towards the environment.

I am looking forward to meeting you all at the conference. We will work hardly not only to offer an
interesting scientific programme but also to bring you an attractive social and cultural activities during
you stay in Prague. I share this feeling with all my colleagues in Local Organisation Committee that
are ready to prepare the best conditions for you.

Martin Libra
Chairman of the Scientific Board
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IMPROVED SOIL AND WATER MANAGEMENT
Richard J. Godwin
Harper Adams University, Great Britain
Abstract

This paper is written as a result of a series of lectures given over the early few months of 2013 to
help farmers and land managers handle the very serious problems of water logging in fields arising
from the prolonged period of rainfall in the summer, autumn and winter of 2012 in England. The
paper covers some of the fundamental aspects of soil and water management, the description of the
current problems, the short/medium/long term action that should be taken and stresses the benefits of
controlled traffic, reduced vehicle contact pressure and soil loosening.

Keywords: soil, water management

Introduction
Fundamental aspects

Fig. 1 shows the basic constituents making a
healthy mineral based agricultural soil where
approximately half of the soil volume (soil solid) is
either mineral or organic matter, with the remaining
volume (soil void) either water or air. The water/air
ratio is dynamic -  fluctuating  with
rainfall/irrigation, drainage status and crop use.
Further details of the soil water balance are shown
in Figure 2, this illustrates the different effect of
soil texture on the moisture status. The “saturation”
line depicts the condition when the soil void is full
of water; this is not an ideal state as it does not
allow the plant roots and other soil flora and fauna
to have access to oxygen for respiration. The “field
capacity” line represents an ideal condition where
water is freely available with sufficient air void for
respiration. Finally the permanent wilting point
shows the condition when there is insufficient
water to sustain crop growth; and although there
can be up to 20% of water by volume in a clay soil
the crop cannot extract the water from the soil.

Also shown in Fig. 2 are the conditions in
“freely draining sand” and a silty clay and clay soil
in the Uck and Bourne catchment where the soil is
saturated at the surface, but at is at field capacity at
150 mm depth. This illustrates the common
condition of a “perched water table” where the soil
is saturated at the surface but the water does not
infiltrate deeply into the soil. This is different from
the “commonly held model” where saturation
occurs from a rising water table that might occur in

flatter landscapes in river valleys such as the fens
and Somerset levels in the UK, the polders in
Holland and prairie land in the US mid west.

i
— 2 - 5% ORGANIC MATTER
SCILVOID 1 SOIL8OLID

Fig. 1 Soil Constituents

The zone between field capacity, if the land is
well drained, and saturation is an ideal area to
temporarily store water in cases of excess rainfall
which can then prevent surface runoff and flooding
(Godwin, Dresser, 2003).

The series of photographs in Fig. 3 show the
flow of water, over an 8 minute period, into the soil
in two tanks of sand; on the left coarse sand
overlying fine sand and on the right fine sand
overlying coarse sand. It can be readily seen that
the water moves readily from the coarse sand into
the fine but not in the reverse case until a crack
appears after 8 minutes of infiltration.
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Fig. 2 Perched water tables and storage capacity (Godwin, Dresser, 2003)
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Fig. 3 Infiltration of water over time into 2 tanks of sand: coarse/fine left, and fine/coarse right

Infiltration rate is influence by both soil
texture (where sand>loam>clay) and surface cover
as shown in Fig. 4. The rate reduces with time as
surface damage occurs and soil pores become
saturated, runoff starts to occur when the rainfall
rate exceeds the infiltration rate. Fig. 4
demonstrates clearly that soils with a permanent
pasture or heavy mulch have infiltration rates very
much greater than clean tilled and bare soils. Fig. 5
shows how the number of wheel passes effects the

infiltration rate, where any number above a single
pass reduces the infiltration rate to <lmm/hr.

Not only does the numbers of passes reduce
infiltration rate but it also increases soil bulk
density from 1.42 g/cc to 1.62 g/cc which can have
a dramatic effect on crop yields, as shown in Fig. 6.
This shows that an increase in soil density can
cause a significant reduction on maize silage yield.
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Fig. 4 Effect of time and surface condition on infiltration rate.
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Fig. 5 Effect of number of wheel passes on infiltration rate (Chyba, 2012)
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Fig. 6 Relationship between soil bulk density and maize silage yield (Negi et al., 1981)
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Current problems

The adverse weather conditions in 2012 have
lead to either localised water logging or over
complete fields preventing crop establishment or
restricted development. A summary of the effects
of water logging (where the soil profile is
saturated) on the yield of winter wheat is given in
Tab. 1 from data given in Belford et al. (1981). The
effect of this, whilst very serious, does not result in
total crop failure proving that a crop has been
established. The problem in many parts of the UK
was that soil conditions did not allow crop
establishment and farmers and land managers have
been asking what can they do to “repair the
damage” for the following seasons. Many fields
had water “ponded” on the soil surface, often at the
headlands and close to old established drainage
ditches that have not been maintained for 30 — 40
years.

Tab. 1 Effect of water logging on winter wheat yield

(Belford et. al., 1981).

1. For all treatments, grain losses were much less
than expected from the extent of tiller loss in
winter.

2. Losses after single water logging events
ranged from 2 % (after 47 days) to 16 % (after
80 days with the water-table at the soil
surface).

3. Yield losses after three water loggings at the
seedling, tillering and stem elongation stages
of growth were additive, and totalled 19 %.

4. In many treatments, grain loss was associated
with  lighter individual grain weights,
suggesting that the size of the root system or
efficiency of water and nutrient uptake by
roots at the later stages of growth may have
been less after earlier water logging.

5. The importance of nitrogen fertilizer in
maintaining a satisfactory plant nitrogen status
was shown as vital.

Generally good drainage will improve crop
yield even in less sever climatic conditions as was
shown by data from FDEU (1975) at Drayton
where the yield of winter wheat improved from
4.5 t/ha by 1.0 t/ha from drainage with mole drains
and 0.6 t/ha with drains and subsoil loosening.
Positive yield responses were also recorded at
Brooksby by 0.5 t/ha from the addition of mole
drains. Good drainage is also critical for
trafficability as can be seen from Fig. 7, as the
depth of the water table has a very significant effect
on soil strength. The effect was illustrated in the
summer of 2007 when 40 % of the pea harvest in

certain areas in the UK was lost due to the 25 t pea
harvesting equipment becoming stuck in the fields.

Soil strength

0 I 0.25 0.5 0.75 1
Depth of water table below surface
Fig. 7 Effect of depth of water table on soil strength

Advice on repairing the damage

The best advice that can be given to farmers
for the short, medium and long term repair of the
problems is given in Tab. 2. Much of this is not
“new” information, just good soil and water
management practices that may have been
forgotten, never learnt, skipped a generation and
not now supported by an “extension service”, as
described in Godwin et al., (2008).

Tab. 2 Action points for repairing the damage in the
short/medium/long term

Short Term

1. Study “old” drainage plans

2. Walk ditch drains

3. Check that tile drains, plastic pipes mole
drains are working

4.  Clean blocked ditch and open drains

5. Flush pipe drains

6. Ensure that outfall lateral drains are working
7. Install “short life” mole drains if appropriate
to remove excess water

8. Broadcast seed to establish a crop to remove
surplus water by evapo-transpiration

9. Map damaged areas for repair when
conditions permit

Medium Term

1. Mole drain clay soils with perched water
tables to connect with gravel backfill on top of field
drains

2. Loosen compacted top and sub-soils after the
next harvest

Long Term

1. Install pipe/ditch drains

2. Mole drain clay soils with perched water
tables to connect with gravel backfill on top of field
drains

3. Consider “grass waterways” for open field
ditch drains and erosion prevention

4.  Grade/fill low spots
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5. Improve arterial drains

6. Reduce surface compaction by reducing traffic
intensity (consider Controlled Traffic and or Lower
Pressure Farming practices)

7. Improve soil organic matter content.

Fig. 8, shows that the *“natural” system
drainage system, picking up on the serious “wet
spots” in the field may have economic advantages
over “regular” and “herringbone” systems, also
remember to consider intercepting any runoff from
other parts of the catchment that may cause
flooding on key fields.

Reducing the intensity of wheel traffic by
either controlled traffic or lower pressure footprints
from lower pressure tyres and or rubber belted
tracks could make a significant improvement. The
data from Kroulik et al., (2011) in Fig. 9 shows that

r _

a. Natural

c. Regular p
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up to 85 % of a field growing winter wheat can be
covered in wheel marks with conventional plough
based system, this reduces to 65 % and 45 % for
minimum tillage and direct drilling respectively.
Table 6 summarises the potential benefits from
controlled traffic where the wheel tracks of all
vehicles follow common (or near common)
predetermined pathways. Whilst this is a simple
concept and is greatly assisted by GPS assisted
steering and guidance there are a number of
technical issues to be resolved concerning machine
and track widths (usually with the combine
harvester) but also the issues with matching
narrower tractor track widths with that of the
combine.

Waterway

b. Herring bone

(&)
Water table

d. Cutoff or
Interceptor

(d)

Fig. 8 Alternative drainage designs (Schwab et al., 1993)
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Fig. 9 Random traffic patterns in Czech Republic during wheat production (Kroulik et al., 2011)
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An alternative approach is to replace the high
inflation pressure tyres with those with lower
pressure (Ultraflex or Axiobib tyres) or rubber
belted tracks. This is a simpler solution and is
relatively cheap (some of the cost of which is
recovered by improved fuel economy (Michelin,
2012), trafficability and manoeuvrability. The
negative aspect however is that some pressure is
still applied to the soil — albeit much reduced from
the more conventional tyre (MachXbib) as shown
by Smith et al (2013) in Fig. 10. The estimated
costs for the Ultraflex (Axiobib) tyres are Euro
1.20/ha for 280 hp tractor and Euro 0.60/ha for a
combine (Mozziconacci, (Michelin), 2012) and
Euro 4 to 5/ha for the rubber tacks for a combine
(Tyrell (Claas), 2012 and Blessley (CaselH), 2013).
The paper by Ansorge and Godwin (2007)
demonstrates the benefit of rubber belted tracks
over conventional tyres in detailed laboratory
studies for large combine harvesters together with
the 63 % reduction in tillage energy needed to
repair any compaction.

A study at Harper Adams University (Smith et
al., 2013) is currently investigating the effects of
both controlled traffic and lower ground pressure
farming systems compared to regular field traffic
and their interaction with tillage system (deep (250
mm), shallow (100 mm) and direct drilling) on soil
properties and crop growth.

If subsoil compaction has been caused then
attention should be paid to mechanically alleviating
the damage, the recommendations given by Spoor
and Godwin (1978) give a guide to the farmer on
the most appropriate design of equipment using
either:- “winged tines”, with their reduced specific
resistance (draught force/area of soil disturbed) as
shown in Fig. 11, or “winged tines with shallow
leading tines” which give a further 45% reduction
in specific resistance but are less readily available
commercially. The concept of the ideal tine spacing
is shown in Fig. 11 for simple tines and the
optimum for friable/hard soil conditions is given in
Tab. 7 for the three alternative tine configurations.
Remember not to compact the freshly loosened
soil.

Tab. 6 Perceived benefits of controlled traffic farming systems
(Chamen, 2011 & Proceedings of the 1% International Conference on Controlled Traffic Farming, 2013,

Toowoomba, Queensland)

Reduces compaction — may reduce area trafficked to as little as 10 %

Improved yields — in the range 9 -16 %
Possibly double cropping
Improved rainfall utilisation

Reduced runoff and flooding — infiltration rate increased by 400 %

Reduced erosion

CTF and minimum tillage/direct drilling are natural bed fellows
Reduced machine costs, fuel use and tillage costs — by 22 %

06

05 +

=
s

Pressure (bar)
@
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Fig. 10 Soil pressures at 30cm below the soil surface of high and low tyre inflation pressure tyres (MachXbib
and Axiobib) fitted to a 12t 4WD tractor compared to a 16t rubber tracked Challenger tractor. The pressure of a
human walking is also shown. (Smith et al., 2013)
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Fig. 11 The effect of wings on soil disturbance, draught force and specific resistance. (Spoor, Godwin, 1978)
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Fig. 11 The effects of simple tine spacing on soil disturbance. (Godwin et al., 1984)

Tab. 7 Tine spacing (Spoor, Godwin, 1978)
Simple tine
Winged tine -
Winged tines + shallow leading tines -

Concluding remarks
1. Improved soil and water management is

achieved by:

a. Reducing traffic intensity & contact pressure

b. Checking, maintaining and improving
drainage infrastructure

c. Considering the short, medium and longer
term actions listed above

d. Minimise compaction and repair the damage if
required.

2. Remember prevention is better than cure.

3. Water does not flow from small to large pores.

4. Regular inspections of drainage systems are
needed.

5. Restoration of an existing system is generally
cheaper and quicker than the installation of a
new system.

- 1.5 x depth of work
2.0 x depth of work
2.5 x depth of work of deep tine

6. Remember “Man has only a thin layer of soil
between him and starvation” (Anonymous)
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Abstract

Experimental studies and DEM simulations of load in a grain silo were presented and discussed in
the paper. Experiments were performed on model silos of 0.6, 1.2 and 2.4 m in diameter. The vertical
wall and bottom loads and moments of force exerted on the wall and the floor were analysed during
centric and off-center filling and discharge. It was shown that off-center filling of the silo produced a
preferred orientation of in nonspherical grain that resulted in asymmetry of silo wall loads as well as
in anisotropic airflow resistance within the bulk grain.

Keywords: DEM simulations, grain silo, grain, storage

Introduction

Storage, handling and processing of granular
materials are employed in numerous industries and
are of interest to various branches of science and
technology such as physics, chemistry, mechanics,
agriculture and engineering. Agriculture and the
food industry are, next to chemical, power, and
pharmaceutical industries the largest producers and
users of granular materials. Two basic conditions
have to be fulfilled for equipment used for storage
and processing of granular materials: predictable
and safe operations and obtaining high quality
finished products.

Since the pioneering work of Janssen (1895),
numerous experimental and numerical research
studies have been conducted to determine static and
dynamic pressures and flow regimes in silos (Holst
et al.,, 1999; Jenike, 1964; Roberts, Wensrich,
2002). Initiation of discharge of granular solids
from silos lead to dramatic stress redistributions
which result in silo wall pressure ramps, and the
majority of silo failures take place at the onset of
discharge. One symptom of unstable behaviour is
the localized shear zones in the interior of the
granular material (Wojcik, Tejchman, 2009).
Eccentric discharge has been shown to create very
strong load asymmetry and these studies have led
to recommendations for silo design codes (Borcz,
Abd, 1991; Eurocode 1, 2003; Guaita et al., 2003;
Lapko, 2010).

At the same time granular material models
were intensively developed providing constitutive
laws of material (Drucker, Prager, 1952; Miihlhaus,
Vardoulakis, 1987). However, the effects of the
microstructure  within the material was not

considered in most of continuum mechanics
models. Distinct Element Method (DEM) has
provided new possibilities for deeper insight into
the micro-scale behaviour of bulk solids, which are
not available with traditional continuum mechanics
(Cundal, Strack, 1979). DEM simulations can
provide good agreement with experimental data if
the proper material parameters are determined
(Anand et al., 2009; Kuwabara, Kono, 1987
Thornton, Ning, 1998).

Granular materials of biological origin
constitute a class of materials distinguished by
large deformability of particles and strong
dependence of their mechanical properties on
moisture content. Contrary to materials of mineral
origin, moisture penetrates inside grain, leading in
some cases to qualitative changes in physical
properties. These differences bring about certain
peculiar behaviours and the necessity of
adjustments to material models, experimental
techniques and technological solutions. The most
important is that stored grain is a respiring
biological material subjected to microbiological
activity. For high-quality preservation during
storage, a multidisciplinary approach applying
knowledge from several fields: biology, chemistry,
toxicology, engineering and  mathematical
modeling to the study of the complex interactions
among physical, chemical and biological variables
in stored-grain ecosystem is necessary (Jian, Jayas,
2012).

This paper presents a review of experimental
studies of loads in model silos of different scales
selected from several research projects performed
by the authors. Special attention was paid to the
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effects typically found in cereal grain. These
include, deposition of cutin on frictional forces,
impact of anisotropy, elasticity and swelling of
grain on silo loads. Some of these effects were
modeled with DEM and compared with
corresponding experimental tests.

Experimental setup

Experiments on model silos have been
conducted in the Granular Mechanics Laboratory of
the Department of Biosystems and Agricultural
Engineering at the University of Kentucky, USA on
silos of diameters 0.6, 1.2 and 2.4 m and in the
Institute of Agrophysics PAS on a silo with a
diameter of 0.4 m. The majority of tests were
performed on smooth and corrugated-walled model
silos 2.4 m in diameter and 7.3 m high. The wall
and floor of the silo were each supported
independently on three load cells to isolate the wall
and floor loads (Fig. 1b). Such an experimental
configuration allowed for determination of vertical
wall and floor loads (F,), and of the resultant
moment (M) exerted by grain on the wall and floor
of the silo (Horabik et al., 1992):

F,=R+F+F

M =M M

M, = F\’(F1 sing, + F,sina, + F s1na3)

M, = R(F1 cosa, + F, cosa, + F; cos a3)

Moment of force served as a global measure of
the asymmetry of pressure distribution (Fig. 1c).
The silos were filled to a height to diameter ratio
(H/D) of about 2.75. The wall loads were compared
for centric or eccentric filling and centric or
eccentric unloading of smooth and corrugated-
walled bins (Fig. 1a). Tests were performed using
soft red winter wheat.
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Silo loads

Investigations on a smooth-walled model silo
filled with wheat showed wear-in effect that
resulted in a 70 % decrease in the wall coefficient
of friction. The comparison presented in Fig. 3
shows that experimental values of loads are in good
agreement of experimental results from four bins of
diameter in a range from 0.4 to 4.1 m with
theoretical estimation by Janssen‘s equation
applying measured values of pressure ratio and
coefficient of wall friction (Molenda et al., 1995,
1996).

During prolonged sliding, like movement along
a silo wall during discharge, cutin a wax-like
substance from the grain seed coat accumulates on
the smooth contact surface. Cutin acts as a
lubricant, that smoothes the contact surface and
changes its frictional properties. Although
determination of the exact value of the angle of
wall friction in the initial period of frictional
contact is difficult to accurately determine,
although a three-fold reduction in the angle of
friction (Fig. 2) was observed (Molenda et al.,
1996).

Relatively low modulus of elasticity has
been observed in grain (about 20 MPa)(Horabik,
Molenda, 2005), that can influence the pressure
distribution in a bin. It was observed that during the
final stage of discharge, as the ratio of the grain
height to the bin diameter decreased below
approximately 1, the total friction force of grain on
the bin wall changed its direction from a downward
direction to an upward direction (Horabik et al.,
1992). The elastic recovery of grain in the dead
zone of the bin caused by decrease in the grain
column height from the discharging grain resulted
in the upward movement of grain in the dead zone
and in the upward friction force on the wall.

Fig. 1 Experimental silos, detail of load cells locations and schematic diagram
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Fig. 2 Wall friction coefficient as influenced by silo
discharge number (Molenda et al., 1996)

DEM simulations generally produce a huge
scatter of inter-particle forces which after averaging
provide useful information. An example of the
horizontal forces acting on a vertical wall in quasi-
static assemblies (6000 particles in two
dimensions) is presented in Fig. 4a. Analysis of the
distribution of horizontal forces averaged for 10
particle—wall contacts (Fig. 4b) indicated a
moderately smooth increase in the force with
increase in particle bedding depth (Sykut et al.,
2008). The DEM values are considerably larger as
compared to Janssen (1895) solution. Similarly
Balevicius et al. (2011) obtained good agreement of
lateral pressure distribution vs. material depth with
experimental data which were significantly larger
then Janssen (1895) solution and Eurocode 1
(2003) recommendations. Gonzalez-Montellano et
al. (2012) obtained the pressure distribution of
pressure in particles similar to maize grains along
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Fig. 4a Scater of wall horizontal force
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Fig. 3 Range of variability of the vertical wall loads in
different model silos (Molenda et al., 1995)

the wvertical direction of the wall reaching its
maximum at the silo-hopper transition using DEM.
Masson and Martinez (2000) reported on the
impact of anisotropy of contact orientations on the
pressure distribution.

Asymmetry of loads

Eccentric discharge of the silo generates strong
load asymmetry (Eurocode 1; Fig. 5). As suggested
by silo users, such load asymmetry may lead to
ovalization of the wall or create particularly high
loads that may lead to silo failure. The moment of
force exerted on the wall was determined for
smooth and corrugated wall model bin with a
diameter 2.4 m (Fig. 6). The moment was found to
be the highest for the discharge orifice located at
half the radius of the silo floor. Smoother silo wall
resulted in larger asymmetry of load distribution
(Molenda et al., 2001).

200 i
cccecsep =p, =01
Janssen

—&—y, =y, =0.7
— ] ANSSEN

Height, mm

0.004 0.008 0.012
Averaged horizontal force, N

Fig. 4b Wall horizontal force averaged for 10
particle—wall contacts compared to Janssen solution
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Non-axial filling of the silo was also found to
produce asymmetric load distribution. This
asymmetry is a result of anisotropy of the bedding
of granular material produced by grains rolling
along the surface of the cone of natural repose. The
potential for eccentric filling to decrease load
asymmetry during eccentric discharge was
investigated by Molenda et al. (2002). Line A on
Fig. 7 represented the resultant moment of force
exerted by grain on the silo wall during discharge
when filling and discharge gates were located on
the same side of the silo. Load asymmetry
increased momentarily after opening the discharge
gate. Line B represented the wall moment versus
time relationship for the test when the filling chute
and the discharge gate was located on the opposite
sides. For this condition, load asymmetry decreased
at the onset of discharge (Molenda et al., 2007).

To explain a role of off-center filling in
reduction or increase of resultant moment of force

=]

Moment of force M [kNm]

0 D‘.S 1ID 1I.5 ‘Z.D
Height of filling /silo diameter H/D
Fig. 7 Moment of force exerted on silo wall for off-
center filling and discharge: filling and discharge on

the same side (A) and on the opposite sides (B)
(Molenda et al., 2002)
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Fig. 6 Nondimensional moment of force exerted on

the smoot and corrugated silo wall as a function of the

orfice eccentricity ratio (Molenda et al., 2001)

the anisotropy of bulk of grain should be
considered. When the long axes of nonspherical
grains are oriented along certain directions, the
bedding showed anisotropic properties. In the case
of wheat, the length of grain is approximately twice
its width. Slow rolling of wheat grains along the
cone of natural repose is an easy way to observe an
example of formation of anisotropic bedding.
Determination of the angle of internal friction with
a triaxial shear test and a direct shear test have
shown (Fig. 8) that the angle of internal friction
increased with an increase in the angle between
direction of preferred orientation of grains and the
direction of sliding (Horabik, Molenda, 2005).
Horabik et al. (1988) indicated that anisotropy of
bedding resulting from preferred spatial orientation
of grains created during off-center filling results in
significant silo loads asymmetry during discharge.

" siip
- plane

Line of
free surface

Angle of internal friction ¢ [deg]

20L, A
0 20 40 6}

Angle of free surface inclination

80
[der]

Fig. 8 Angle of internal friction as a function of the
inclination angle of slip plane in the triaxial
compression test to the preferred orientaion of grains
(Horabik, Molenda, 2005)
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Fig. 9a Moment of force exerted on wall and bottom
of the model silo during centric filling and discharge
(Kobytka, Molenda, 2013)
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Fig. 9c Moment of force exerted on wall and bottom
of the model silo during off-center discharge
(Kobytka, Molenda, 2013)

The DEM modeling of off-center filling and
discharge of a model silo 24 times smaller than
experimental one provided similar results to
experimental findings. Simulations performed for
30 000 particles in a model silo of 10 cm in
diameter indicated some minor asymmetry of loads
during centric filling and discharge (Fig. 9a), which
increased for off-center filling (Fig. 9b) and off-
center discharge (Fig. 9c). Resultant lateral force
(Fig. 9d) exerted on the wall and the bottom
corresponded to a resultant moment of force
(Kobylka, Molenda, 2013).

To model properly dynamics of discharge, like
a rapid, thin ouflow of particles, the contact model
for DEM simulations must be selected very
carefuly as cereal grains reveal different behaviour
depending on moisture content (Wiacek, Molenda,
2011). The mechanical properties of grains are
strongly influenced by the moisture content which
plays a role similar to that of temperature for
thermoplastics and metals. Wojtkowski et al.
(2010) found that an elastoplastic model (Thornton,
Ning, 1998) was efficient for simulation of the
behavior of dry rapeseed while a viscoelastic model
of Kuwabara and Kono (1987) gave closer

0.8 | 1
Wysokosc, H/D

0.6

Fig. 9b Moment of force exerted on wall and bottom
of the model silo during off-center filling and centric
discharge (Kobytka, Molenda, 2013)
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Fig. 9d Resultant lateral force exerted on wall and
bottom of the model silo during off-center discharge
(Kobytka, Molenda, 2013)

estimates of experimental data for wet seeds.
Parafiniuk et al. (2013) used both models to
simulate discharge of dry and wet rapeseeds from a
model silo obtaining good agreement with
experimental results. In case of wet cohesive grains
the adhesion forces should be considered, like for
example a liquid bridge force (Anand et al., 2009).

Swelling pressure

The uncontrolled increase of moisture content
may take place in stored grain due to grain
respiration or as a result of wetting with ambient air
during aeration. Increased grain moisture content
leads to an increase in volume. Walls of the silo
confine deformation of the grain in the horizontal
direction that may lead to an increased lateral
pressure (Blight, 1986; Britton et al., 1993; Dale,
Robinson, 1954). A theoretical model was
developed to estimate the relationship between
increased moisture content and increased lateral
pressure (Zhang, Britton, 1995). The model was
based on the assumption that an increase in grain
volume was equal to the volume of absorbed water
(Fig. 10). In the next step of the approximation, a
decrease in grain elasticity due to moisture content
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increase was taken into account (Horabik, radial distribution of vertical pressure on the floor

Molenda, 2000). When kernels swell the contact
forces increased. At the same time the modulus of
elasticity decreased. As a consequence, the pressure
reached its maximum value and then decreased.
Resultant volumetric strain, €,, is a sum of two
independent components: strain generated by
external pressure, €., and strain resulting from grain
swelling, €,. The model adequately predicted the
upper limit of pressure increase reached under a
condition of high initial compaction of material
when the moisture content increase was below 2 %.
Experimental data for the examination of
pressure increase caused by water absorption
consisted of a model silo (0.61 m in diameter and
0.75 m high) with instrumentation to determine the
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Yy_ v
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» 2
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Fig. 10 Volumetric strain &, resulting from compaction

by confining pressure €. and swelling of kernels ¢,
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Fig. 12 Radial distribution of vertical pressure oy on the

silo bottom as influenced by the moisture content
increase

It was found that effective bulk modulus of
grain expressed as a power function of confining
pressure according to Walton (1987) reflected real
compression conditions between kernels. The
model properly described the swelling pressure
when the moisture content increased up to 2 %.

and top cover of the silo, and the mean lateral
pressure (Fig. 11). The set up was equipped to
generate, dose and apply moist air to the grain
contained in the model silo (Horabik, Molenda,
2000).

Radial distributions of normal pressure o, on
the floor of the model silo are shown in the Fig. 12
for several values of increased water content.
Pressure increase was found to be highest at the
center of the floor and decreased towards the wall
due to a decrease in rate of water adsorption along
the path of air movement. The rate of mean lateral
pressure o, increase was found to be 125 kPa/kg/kg
(Fig. 13).
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Fig. 13 Mean lateral pressure oy, on the silo wall
as influenced by the moisture content increase

Airflow resistance in bulk of grain

Knowledge of airflow patterns within a grain
bin is crucial factor for the efficient and safe use of
a number of technologies such as air movement
through a bin for aeration, chilling, fogging,
fumigation, modified atmospheres or drying.
Usually for design purposes, homogeneity and
isotropy of the grain bulk have been assumed to
simplify the design process. Experimental studies
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have indicated that airflow resistance depends on
the airflow direction related to grain orientation
(Molenda et al., 2005). Kumar and Muir (1986)
found that for an airflow velocity of 0.077 m.s” the
pressure drop in the vertical direction was up to
60 % higher than in the horizontal direction for
wheat and barley. Standard ASAE D272.3 (ASAE,
2007) recommends using a pressure drop in the
horizontal direction of 60-70 % of that in the
vertical direction. Lukaszuk et al. (2008) has shown
that not only global porosity, but also the
orientation of the pores were factors that caused
variability in the pressure drop. They estimated the
variation in the pressure drop in both the horizontal
and vertical directions in a grain bulk due to the
filling method (Lukaszuk et al., 2009). A study
was conducted to estimate variability of airflow

resistance of wheat caused by filling method and
airflow direction. A grain chamber in the form of
a cubic box with 0.35 m sides was used (Fig. 14
and Fig. 15). Airflow resistance along three
perpendicular directions: two horizontal X and
Y, and vertical direction Z was determined. In
each wall of the cube circular openings 0.16 m in
diameter were machined and covered with
perforated steel. Each wall of the chamber was
equipped with cylindrical air collectors (supply
or outlet) 0.16 m in diameter and with four
connectors for installation of pressure transducer.
Pressure drop was measured at a distance of 0.25
m for airflow velocities in a range from 0.03 to
0.35m.s™.

Outlet of air
——_  Anemometer
Upper plate
Escape collector A Material B Material C  Material
Grain chamber . . P